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1. INTRODUCTION 

1.1 Water resources 

"There is a water crisis today. But the crisis is not about having too little water 

to satisfy our needs. It is a crisis of managing water so badly that billions of people ‐  

and the environment ‐  suffer badly."  (World Water Council). 

Water, a need for life and a vital resource for mankind, is plentiful on Earth 

(about 1400 million km3). 97.5% of the water is, however, salt water. 70% of the 

remaining fresh water is frozen in the polar icecaps; the remaining 2.5% is mostly 

found as soil moisture or in inaccessible subsurface aquifers. Only around 1% of the 

world's freshwater resources are easily accessible for human use, and even that is 

unevenly distributed (United Nations Environment Programme and Earthscan, 2002). 

Nearly 2 billion people acquired access to proper sanitation in 1990, and 2.3 

billion have access to clean drinking water sources. According to a new 

WHO/UNICEF research, 1.6 billion of these individuals are having access to pipe 

water connections in their houses or complexes. A closing gap in access to clean water 

and proper sanitation is usually between the rural and urban regions (WHO and 

UNICEF, 2013). More than half of the world's population lives in cities, which still 

have greater access to clean water and sanitation than rural regions. In 1990, more than 

76% of urban residents had better sanitation, compared to only 28% of rural residents. 

In 1990, 95% of urban residents had access to clean water, compared to only 62% of 

rural residents. By 2012, 96% of urban residents and 82% of rural residents had 

increased access to water (WHO and UNICEF, 2013). Despite this significant increase, 

there are still significant regional, sociocultural, and economic disparities in access to 

drinking water and sanitation facilities all across the world. Aside from the differences 

in access between urban and rural regions, there are also noticeable inequalities in 

access inside towns and cities. Low-income people, those living in informal or illegal 

settlements, and those living on the outskirts of cities or small towns are less likely to 

have access to clean water and proper sanitation (WHO and UNICEF, 2013). 

Furthermore, 884 million people still lack access to clean drinking water, and 

2.6 billion people (two in every five) lack adequate sanitation. Diseases including 
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cholera, diarrhea, dysentery, hepatitis A, and typhoid are directly related to the quality 

of water and sanitation. Moreover, insufficient or inadequate water and sanitation 

services in healthcare institutions are caused several infectious diseases (3.5 million 

people die prematurely each year as a result of water-related diseases). 

The situation is grim due to the shortage of water as a result of climate change 

and the increased exploitation of available resources. By 2050, the world population 

is expected to reach 9 billion, an increase of 4 billion from 1990. Water shortage is a 

natural as well as a manmade occurrence. There is enough fresh water on the earth for 

seven billion people, but it is unequally distributed, and much is wasted, contaminated, 

or managed in an unsustainable manner. Increased demand for energy and food as a 

result of population growth and expanding economies puts even more stress on limited 

water and land resources, while also providing an opportunity for new technology to 

more efficiently utilize water. To address the global problem of water shortages, a 

concerted effort from all sectors is required and reutilization of water is one of the 

possible solutions. 

1.2 Contaminated water and water reuse 

Implementing appropriate treatment technology, which is efficient in 

eliminating pollutants and providing clean water is a possible contribution to the field 

of Environmental Engineering to address amicably the problem of water shortages. 

The largest threat to the world's freshwater supply, aside from global water shortages, 

is the dumping of contaminants into water bodies that affects adversely both human 

health and the environment. Wastewater treatment facilities (WWTPs) are being 

constructed to reduce contaminants loads on water bodies (Meneses et al., 2010a). The 

complexity of the effluent of a wastewater treatment plant, on the other hand, renders 

the definition of a conclusive treatment scheme unfeasible. As a result, a traditional 

water treatment plan may not always be adequate to remove the pollution charge. To 

avoid this, a thorough examination of the influent quality is required. As a result, 

specialized treatments capable of degrading refractory contaminants that cannot be 

removed by regular treatments may be required in WWTPs, especially when reuse is 

the goal. 
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Preliminary and primary (physical and chemical) treatment, as well as 

secondary (biological) treatment, are the two degrees of treatment used in typical 

WWTPs. Suspended particles, biodegradable organics, harmful microorganisms, and 

nutrients are significantly reduced by these treatments. Furthermore, because the water 

cycle promotes sustainability, WWTPs should recover water resources (reclaimed 

water), energy (methane from anaerobic digestion), and materials (biosolids and 

nutrients). Normally, treated wastewater is discharged into the sea or rivers, rather than 

being reused. A WWTP can obtain a resource from wastewater by performing tertiary 

treatment on the treated wastewater, which is then reused (Meneses et al., 2010a). The 

basic goal of wastewater reclamation and reuse is to provide high-quality water for all 

non-potable purposes (uses that do not require drinking water quality standards). 

Reclaimed water would save a lot of freshwaters that would otherwise be discarded 

(Iglesias Esteban and Ortega de Miguel, 2008; Meneses et al., 2010b). Traditional 

practices such as agricultural and landscape irrigation, industrial applications, 

environmental applications, recreational activities, urban cleaning, and construction, 

among others, could be benefitted from reclaimed water (Meneses et al., 2010a; Petala 

et al., 2006; Yang and Abbaspour, 2007). 

1.3 Advanced oxidation processes (AOPs) 

In light of the dwindling global water supply, ECs (emerging contaminants) 

have attracted attention owing to their extremely harmful effects on human health, 

even at low levels. It is thus imperative that an efficient and safe treatment method is 

to be developed to remove efficiently the recalcitrant contaminants. Further, the 

conventional WWTPs are not efficient enough in eliminating emerging water 

contaminants hence, advanced treatment technologies are required to better tune the 

existing wastewater treatment technology.  

In order to eliminate emerging and persistent water contaminants, an overdose 

of chemicals results in excessive toxic wastes. Advanced treatment technology, such 

as nanofiltration (NF), ultrafiltration (UF), reverse osmosis (RO), membrane 

bioreactors (MBRs), and catalytic oxidation, are effective in removing ECs, but their 

high operating costs are key issues associated with these approaches (Guo et al., 2020). 

It is also reported that ecologically sustainable procedures use less energy and produce 
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fewer hazardous byproducts (Rahim Pouran et al., 2014). Therefore, researchers are 

exploring newer and more efficient alternative methods for the treatment of 

recalcitrant contaminants.  

Advanced oxidation processes (AOPs) are a novel approach for efficient and 

accelerated degradation of resistant micropollutants that are used in conjunction with 

a variety of treatment methods. Advanced oxidation processes (AOPs), defined as 

oxidation processes including the formation of hydroxyl radicals (•OH) in sufficient 

quantities to influence water purification, were initially proposed for potable water 

treatment in the 1980s (Glaze et al., 1987). The AOP idea was further applied to 

oxidative reactions using sulfate radicals (SO4•
-). AOPs can thus be defined as all 

chemical treatment procedures based on the production of very reactive species 

(especially hydroxyl radicals) in atmospheric temperature and pressure conditions with 

or without catalyst and/or reactive energy (electrochemical, UV-Vis, or ultrasounds) 

in atmospheric conditions. Several organic compounds can be oxidized and 

mineralized by AOPs, resulting in CO2 and inorganic ions as end products. 

A wide range of methods are used under AOPs, including Fenton: 

Iron(II)/H2O2 (Kallel et al., 2009), Photo-Fenton: Iron(II)/H2O2/UV, ozonization (O3) 

(Amat et al., 2003), H2O2/O3 (Lee et al., 2011), H2O2/UV (Lucas and Peres, 2009), 

hetero-/homogeneous Fenton-like processes, TiO2/UV (Lalhriatpuia et al., 2015), 

AuNPs/TiO2 (Lalliansanga et al., 2020b), ZnO/UV (Karunakaran and Anilkumar, 

2007), supplemented with the light (Tiwari et al., 2018a) or microwave, electrical 

energy, cavitation field, etc. (Molina et al., 2006; Rajesh Banu et al., 2019).                             

Advanced oxidation is divided into many phases, which are given in Figure 1.1 

and explained as follows: 

 

(i) Strong oxidants are formed (e.g. hydroxyl radicals). 

(ii) Biodegradable intermediates are produced when these oxidants react with organic 

molecules in water. 
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(iii) Mineralization is the reaction of biodegradable intermediates with oxidants (i.e. 

production of water, carbon dioxide, and inorganic salts). 

 

Figure 2.1. Steps involved in an AOPs treatment of wastewater. 

The success of AOPs is, in reality, highly reliant on several factors, including the 

stream's composition and concentration load, as well as the treatment itself. 

1.3.1 Classical Fenton process and its modifications 

 The classic Fenton reaction uses ferrous (Fe2+) ions and peroxides (often H2O2) 

to form reactive oxygen species (ROS), which oxidizes the organic and inorganic 

molecules alike. H.J.H. Fenton initially developed the Fenton reaction in 1894, when 

he researched the redox processes that occurred during the oxidation of tartaric acid 

(Fenton, 1894). The mechanism of the reaction was studied by many researchers and 

it was described most commonly as (Equation 1.1) Figure (1.2) (Gupta et al., 2016; 

Kremer, 1999; Thomas et al., 2009; Zhang et al., 2019) : 

Fe2+  + H2O2
 + H+  Fe3+ + H2O + •OH   …(1.1) 

 Various Physicochemical parameters viz., pH, the dose of the Fenton reagent, 

amount of H2O2, and initial organic pollutant concentrations are the driving factors for 

the Fenton processes. However, an extremely important parameter is the solution pH 

of the treatment (Wang et al., 2016). In aqueous solutions, although iron (II) species 

remain in dissolved form even at neutral pH, however, the iron (III) species start 

forming hydroxo species at pH ≥ 4, and thereby, the efficiency of the Fenton processed 

diminished (Salgado et al., 2013). The speciation diagram of iron shows that pH 2.8 to 

3.2 is the optimum pH range for the Fenton process (Figure 1.3) (Bokare and Choi, 

2014). Some other researchers also found that the pH range 2-4 is optimum for 
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achieving greater efficiency in the Fenton reaction (Barb et al., 1949; Pignatello et 

al., 2006; Rodríguez et al., 2003; Utset et al., 2000). The wastewater samples are not 

often found within this pH range, therefore, to attain the optimal pH range of the 

Fenton process, a high amount of acid is added for adjusting wastewater pH within the 

pH range of 2-4 before processing, which eventually increases the treatment cost.  

 

 

Figure 1.2. Schematics of the classical Fenton process. 

Depending on the catalyst used, the Fenton process was categorized into two 

types, homogeneous and heterogeneous Fenton process. In the homogeneous process, 

whole reacting species are in the same phase (i.e., liquid phase). But homogeneous 

Fenton reactions are having few disadvantages as it requires a relatively higher iron 

dose (50-80 ppm) with a limited pH region to carry out the process (Neyens and 

Baeyens, 2003). On the other hand, the heterogeneous Fenton process is contained 

different phases i.e., the catalyst and target pollutants are in different phases. The 

reactions mainly occur on the heterogeneous catalyst surface, where adsorption, as 

well as diffusion processes, are occurred (Escher et al., 2006). This heterogeneous 

Fenton process is carried out at a wide pH range and enables reutilization of the iron 

used. Furthermore, the efficiency of the process is rendered with several physical 
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field(s)/phenomena as successfully coupled with photo, electro, microwave, 

cavitation, ultrasound, etc. 

Figure 1.3: Speciation diagram of iron in aqueous solution with different pH 

(Bokare and Choi, 2014). 

Some researchers have shown that the production of organic radical (R•) is 

from organic substrates (R-H) since the •OH radical eliminates a hydrogen atom from 

R-H. The R• radical consequently takes part in the reaction process as a moderate 

oxidizing agent (Neyens and Baeyens, 2003; Nidheesh et al., 2013). In the absence of 

other competitive scavengers for •OH or R• in the reaction processes, the organic 

compounds are mineralized into CO2 and water by the classical Fenton reagents, i.e 

Fe2+ and H2O2.  

Furthermore, some reports have shown that at neutral pH, the generation of 

HO• radical in the Fenton reaction is replaced by the formation of ferryl-oxo species 

(FeIV) which is highly reactive and selective compared to •OH radical (Equation 1.2) 

(Hug and Leupin, 2003; Pang et al., 2011): 

Fe2+ + H2O2   →  FeIVO2+ + H2O    ……………(1.2) 
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1.3.2 Fenton-Like process and its modifications 

Although the Fenton process has been utilized extensively in wastewater 

treatment plants, however; the process inherently showed several shortcomings such 

as high operational cost, a short optimum pH range, leaching of a large amount of iron 

which exceeds the limit of 2.0 mg/L as directed by the European Union (EU) for direct 

injection to the surroundings (Sabhi and Kiwi, 2001). Because of that, alternative 

processes of the classical Fenton process were encouraged using different kinds of 

homo/heterogeneous catalysts including the Fe3+ (Fan et al., 2013), Cu2+/Cu+ 

(Maekawa et al., 2014), pyrite (Shinya and Bergwall, n.d.), nano zero-valent iron 

(NZVI) (Babuponnusami and Muthukumar, 2012), schorl (Xu et al., 2014), posnjakite 

(Wen et al., 2021), etc. These customized systems are collectively named the “Fenton-

like” processes.  

The Fenton-like reactions are mediated with the Fe3+ reactions which are 

demonstrated with the Equations (1.3-1.5) : 

 Fe3+ + H2O2 → FeOOH2+ + H+   …(1.3)  

 FeOOH2+ → Fe2+ + •OOH     …(1.4)  

 Fe3+ + •OOH → Fe2+ + O2 + H+   …(1.5) 

Similar to the Fenton process, the modified Fenton processes are also differentiated 

from the hetero/homogenous Fenton-like systems based on the catalyst phase. 

Furthermore, either one or more than one different physical field/phenomenon(s) is 

attributed to the Fenton-like process to achieve its high efficiency in wastewater 

treatments. Some typical examples of Fenton-like processes for various physical fields 

in terms of both homo/heterogeneous Fenton-like processes are photo@Fenton-like 

processes (Dehghani et al., 2014; Fei et al., 2014; Rahim Pouran et al., 2015), 

electro@Fenton-like processes (Alfaya et al., 2015; Balci et al., 2009; Brillas et al., 

2009), cavitation@Fenton-like processes (Chand et al., 2009; ElShafei et al., 2014; 

Wang & Shih, 2015), and microwave@Fenton-like processes (Atta et al., 2012; Carta 

and Desogus, 2013), etc. Iron-impregnated heterogeneous catalysts are used in both 

Fenton and Fenton-like processes using natural and synthetic zeolites (Navalon et al., 
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2010), mesoporous materials (Hartmann et al., 2010; Xu et al., 2021), pillared 

interlayered clays (Herney-Ramirez et al., 2010), Nafion films (Gumy et al., 2005), 

polymeric resins (Liou et al., 2005), activated carbon (Ramirez et al., 2007), ashes 

(Flores et al., 2008), biochar (Wang et al., 2021), pumice particles (Kitis and Kaplan, 

2007), aluminates(Muthuvel and Swaminathan, 2008), etc. as supporting materials. 

Their adsorption capacity as well as their porosity helps to enhance the suitability and 

efficiency of the Fenton process.  

1.3.3 Development of nano-Fenton-like catalyst (nFLC) 

As both hetero/homogeneous Fenton processes have revealed several practical 

drawbacks hence, the challenge lies for researchers to develop newer and practically 

suitable, low-cost catalysts that can generate •OH radical from H2O2 in the Fenton-like 

system. To attain efficient generation of •OH radicals through the transfer of electrons 

to H2O2, the alternative of the classical Fenton catalyst need to be modified in such a 

way that the catalyst is capable of attaining variable oxidation states. To prevent the 

precipitation of the catalytic species, both the active/inactive form should be stable at 

a wide pH range. Similarly, the surface properties of the nanoparticles allow 

significantly the bulk properties of catalysts (Theng and Yuan, 2008). The catalytic 

performance, and the nature of nanocatalysts, such as activity and selectivity, are 

strongly dependent on the shape, size, and surface structure, as well as on bulk 

compositions of catalysts (Bell, 2003; Perez, 2007).  

Therefore, the role of several nano-metallic or nanocomposites-based nFLC, 

and the importance of supporting materials are discussed extensively, also their 

feasibility, and practical applicability toward various micro-pollutants are elaborated 

in the following sections. The mechanism followed by the reaction pathways in the 

degradation processes is further included to understand the insights into the catalytic 

processes.  

1.4 Emerging contaminants 

Current research in environmental pollution prevention, detection, control, and 

removal measures are extensively studied based on current practice and experience. 
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Moreover, it seems that the overall pollution in the environment is controlled by 

existing laws. The lengthy list of chemical pollutants continues to grow as new 

emerging contaminants are found and identified with time. Therefore, the majority of 

chemicals that are present in the environment are excluded from national and 

international lists of regulated chemicals, however; these chemicals are presumed to 

be the most important and pose the greatest risk to the environment, human health, and 

the economy. The selection of the most harmful chemical contaminants will remain a 

matter of debate. The previous 10-15 years have also shown that a large number of 

chemicals that has yet to be recognized will most likely be discovered in the near future 

because of advances in research in these fields. 

It has long been considered that sewage treatment plants eliminate all potential 

contaminating substances. However, not all polluting substances are eliminated with 

typical treatment processes (Ginebreda et al., 2010; Teijon et al., 2010). A variety of 

chemicals are detected in the treated municipal effluents and receiving waters are 

seemingly contaminated with these residual contaminants (Kolpin et al., 2002; Phillips 

et al., 2010). Among these persistent compounds is the emerging polluting agents, 

which are made up of chemicals from a wide range of sources and are distinguished 

by their high production and consumption, implying their constant presence in the 

environment (Ginebreda et al., 2010; Teijon et al., 2010). Emerging contaminants or 

contaminants of emerging concern (ECs) are a broad category of substances that are 

identified as contaminants (Lapworth et al., 2012) or are discovered in the environment 

(Lindsey et al., 2001; Petrovic and Barceló, 2006). This phrase includes medications, 

diagnostic goods, steroids and hormones, antiseptics, personal care products, gasoline 

additives, heavy metals and metalloids, surfactants, endocrine disruptors, etc. Despite 

the low concentrations found in the environment, concern about these contaminants 

arises from their bioaccumulation and persistence (Hernando et al., 2007; Kasprzyk-

Hordern et al., 2008; Kim et al., 2007; Miranda-García et al., 2010), and also their 

resistance to traditional wastewater treatments plants (Brooks et al., 2003; Crane et al., 

2006; Planas et al., 1997). 

Although risk assessments appear to indicate that trace levels of 

pharmaceuticals in drinking water pose a health threat, the World Health Organization 

noted that there are still knowledge gaps in assessing risks associated with long-term 
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exposure to low levels of pharmaceuticals and the combined effects of pharmaceutical 

mixtures (WHO). 

Table 1.1: An overview of different categories and main sources of known ECs 

(Shahid et al., 2021). 

Category of ECs Sub-category Sources Major contaminants 

Personal care 

products 

Insect repellants, 

synthetic musk, 

sunblock 

agents/UV filters. 

WWTPs 

effluent, 

landfill 

leachates, and 

surface water 

Diethyltoluamide, 4- 

benzophenone, 

Galaxolide, Tonalide. 

Pharmaceuticall

y active 

complexes 

Nonsteroidal anti-

inflammatory 

medicines, 

antibiotics, 

anticonvulsants, 

lipid regulators, b-

blocker, and 

hormones. 

The effluent 

of a medicine 

manufacturin

g facility, 

hospitals and 

health 

centers, 

livestock 

farms, and 

domestic 

wastewater. 

Diazepam, 

ciprofloxacin, 

metoprolol, diclofenac, 

carbamazepine, 

clorfibric acid, 

testosterone. 

EDCs 

Bisphenol, 

xenohormone, and 

phthalates. 

Drinking 

water, surface 

water, 

sediments, 

soil, and 

secondary 

sludge. 

Bisphenol A, 

xenoestrogen, and 

dioctyl phthalate 

Regulated 

compounds 

Pesticides and poly 

aromatic 

hydrocarbons. 

Agricultural 

runoffs, 

sewage 

Chlorpyrifos and 

phenanthrene 



12 
 

treatment 

plants, 

sediments, 

soil, and 

surface water 

Biocides 

Herbicides, 

fungicides, and 

molluscicide 

Surface 

water, 

aquafarming, 

and 

agricultural 

runoff 

Metaldehyde, butachlor, 

and epoxiconazole 

Industrial 

chemical 

Plasticizers and 

fire retardants. 

Domestic and 

industrial 

wastewater 

Dimethyl adipate and 

Tris (1- chloro-2-

propyl) phosphate 

Perfluorinated 

alkylated 

matters 

Perfluorocarboxyli

c acids and 

perfluorosulfonic 

acids. 

Sediments, 

groundwater, 

surface water, 

and 

wastewater. 

Perfluorooctanoic acid 

and 

perfluorooctanesulfonat

e 

Surfactants 
Ionic and nonionic 

surfactants. 

Domestic and 

industrial 

wastewater. 

Tweens (Polysorbates) 

and sodium lauryl 

sulfate 
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1.4.1 Diclofenac (DCF) 

 

Figure 1.4: Chemical structure of diclofenac 

Since the 1970s, diclofenac, a nonsteroidal anti-inflammatory medication with 

pain-relieving properties, has been utilized for both humans and domestic animals 

(Barbosa et al., 2016; Barra Caracciolo et al., 2015). It is a "contaminant of growing 

concern" that was included in the earlier EU Decision 2015/495 Watch List (Li et al., 

2019; Lonappan et al., 2016a; Sousa et al., 2018) to acquire appropriate monitoring 

information on surface waters (Li et al., 2019; Lonappan et al., 2016a). In general, 

diclofenac is continuously introduced into the environment by pharmaceutical 

industries, hospitals, and household drainage, which pollutes the environment as a 

parent molecule or in its metabolite forms, and thus is a source of concern (Cardoso et 

al., 2014; Chiffre et al., 2016; Lindholm-Lehto et al., 2016). A major fraction of the 

diclofenac that is utilized ends up in the water and soil. In addition, it is reported that 

diclofenac accumulates in edible fruits and vegetables (Bartrons and Peñuelas, 2017; 

González et al., 2018), which impacts directly human health. Furthermore, the partial 

degradation of diclofenac in the treatment operations of WWTPs leaves residual 

diclofenac in the effluent waters, resulting in record-high diclofenac levels that harm 

inland aquatic habitats (Balakrishna et al., 2020; Thelusmond et al., 2018). 

Further, in vitro/or in vivo studies showed diclofenac toxicity in birds, 

mammals, aquatic species, and plants. Diclofenac is hazardous to aquatic creatures 

even at low concentrations (ng/L) (Fontes et al., 2017). Apart from the chronic and 

acute toxicity caused by medications, biomagnification in the food chain constitute an 

ecological danger to non-targeted creatures (Circling In on a Vulture Killer, 2005). 

Diclofenac is cardiotoxic, hepatotoxic, nephrotoxic, neurotoxic, genotoxic, and 
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hematotoxic effects in animals as demonstrated elsewhere (Sriuttha et al., 2018; Tomic 

et al., 2008). Dass & Sattigeri (2018) investigated the hepatotoxic effects of diclofenac 

in albino rats and found an increase in liver enzymes including ALT, alkaline 

phosphatase (ALP), and aspartate aminotransferase (AST) in serum, confirming 

diclofenac's hepatotoxicity. Similarly, changes in renal functional indicators such as 

urea, creatinine, uric acid, and cytokines in diclofenac-administered in the albino rats 

were systematically investigated that conformed to the diclofenac's nephrotoxicity (S 

& Evan Prince, 2018). In diclofenac-administered rats, pyramidal cells and brain cells 

were lost in the Cornu ammonis areas of the hippocampus (Yurt et al., 2017). Many 

studies have shown the toxicity of diclofenac in numerous aquatic species. When 

compared to other pharmaceuticals, diclofenac has the highest toxicity in fish liver, 

kidneys, and gills (Triebskorn et al., 2007). Diclofenac exposure significantly affected 

the antioxidant mechanism of freshwater fish (Rhamdia quelen) (Guiloski et al., 2017). 

Similarly, other than delayed egg-laying times, diclofenac-exposed fish embryos 

demonstrated statistically negligible embryotoxicity and proteotoxicity (Hallare et al., 

2004). The impact of trophic exposure was also taken into account because it had a 

strong impact on ecological risk assessments. The immunosuppressive impact and 

hemotoxicity of diclofenac were shown that mimicked diclofenac trophic exposure in 

fish (Hoplias malabaricus) (Chen et al., 2015; Ribas et al., 2016). Chen et al. (2015) 

studied diclofenac toxicity in the arthropod Folsomia candida, which is found in soils. 

Diclofenac decreased F. candida survival and reproduction rates in soil, and it was 

also reported that diclofenac is extremely hazardous to non-target soil invertebrates. 

Diclofenac and its metabolites were introduced into the soil environment through the 

treated wastewater and sludge (Carter et al., 2016) hence, caused for pollution in the 

soil and affecting the soil arthropods and organisms. Li et al. (2019) classified 

diclofenac as a high-priority drug among 100 pharmaceuticals in order to monitor its 

ecological danger in China's aquatic environment, followed by European nations. 

Diclofenac was found in freshwaters at the ecotoxicological danger threshold (Acuña 

et al., 2015). Moreover, numerous groups have published reviews on the presence of 

diclofenac (Barbosa et al., 2016; Fijalkowski et al., 2017; Jo et al., 2017; Lonappan et 

al., 2016b; Mzukisi et al., 2017; Vieno and Sillanpää, 2014) in particular emphasized 
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the need for more data to analyze the presence of diclofenac in the environment and 

the threats it poses to the terrestrial ecosystem. 

1.4.2 Phenol 

Figure 1.5: Chemical structure of phenol. 

Phenol and its chemical derivatives are widely employed as precursors for a 

wide range of materials and compounds in a variety of industries. Phenol is a critical 

component in the production of fine chemicals, including medicines, herbicides, 

detergents, plastics, flame retardants, epoxy resins, and nylon. More than ten billion 

kilograms of phenol are produced from petroleum each year, with an estimated market 

value of about $32 billion (Markets, 2019). 

Phenol is a water-soluble aromatic organic compound. The deprotonation of 

the alcohol group results in resonance stabilization of the phenoxide anion, which 

accounts for its mild acidity (pka = 9.95) as shown in acid-base equilibrium (Equation 

1.6) (Nogueira and Pliego, 2018; Silva, 2009). Phenol is a basic chemical in the 

phenolic family and serves as its primary representation. The major reaction involving 

hydroxyl radical and active chlorine species occurs when phenol is exposed to 

electrophilic aromatic substitution. 

𝐶6𝐻5𝑂𝐻 ⇋ 𝐶6𝐻5𝑂
− + 𝐻+    ……….. (1.6) 

The environmental effect, industrial importance, representational structure, 

and reactivity to oxidants generated during the treatment of effluent using advanced 

oxidation processes (AOPs), phenol is regarded as one of the prominent pollutants in 

water research (Ahmed et al., 2010; Jun et al., 2019; Lado Ribeiro et al., 2019). 

One of the most common organic contaminants detected in industrial 

wastewater is phenol. Textile processing, coal gasification, petroleum refining, leather 

manufacturing, resin synthesis, coconut retting, perfume creation, and pharmaceutical 
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manufacture are the common source of phenol (Arya et al., 2011; Gianfreda et al., 

2006; Kiliç, 2009; Van scnte and Young, 2000). Chemical spills can also potentially 

raise the risk of phenol contamination in the ocean. In the port of Gothenburg, Sweden, 

for example, a cistern into which the phenol was stored was abruptly broken, leaking 

400 tonnes of phenol down a quay and into the seas in 1973 (Galieriková et al., 2021). 

Because of its toxicity, even at a low level, phenol poses a major ecological risk when 

introduced into aquatic environments. Surface waters across the world are found to 

contain phenol at levels as low as a few µg/L (Duan et al., 2018), while the highest 

concentrations have been recorded at 2110 µg/L. Phenol causes dermatitis in the eyes, 

skin, and respiratory system. Health issues that impact the central nervous system, 

heart, liver, and kidneys are linked to long-term exposure to phenol (Ayeni, 2014; 

Brillas and Garcia-Segura, 2020; Duan et al., 2018; Weisburger, 1992).  

 

1.4.3 N-(n-propyl) Thiourea (NNPT) 

 

 

Figure 1.6: Chemical structure of N-(n-propyl) Thiourea 

 The sulfur-containing chemical thiourea (NH2CSNH2) is widely used in a 

variety of industries. Under specific conditions, thiourea reacts with hydrogen 

peroxide to generate a potent reductive bleaching agent that is widely employed in the 

textile industry (Cegarra et al., 1988). In industrial equipment such as boilers, thiourea 

and its derivatives are utilized as corrosion inhibitors (Ayres, 1970), and corrosion-

related scaling (Sahu et al., 2011). The accumulation of corrosion products over time 

harms the effectiveness of the boilers (L and L, 1971). A thiourea solution in dilute 

hydrochloric acid is employed as a catalyst for eliminating scales from boilers, using 

a complexing agent. Apart from that, some thiourea derivatives are utilized for 

agricultural and analytical uses, including use as accelerators in the rubber industry, as 
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fixing agents and to remove stains from negatives in photography, and as fungicides, 

herbicides, and rodenticides in agriculture (Sahu et al., 2011). The use of thiourea in 

an aqueous solution as a gold-leaching agent is well-documented in the literature 

(Yang et al., 2011). Thiourea is also employed in the spectrophotometric reagent to 

determine the presence of certain metal ions (Snell, 1978). The presence of thiourea in 

the urine was described as a non-specific cancer indication (Sahu et al., 2011). Because 

of its effect on glucose metabolism, thiourea is a potential hazard (Lewis, 1996). 

Furthermore, it has been classified as carcinogenic (Sahu et al., 2011) and cautioned 

to avoid direct human exposure.  

 Thiourea, an antioxidant, is entirely absorbed and eliminated unaltered by the 

kidneys following oral administration to humans and animals. Biological oxidants, 

however, cause metabolic oxidation in some cases (Sahu et al., 2011). In the presence 

of iodine or iodide and hydrogen peroxide, thyroid gland peroxidase oxidizes 

formamidine disulfide to produce formamidine. At pH > 3.0, formamidine disulfide 

decomposes into cyanamide, elemental sulfur, and thiourea, which are all unstable. 

Both cyanamide and thiourea are demonstrated to inhibit thyroid peroxidase in vitro 

and in vivo studies (Davidson et al., 1979). Because thiourea is hazardous and a cancer-

promoting substance, environmental concerns are prompted research on its 

destruction. ETU, the most toxic and carcinogenic metabolite of the commonly used 

ethylene bis-dithiocarbamate fungicides was extensively investigated in terms of 

oxidative degradation (Sahu et al., 2011). Using oxidants such as potassium 

permanganate (Sahoo et al., 2010), sodium hypochlorite (Marshall, 2002), or hydrogen 

peroxide, this is normally decomposed. The oxidants, on the other hand, either include 

heavy metals or halogen atoms, resulting in undesirable byproducts (De Zacchini and 

De Agazio, 2001).  
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1.4.4 Amoxicillin (AMX) 

 

Figure 1.7: Chemical structure of Amoxicillin 

Amoxicillin (AMX) is a beta-lactam antibiotic and is one of the most 

prescribed antibiotics in the penicillin family for both animal and human medications 

(Bound and Voulvoulis 2006; Lissemore et al., 2006). It is used to cure and avoid 

respiratory disorders, gastrointestinal, and urinary tract infections, skin bacterial 

infections, pharyngitis, tonsillitis, as well as helicobacter pylori infection, and 

duodenal ulcer disease. It is widely recommended for the management of chlamydia 

trachomatis infection due to its pharmacological and pharmacokinetic properties 

(Deng et al., 2008). It is highly resistant to bacteria such as Escherichia coli, Neisseria 

gonorrhoeae, Haemophilus influenza, Streptococci, Pneumococci, and certain 

Staphylococci strains (Fazelirad et al., 2015; Bebu et al., 2011). 

 Amoxicillin is having a molecular weight of 365.40 g/mol, log KOW (partition 

coefficient of octanol-water) of 0.87, and acid dissociation constants (pka) of 9.41 

(Windholz, 1976; Carless, 1966). It is considered a major water contaminant due to its 

pharmacological characteristics, ingestion rate, environmental toxicity, chemical 

composition, and solubility (Baghapour et al., 2014; Homem et al., 2013). Despite the 

fact that amoxicillin is hydrolysis sensitive under varying pH conditions, however, 

complete degradation of amoxicillin is not achieved in conventional wastewater 

treatment plants (Nägele and Moritz 2005; Zia et al., 1977). As a consequence, 

amoxicillin and its hydrolyzed and metabolized byproducts are detected in both urine 

and feces (Putra et al., 2009). It has been documented that the oral ingestion of 

amoxicillin (500.0 mg) in humans results in the release of 86.8% through excretion, 
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which further causes a significant risk to many marine organisms (Sun et al., 2012; 

Pan et al., 2008). It was also demonstrated that amoxicillin compounds are harmful to 

the algae Synechocystis sp., especially by inhibiting the algae's photosynthesis process 

(Pan et al., 2008). Amoxicillin concentrations in household wastewater vary from ng/L 

to mg/L (Putra et al., 2009).  

Amoxicillin seems to cause adverse effects on the natural environment due to 

its persistence and bioaccumulation. Amoxicillin is a commonly used antibiotic in 

Australia, and it is detected at ng/L levels in river water and hospital effluents 

(Watkinson et al., 2009). In waste/effluent water, the existence of amoxicillin causes 

unpleasant smells and microbial resistance to pathogenic or microorganism deaths. 

The resistant bacteria then cause various diseases, which normal antibiotics do not cure 

(Kanakaraju et al., 2015). Amoxicillin promotes the spread of bacteria immune to β- 

lactam antibiotics (Martinez, 2009). Since amoxicillin is not sufficiently treated in 

conventional water and wastewater treatment facilities, it reaches both surface and 

groundwater, affecting marine habitats. Additionally, it contributes to bacterial 

tolerance and, as a result, failure to treat infections with traditional antibiotics (Ding et 

al., 2012; Fatta et al., 2007). This allows researchers to further realize the prevalence 

of resistant genes in drinking and surface waters (Vaz-Moreira et al., 2014). As a result 

of these findings, it is imperative that amoxicillin be fully removed from the marine 

environment. 

1.4.5 Sulfamethazine (SMZ) 

 

Figure 1.8: Chemical structure of Sulfamethazine 

Sulfamethazine is a sulfonamide with sulfanilamide and para-amino groups 

and is a commonly prescribed sulfonamide drug. Due to its low cost and efficient 



20 
 

antibiotic impact, sulfamethazine is also a commonly used medication for the 

treatment of infectious diseases in humans and animals, for the promotion of animal 

development in agricultural processing, for the treatment and prevention of influenza, 

and also used as a feed additive in the dairy processing industry (Zhao et al., 2017; Lin 

and Wu 2018; Wang et al., 2019). 

Sulfamethazine is a strongly hydrophilic substance and it is poorly metabolized 

by microorganisms; about 90% of the ingested SMZ is excreted by humans and 

livestock such that the concentrations of sulfamethazine vary from ng/L to µg/L in the 

treated wastewater (Wen et al., 2018; Tang and Wang 2019; Lin and Wu 2018). 

Moreover, this endless drive also contributed to the extensive presence of SMZ in 

farmlands, due to long-term agricultural activities. Subsequently, the SMZ is 

reintroduced into ground and drinking waters, surface water, and ultimately to the 

aquatic ecosystems through surface runoff/leaching (Dolliver and Gupta 2008; Davis 

et al., 2006). SMZ is not eliminated by traditional wastewater treatment systems due 

to its antibacterial properties and low biodegradability (Lin and Chen 2018; Tzeng et 

al., 2016). Along with other classes of sulfonamides, it is frequently detected in the 

aquatic environment such as surface water, drinking water, groundwater, and effluent 

of wastewater treatment plants (Huang et al., 2012). SMZ is detected in a broad variety 

of environmental matrices due to its high mobility and water solubility, with 

concentrations up to 20 mg/kg in animal wastes, 323 ng/L in water, and 15 g/kg in 

agricultural soils (Kaczala and Blum 2016; Larsbo et al., 2008). Additionally, SMZ 

accumulated in soils and sediments or spread across the food chain, resulting in 

antibiotic resistance growth. As a consequence, a reduction or lack of antibiotic drug 

efficacy against human pathogens results in public health problems (Heberer 2002; 

Batt et al., 2006). In humans, sulfamethazine exhibits a trimodal form of polymorphic 

acetylation. In rats, it induces thyroid gland enlargement (goiter), and in both mice and 

rats, it causes diffuse hypertrophy and hyperplasia. Sulfamethazine administration to 

rats under bioassay conditions is known to induce tumors and alter thyroid hormone 

homeostasis (Finch et al., 2006). The reversible suppression of thyroid peroxidase 

function is the fundamental cause of these changes. Sulfamethazine caused decreased 

reproduction in both males and females in a continuous breeding trial in mice and 

shows little effect on sperm parameters (Brezina et al., 2012). Further, it was reported 
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that sulfonamide antibiotics possibly inhibit the development of several Gram-

negative as well as most Gram-positive bacteria (Wan & Wang, 2016; Liu & Wang, 

2013). 

1.5 Review of literature 

The occurrence of micro-pollutants in wastewater, surface water, sediments, 

groundwater, or even in drinking water is a serious environmental concern. The main 

aim of wastewater purification by means of AOP methods is the reduction of the 

chemical pollutants and their toxicity to such an extent that cleaned wastewater is 

reintroduced into receiving streams. 

The most investigated AOPs was the Fenton process in which highly reactive 

hydroxyl radicals (•OH) are in situ generated through the catalytic reaction of 

Fe(II)/Fe(III) with hydrogen peroxide. The Fenton or Fenton-like processes showed 

widespread applicability due to their robust operation and flexibility in nature as well 

as reasonably cost-effective, (iron and H2O2) in unit operations (Bokare and Choi, 

2014). 

1.5.1 Iron-based nFLC 

Fe(II)/Fe(III) redox couple is the driving force that is utilized for the electron 

transfer processes in the generation of •OH radicals from H2O2 as demonstrated in 

Equations (1.1-1.5). It was noted that in the classical Fenton process, a relatively 

higher amount of iron is required, which causes excessive sludge production, hence; 

its disposal is an additional environmental burden. However, nano zero-valent iron 

(Fe0) has shown innumerable properties and offers efficient Fenton-like processes with 

a minimal dose of iron hence, sludge production is significantly reduced (Crane & 

Scott, 2012; Lücking et al., 1998; Scaria et al., 2021; Segura et al., 2013). Therefore, 

the use of zero-valent iron (ZVI) in a Fenton-type process has received greater and 

considerable interest in recent times because of its excellent performance in the 

catalytic processes (Bergendahl and Thies, 2004; Doong and Chang, 1998) and less 

environmental load as in the form of sludge. Moreover, the catalyst possessed a high 

specific surface area to volume ratio which eventually enabled high photocatalytic 

reactivity having fast kinetics in eliminating quite a large number of micro-pollutants 
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from aquatic environments (Tang & Lo, 2013). It is mentioned that several pollutants 

are being efficiently remediated by using nano zero-valent iron, however, the major 

drawback was reported to be the low mineralization rate of micro-pollutants especially 

antibiotics (Xue et al., 2009; Zhang et al., 2017). However, even a small dose of 

hydrogen peroxide enhances significantly the mineralization of micro-pollutants (Xue 

et al., 2009). Further, it was pointed out that a higher concentration of H2O2 is 

hazardous for transportation and handling, and expensive in bulk utilization (Zhang et 

al., 2017). Therefore, a novel role of EDTA was explored as it is capable of activating 

the dioxygen and in situ generations of H2O2 in the Fe2+/EDTA system (Seibig and 

van Eldik, 1997). This was known to be the “Greener Reagent” in operation (Noradoun 

et al., 2003; Noradoun & Cheng, 2005). 

A novel nZVI/H2O2 Fenton-like system was introduced coupled with acoustic 

ultrasound effects (Bremner et al., 2008), for the removal of 2,4-

dichlorophenoxyacetic acid. In line, many researchers have explored the suitability 

and applicability of nZVI/Fenton-like systems (Babuponnusami & Muthukumar, 

2012; Bao et al., 2020; Chen et al., 2020; ElShafei et al., 2017; Morshed et al., 2019; 

Raji et al., 2021; Yang et al., 2019). A small-sized nZVI (20.0 nm, specific surface 

area = 39.2 m2/g) was synthesized by the borohydride reduction process and the 

material was optimized for the degradation of norfloxacin under the Fenton-like 

process. Adjusting the pH to around 3.0-4.0 enabled the degradation of norfloxacin 

Ca. 95% within 40 mins (Zhang et al., 2017). Similarly, the degradation of 4-chloro-

3-methyl phenol (Xu & Wang, 2011), nitrobenzene (Yao et al., 2019), carbothiolate 

herbicide, molinate (Joo et al., 2004), Methyl tert-butyl ether (Bergendahl and Thies, 

2004) were demonstrated elsewhere. The nano zero-valent iron utilized a Fenton-like 

process and was impacted in presence of several cations/anions hence, the presence of 

Cu2+ and Mg2+ is greatly studied in the degradation of amoxicillin (Liu et al., 2017). 

The removal percentage was increased with increasing Cu2+ concentration however, a 

reverse trend was obtained in the presence of Mg2+. The insight studies conducted with 

XPS indicated that the Cu2+ was reduced to Cu0 by the Fe0 with nano zero-valent iron 

and formed the bimetallic (Fe/Cu), which accelerated the removal of amoxicillin (Liu 

et al., 2017). Simultaneous removal of EDTA and 4-chlorophenol was investigated in 

the ultrasound/Fenton system using a heterogeneous zerovalent iron catalyst. The in 
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situ production of H2O2 via iron/EDTA reactions was demonstrated and the ferryl-

EDTA complex ([FeIVO]EDTA) was the predominant oxidant identified in the 

degradation of 4-chlorophenol (4-CP) and EDTA (Zhou et al., 2009). The possible 

mineralization reactions were as given in equation (1.7): 

 

[FeIVO]EDTA + 4 CP  Intermediates  LMW Organic acids  CO2 + H2O.. (1.7) 

 

(LMW: Low molecular weight). 

The introduction of different methods with synergistic effects of AOPs enabled 

the efficient degradation of micro-pollutants (Babuponnusami and Muthukumar, 

2011). The nano zero-valent iron (nZVI) catalyzed (photo-electro)@Fenton-like 

process was introduced in the degradation of phenol. The impact of various 

Physicochemical parameters viz., the effect of pH, phenol concentration, catalyst dose, 

H2O2 concentration, etc., were studied and the optimized catalyst dose and H2O2 

concentration were established to be 0.5 g/L and 500.0 mg/L, respectively. Further, 

pH 3.0 was an optimum pH for the degradation of phenol, which was demonstrated by 

the fact that the production of ferrous (Fe2+) ion involved three stages: (i) production 

of electrical energy using stainless steel as a cathode; (ii) oxidation via two-electron 

transfer; and (iii) leaching of iron(II) through photolytic reaction. At first, in presence 

of H2O2, the nano zero-valent iron was oxidized (Eq. 1.8) followed by the generation 

of •OH by the Fenton process (Eq. 1.9) and photolytic degradation of pollutants (Eq. 

1.10). pH values >5.0, the ferryl ions (FeO2+) are formed which are comparatively 

weaker oxidants as well as more selective than •OH radical which slowed down the 

overall reaction (Equation 1.11) (Babuponnusami and Muthukumar, 2012). 

Fe0 + H2O2 + 2H+  Fe2+ + 2H2O    …(1.8) 

Fe2+ + H2O2  Fe(OH)2+ + •OH    …(1.9) 

Fe(OH)2+ + h  Fe2+ + •OH     …(1.10) 

Fe2+ + H2O2  Fe(IV) (e.g., FeO2+) + H2O   …(1.11) 

An interesting study was conducted with the bimetallic additive using the 

Cu/nZVI-Fenton process for the degradation of trichloroethylene. It was eventually 

observed that the bimetallic Fenton system Cu/nZVI possessed the following four 
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steps in the oxidative removal of trichloroethylene: (i) nZVI releases Fe2+ via redox 

cycle from Fe(0) in the presence of Cu(II); (ii) Fe(0) reduces Cu species on the catalyst 

surface; (iii) generation of •OH via oxidation of Fe(II) by hydrogen peroxide followed 

by radical-induced degradation of trichloroethylene in Cu/nZVI suspension; and (iv) 

hydrogen peroxide oxidizes Fe(0) from nZVI to Fe(II), which enables sustained 

generation of hydroxyl radicals to degrade completely the trichloroethylene (Choi and 

Lee, 2012). Similarly, the bimetallic Cu/nZVI was found efficient in the degradation 

of ciprofloxacin under a weak magnetic field. The Cu(II) species enhances the leaching 

of Fe(II) ions from the surface of nZVI, which gives rise to an increase in •OH 

production via reaction with H2O2. Additionally, the regeneration of nZVI/Cu was 

conducted using the tea extracts and employed for multiple operations in the removal 

of ciprofloxacin (Chen et al., 2020). 

Though the presence of nanoparticles favors greatly the degradation of 

potential micro-pollutants in the Fenton-like processes, however; the major 

disadvantage over nanoparticles is that it keeps the tendency to get agglomerated easily 

and suppresses the catalytic activity of the catalyst. Hence, to overcome the problems, 

researchers tried to stack nanoparticles on the surface of some supporting solid 

materials. A few widely used supporting materials include iron exchanged with Nafion 

membranes (Maletzky et al., 1999), thin-film (Lalliansanga et al., 2020a; Tiwari et al., 

2015), modified clays (De León et al., 2008; Iurascu et al., 2009), sand (Lee et al., 

2012; Tiwari et al., 2011), etc. Some other modified materials such as silica fabric 

(Bozzi et al., 2002), carbon shell (Ahsan et al., 2020), zeolites (Rios-Enriquez et al., 

2004), resins (Lv et al., 2005), and cotton (Tryba, 2008) are used to immobilize the 

nZVI on the substrate surface at varied experimental conditions in the removal of 

several micro-pollutants including the phenol, 4-chlorophenol, cationic or anionic 

dyes, oxalic acid, 2,4-xylidine, etc. Similarly, the zero-valent iron nanoparticles are 

impregnated with the bentonite solid and the composite material was employed in the 

decontamination of phenol. Further, the Fenton-like removal of phenol showed that a 

maximum of 450 mg/g of phenol was removed under suitable experimental conditions. 

Additionally, the removal pathways of degradation were demonstrated in two steps 

(Bao et al., 2020): 

(i) Adsorption of BPA (bisphenol A) by the composite material 
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(ii) Fenton-Like degradation of BPA by the material 

Using the nano zerovalent iron-bentonite composite (nZVI@bentonite) showed 

greater advantages since leachates (contained with iron) were produced which 

eventually reduced the load of secondary waste. The EPR studies demonstrated the 

reaction mechanism having the reactions (Bao et al., 2020) (Equations (1.12- 1.16)) : 

nZVI@bentonite  Fe2+@bentonite +2e-   …(1.12) 

nZVI@bentonite + 2H+  Fe2+@bentonite + H2  …(1.13) 

Fe2+@bentonite + H2O2  •OH + OH- + Fe3+@bentonite  …(1.14) 

Fe2+@Bentonite + •OH  Fe3+@bentonite + OH-  …(1.15) 

H2O2 + •OH  •OOH + H2O     …(1.16) 

Indigenously collected laterite which is enriched with iron was used to obtain 

the iron nanoparticles (FeNPs) utilizing the eucalyptus leaf extracts (Sangami and 

Manu, 2017). The iron nanoparticles were contained with Fe0, Fe2O3, and Fe3O4 and 

had a specific surface area of 36.62 m2/g. The Fe(NPs) catalyzed Fenton-like process 

and used for the degradation of ametryn (2-ethylamino-4-(isopropylamino)-6-

(methylthio)-s-triazine) from an aqueous medium. Moreover, the optimized 

physicochemical conditions were 2.125, 6.0, 3.5, and 135.0 min for pH, H2O2:COD 

ratio, H2O2:Fe ratio, and reaction time, respectively having the H2O2 dose of 17.0 and 

2.83 mg/L of catalyst (Raji et al., 2021). Similarly, Pirsaheb et al., (Pirsaheb et al., 

2019) created a novel nanocomposite using nZVI particles encapsulated on carbon dot 

films and utilized as a nanocatalyst in the Fenton-like process for the degradation of 

two widely used antibiotics viz., amoxicillin and ciprofloxacin. It was stated that 

encapsulating nZVI particles on biopolymer-based carbon dots boosts air/water 

stability and enhances the reactivity of nZVI with H2O2. The role of carbon dots in the 

process is to keep intact the nZVI particles against agglomeration, and oxidation, and 

enable slow discharge to the aqueous medium over time. Similarly, the carbon-based 

material biochar-supported nZVI-catalyzed Fenton-like process was used for the 

remediation of antibiotics. Biochar is a microporous structure that is attributed to the 

impregnation of nZVI (Tang & Wang, 2018). The synthesis of iron-based magnetic 

nanoparticles implanted with the mesoporous carbon-based hybrid material 

(Fe@MesoC) was strategically synthesized in a metal-organic framework (MIL-
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100(Fe)). This novel nano-Fenton-like catalytic system was intended to utilize for the 

elimination of sulfamethoxazole (SMX). In a line, the Fe-based metal-organic 

framework MIL-88B-Fe (Mei et al., 2019), MIL-53(Fe) (Rasheed et al., 2018), MIL-

100(Fe)@Fe3O4/ CA(MNPCs) (Zhang et al., 2020) derived catalysts were obtained 

and utilized as a proficient Fenton-like catalyst for the elimination of various organic 

pollutants from aqueous solutions.  

Iron oxides are chemical compounds containing iron and oxygen. It occurs on 

the earth's surface as the mineral magnetite. In investigating the catalytic performance 

of nanoparticles of iron(III) oxides in the Fenton-like process in the degradation of 

ethylene glycol and phenol in absence of UV irradiation (Zelmanov and Semiat, 2008). 

Results indicated that the degradation rate was considerably higher than that of the 

photo-implemented conventional Fenton process (Zelmanov and Semiat, 2008). Iron 

oxide nanoparticles supported on the hydroxylated surface of modified diamond 

nanoparticles were obtained. Further, the visible light-assisted heterogeneous catalyst 

was utilized for the Fenton-like reactions in the removal of phenol. It was reported that 

a superior catalytic activity of the catalyst was obtained as compared to the equivalent 

carbon-based catalysts such as activated carbon, graphite, or the standard Feox/TiO2 

photocatalyst (Espinosa et al., 2018).  

It is noted that the iron-based nano Fenton-like catalyst has attracted greater 

attention in recent times and shown catalytic efficiency and reusability in reactor 

operations. However, the implications of laboratory-scale trials and technology 

development need further large-scale or pilot-scale treatment. The challenges are 

ahead with the real or complex matrix treatment at a large-scale treatment. Moreover, 

the sludge contained in iron is a great challenge for recycling such leachates in the 

cost-effective sustainability of the reactor operations. Moreover, the greener method 

of synthesis devoid of harmful chemicals is the need of the hour, however, the 

optimization of reaction for technology development is an additional challenge lying 

ahead.   
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1.5.2 Copper-based nFLC 

Similar to zero-valent iron, nano zero-valent copper has attracted greater 

attention in the recent past because of its unique properties and stability in the 

dispersed medium (Xu et al., 2019; Zhou, Zhang, Liu, et al., 2016). Compared to iron 

(−0.44 V, Fe2+/Fe), copper possesses a relatively higher redox potential (+0.34 V, 

Cu2+/Cu) vs the normal hydrogen electrode (NHE). Therefore, it can’t react with 

hydrogen ions (H+) to generate H2. Hence, useful for triggering O2 to produce H2O2 

(+0.70 V, O2/H2O2) on the surface of the catalyst (Xu et al., 2019). The reactions 

involved are given in Equations 1.17-1.18 (Stumm and Morgan, 2012): 

Cu+ + H2O2 → Cu2+ + •OH + OH−  (k = 1.0 × 104 M−1s−1)   …(1.17)  

Cu2+ + H2O2 → Cu+ + •O2H + OH−  (k = 4.6 × 102 M−1s−1)   …(1.18) 

 Several studies are conducted utilizing the nano zero-valent copper 

heterogeneous catalyst in the Fenton-like processes for the degradation of several 

micro-pollutants from aqueous solutions. The diethyl phthalate (DEP) was completely 

degraded by the zero-valent copper (nZVC) in 120 min at pH 2.5 in the reactor 

operations. The mechanism was investigated and showed that under aerobic 

atmospheric conditions, the possible redox reactions are as followed (Equations (1.19-

1.21)) (Wen et al., 2014): 

 Cu2+ + 2e-  Cu0   (E0 = +0.340 V)  …(1.19) 

 Cu+ + e-  Cu0   (E0 = +0.520 V)  …(1.20) 

 O2 + 2H+ + 2e-  H2O2   (E0 = +0.700 V)  …(1.21) 

 Similarly, the commercial nanosized zero-valent copper (nZVC) was utilized 

in the degradation of norfloxacin (NOR) under the Fenton-like process along with 

ultrasonic reactor operations. The US/nZVC/H2O2 (US: ultrasonic irradiation) system 

favoured greatly the degradation of NOR compared to the conventional Fenton 

process. The leaching of Cu+ ions from the nZVC was assumed to be the predominant 

species that give rise to activate the H2O2 for producing •OH radicals. The mechanism 
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of NOR degradation due to the different Cu species along with H2O2 present in the 

reaction system was underlined as Equations (1.22-1.29) (Ma et al., 2018): 

Cu+ + H2O2 → Cu
2+ + • OHfree + OH

−     …(1.22) 

Cu+  
    +oxidant      
→          Cu2+ + e−      …(1.23) 

Cu0
    +)))     
→     Cu+ +  OH− +

1

2
 H2      …(1.24) 

Cu2+ + H2O2 
            
→   Cu+ + • O2

− + 2H+     …(1.25) 

≡ Cu+ + H2O2 
            
→    ≡ Cu2+ + • OHabs +  OH

−    …(1.26) 

≡ Cu2+ + H2O2 
            
→    ≡ Cu+ + • O2

− + 2H+    …(1.27) 

Cu2+ + • O2
− 
            
→    Cu+ + O2       …(1.28) 

• OH + NOR 
            
→    intermediates      …(1.29) 

 Further, it is reported that the use of ultrasound in aqueous solutions produces 

the radical species which provides a synergistic influence in the elimination of 

micropollutants (Chand et al., 2009; Henglein, 1987). The nZVC-assisted Fenton-like 

process using 20, 300, and 520 kHz ultrasonic was introduced for the degradation of 

phenol. Further, the operating frequency of 300 kHz in ultrasound showed a maximum 

phenol removal per unit of power dissipation and the extent of total organic carbon 

elimination (Chand et al., 2009). Macroporous graphene-supported zero-valent copper 

nanoparticles modified 3D structure (3D-GN@Cu0) was obtained by a simple liquid-

phase reduction process. Moreover, the formation of macropores (>50 nm) was 

indicated by the hysteresis loop of Cu0, as it was shifted to P/P0 ≈ 1.0 (Xu et al., 2019). 

Without adding extra hydrogen peroxide, very high efficiency in the degradation of 

metronidazole (MNZ) was obtained by the novel 3D nanocatalyst in a wide pH range 

from 3.2 to 9.8 (Xu et al., 2019). Approximately 2.33 ppm of Cu leached out from the 

nanocatalyst i.e., about 2.33% dissolution rate, which was considerably less compared 

to Cu(NPs) (55.36 ppm and the combination of Cu0 and 3D-GN (35.72 ppm). The 

reusability of the catalyst turned out to be worthy as the degradation was above 60% 

even after the third cycle of MNZ degradation.  

Three different nano zero-valent metals (nZVMs) viz. iron (Fe0), copper (Cu0), 

and nickel (Ni0) were utilized in the ultrasound-assisted heterogeneous nano Fenton-

like process in the degradation of nonylphenol. Each of these nZVMs was subjected 
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to reactor operations at neutral pH conditions. The ability of various nZVMs in the 

degradation of nonylphenol (6.0 ppm) was found in the order of Fe0 > Cu0 > Ni0 

(ElShafei et al., 2017). Further, the nZVC/H2O2 system was assessed in the 

degradation of benzoic acid. It was noted that acidic conditions and higher doses of 

catalyst favored greatly the degradation of benzoic acid. Moreover, the aid of H2O2 

accelerates the corrosion of nZVC to release Cu+ ions, which eventually generate •OH 

radicals via a Fenton-like reaction (Zhou, Zhang, Zhang, et al., 2016). The 

identification of major reactive oxidant •OH was identified by using an excess amount 

of isopropyl alcohol as a quencher as its reaction rate constant (6.0 × 108 M−1s−1) is 

very high (Buxton et al., 1988). Do et al., (Do et al., 2017) synthesized a novel yolk-

like magnetic structured Fenton-like catalyst which is encapsulated in a silica shell and 

wrapped with copper nanoparticles. In the presence of H2O2, the synthesized Cu(NPs) 

decorated Fe3O4@SiO2 nanocatalyst showed efficient catalytic activity, which resulted 

in the complete elimination of acetaminophen within 60 min of operation while Fe3O4, 

Fe3O4@Cu, and Fe3O4@SiO2 exhibited 58.8, 65.3, 67.0% degradation, respectively, 

within 120 min of reactor operations. 

CuFeO2 nanoplates and nanocubes having different surface manifestations 

{012} and {110}, respectively were synthesized and characterized by the SEM, TEM, 

and HRTEM methods. The CuFe-012 nanoplate was found with a width and thickness 

of about 1 μm and 50 nm having a lattice fringe of 0.251 nm in HR-TEM. On the other 

hand, cubic-structured CuFe-110 has a lattice fringe of 0.152 nm in the HR-TEM 

image. The materials were intended to utilize in the Fenton reaction in degrading the 

ofloxacin (OFX). The degradation of OFX  by CuFeO2 {012} was about four times 

faster than that of CuFeO2 {110}. It was demonstrated that the electron transfer from 

CuFeO2 {012} facet results in the suitable O-O bond elongation (1.472 Å), i.e. bond 

length in H2O2 which leads to the production of reactive oxidant •OH radicals. In the 

case of CuFeO2 {110}, O-O bond length is stretched from 1.468 Å to 3.290 Å, which 

causes the formation of OH- ions (Dai et al., 2018). Cu@Fe3O4 core-shell nanoparticles 

(n-Cu@Fe3O4) were obtained and employed in pre-treated landfill leachates for 

oxytetracycline (OTC) degradation. Almost complete removal of 20 ppm OTC was 

obtained within 30 minutes through the n-Cu@Fe3O4/H2O2 Fenton-like reaction at a 

pH of 3.0. The reusability and stability performance of the catalyst showed a gradual 
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decrease in the removal of OTC for five consecutive runs at 99.2%, 92.4%, 71.3%, 

68.3%, and 66.2%, respectively (Pham et al., 2018). Utilization of novel magnetic 

CuFe2O4 spinel nanoparticles mediated Fenton-like oxidation of sulfanilamide was 

conducted. It was reported that the Cu(II) on the CuFe2O4 nanocomposite caused an 

enhanced degradation of sulfanilamide at around neutral pH conditions. A comparative 

evaluation of the rate constant concerning the different catalytic systems such as CuO 

(2.60 × 10-2 L/m/min), CuFe2O4 NPs (2.58 × 10-3 L/m/min), Fe3O4 (1.92 × 10-3 

L/m/min), and α-Fe2O3 (7.30 × 10-4 L/m/min) were concluded that the activation by 

the H2O2, the reactivity of solid Cu(II) was efficient than that of Fe(III) at the neutral 

pH conditions. Further, the LCMS/MS studies enabled the 11 degradation products 

devoid of sulfanilic acid. Therefore, the possible pathway was obtained through the 

cleavage of the C-S bond rather than the S-N bond cleavage and subsequently the 

mineralization of sulfanilic acid (Feng et al., 2016). The inert surface of conditioned 

diamond nanoparticles (D) is greatly enabled to generate and diffuse freely •OH within 

the solution and interact feebly with the pollutant molecules (Espinosa and Navalón, 

2015).  Further, the inert D surface is useful as support media for the Ag, Au, or even 

Cu nanoparticles and enhances the suitability of materials in the catalyzed reactions 

(Litter, 1999; Navalon et al., 2013; Sempere et al., 2013). In a line, a novel Fenton-

like catalyst consists of copper nanoparticles propped up on diamond nanoparticles 

(DNPs) as-synthesized by polyol reduction of Cu(NO3)2 in the presence of DNPs and 

utilized in the degradation of phenol (Espinosa et al., 2016). CuNPs/DNPs catalyst-

mediated Fenton-like system enables an enhanced degradation efficiency than 

analogous catalytic systems viz., CuNPs/activated carbon, CuNPs/carbon nanotubes, 

and CuNPs/TiO2-P25. The catalyst was having relatively less stability and activity 

upon reuse, although it is possible to recover by reducing the catalyst again by the 

polyol method. Fenton-like elimination of enrofloxacin (EFN) at concentration level 

(μg/L) was conducted using several nanocatalysts viz., copper oxides, titanium carbide, 

and silicon nitride nanoparticles. The CuO/H2O2 and TiC/H2O2 catalytic systems 

showed >90% degradation of the EFN in 12 hrs. In the presence of sodium halide salts, 

the reaction rate was found to be accelerated in the case of CuO nanoparticles-

mediated Fenton-like degradation. This increase in reaction rate was explained by two 

possible mechanisms: (i) An additional reaction pathway was provided by the salts 
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which contained the radical species which degrades ENF readily; and (ii) otherwise, 

the presence of salts inherently accelerates the non-radical mechanism for the 

degradation of enrofloxacin (Fink et al., 2012). 

The catalytic degradation of alachlor and phenanthrene was conducted using 

the nano-sized copper oxide in the presence of H2O2. Rapid degradation of these 

micro-pollutants was obtained and the presence of several oxidants or salts inhibited 

the degradation rate of alachlor. However, very high concentrations (>1 M) of NaCl 

favored significantly the reaction rate of degradation (Ben-Moshe et al., 2009). Several 

studies intended to assess the unsupported nanoparticles of copper oxide in the 

oxidative removal of nitrophenols (Bandara et al., 1996), production of H2O2 (Bandara 

et al., 2005), and inactivation of bacteria (Paschoalino et al., 2008).  

Fe(NPs), Cu(NPs), and Fe/Cu bimetallic nanoparticles were employed in three 

different electro-Fenton catalytic systems for the degradation of nafcillin (NFC). The 

NFC drug was completely removed by Fe/Cu bimetallic nanoparticles mediated 

Fenton-like systems having less electrolysis time than that of Fe and Cu nanoparticles. 

Moreover, the reusability of Fe/Cu bimetallic nanocatalyst has shown about 77% 

degradation of the NFC even after three consecutive cycles (Campos et al., 2020). The 

use of nano zero-valent copper showed a greater drawback for its bulk particles and 

hence, the activity is reduced significantly since the active surface area is reduced for 

bulk particles (Li et al., 2015; Tamilvanan et al., 2014). This affects the Fenton reaction 

for the degradation of several micro-pollutants. However, the support media enables 

to restriction of the agglomeration of nanoparticles and enhances the 

suitability/applicability of materials (Jain et al., 2015).  

Clay media in the Fenton-like reaction is attractive for the remediation of water 

contaminated with a variety of contaminants. Sanabria et al. (2008) observed 100% 

removal of phenol in 2 hrs of operation by a Fenton-like reaction, using Fe-pillared 

interlayer clay (PILC) made up of natural bentonite. Similarly, Giordano et al. (2007) 

were able to eliminate 97% of polyphenols from olive oil mill wastewater within 3 hrs, 

using Cu-PILC in a wet oxidation process with H2O2. 
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1.6 Scope of the present investigation 

 The contamination of the aquatic environment with a variety of micro-

pollutants is ubiquitous and found serious global concern. This is, perhaps, due to the 

large-scale use of personal care products (PCPs) (e.g., shampoos, soaps, toothpaste, 

creams, cosmetics, medical skin care products, deodorants, etc.) that are primarily 

contained preservatives, biocides, musks or UV-filters [Yuval et al., (2018)]. 

Similarly, the widespread use of drugs viz., antibiotics, antipyretic/analgesic drugs, 

potential environmental estrogens, and disinfectants poses a serious environmental 

threat since these compounds are found relatively persistent and often escape through 

the existing urban wastewater or sewage water treatment plants and readily detected, 

at a low level, in the aquatic environment (Bester, 2005; Heidler et al., 2006; Liu et 

al., 20013)]. Moreover, the presence of these micro-pollutants even at a low level 

impacted adversely and showed a potential risk to human and animal health (Lehutso 

et al., 2017). Therefore, these pollutants are, in recent times, known to be emerging 

water pollutants that need to be eliminated from the water bodies. 

 Advanced oxidation processes (AOPs) are found to be effective and efficient 

processes to degrade a variety of organic species from water bodies and provide a 

useful way of eliminating contaminants from aqueous solutions. The Fenton process 

is a widely used process among all the AOPs in such water strategies. The Fenton 

processes, which include H2O2/Fe2+, UV/H2O2/Fe2+, Sono-Fenton-like process, and 

Electro-Fenton-like are, therefore, used in the treatment of aquatic environments 

contaminated with micro-pollutants. However, the Fenton or Fenton-like processes are 

shown their limitations hence, the upgraded Fenton-like processes are likely to show 

enhanced applicability to tune the wastewater treatment plants with the required 

efficiency. Moreover, the use of natural and greener methods is ever-demanding to 

address effectively the associated environmental issues.  

 Therefore, the present investigation is specifically intended to upgrade the 

Fenton-like process to achieve the required efficiency and to eliminate the persistent 

micro-pollutants, viz. diclofenac sodium, phenol, N-(n-propyl)thiourea, amoxicillin, 

sulfamethazine, etc. from aqueous solutions. Moreover, it also focuses on the greener 

synthesis of heterogeneous nanocomposites contained in natural clay materials with 
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nZVI and nanoparticles of stable metals such as copper and silver. The nanoparticles 

of iron, copper, and silver are obtained by the greener synthetic route using the Psidium 

guajava (guava) leaf extracts. Bentonite is utilized as a supporting medium for the 

development of nanocomposite materials. The presence of bimetallic heterojunction 

enhances the reactivity towards H2O2/Visible solar light and improves the overall 

efficiency ofFenton-like processes in the treatment of various water pollutants viz.,  

diclofenac sodium, phenol, N-(n-propyl)thiourea, amoxicillin, sulfamethazine. 

Further, the practical applicability of the method is assessed in real-water samples 

collected from two different natural water sources. 
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2. METHODOLOGY 

2.1 Materials 

2.1.1 Chemicals 

All chemicals and reagents obtained are preferably analytical or equivalent grade and 

are used without further purification. Details of all the chemicals are listed in Table 

2.1. 

Table 2. 5. Details of various chemicals used for experimental works. 
 

Sl. 

No. 
Chemicals used Formula Company CAS number 

1 
Iron nitrate 

nonahydrate 

purified 

Fe(NO3)3
.(H2O)9 Merck 7782-61-8 

2 Silver nitrate AgNO3 
Sigma Aldrich, 

USA 
7761-88-8 

3 Copper sulfate CuSO4 Merck 7758-99-8 

4 Diclofenac sodium 

salt 
C14H10Cl2NNaO2 

Sigma Aldrich, 

USA 
15307-79-6 

5 Phenol C6H5OH HiMedia, India 108-95-2 

7 Amoxicillin C16H19N3O5S Merck 26787-78-0 

8 Sulfamethazine C12H14N4O2S 
Sigma Aldrich, 

USA 
57-68-1 

9 Glycine C₂ H₅ NO₂  Himedia, India 56-40-6 

10 Sodium acetate CH₃ COONa Merck 127-09-3 

11 
Cadmium nitrate 

tetrahydrate 
Cd(NO3)2.4H2O Merck 10022-68-1 

12 

Disodium 

hydrogen 

phosphate 

anhydrous 

Na2HPO4 Merck 7558-79-4 
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13 
Ethylenediamine- 

tetraacetic acid 
C10H16N2O8 

Qualigens Fine 

Chemicals, 

India 

60-00-4 

14 Ethanol CH3CH2OH 

Qualigens Fine 

Chemicals, 

India 

64-17-5 

15 
Ferric chloride 

hexahydrate 
FeCl3.6H2O Himedia, India 7705-08-0 

16 Chloroform CHCl3 Himedia, India 67-66-3 

17 
Conc. Sulphuric 

acid 
H2SO4 Himedia, India 7664-93-9 

18 Sodium hydroxide NaOH Himedia, India 1310-73-2 

19 Nickel chloride NiCl2 Merck 7718-54-9 

20 Hydrochloric acid HCl Merck 7647-01-0 

21 
N-(n-propyl) 

thiourea 
C4H10N2S 

Thermo 

ScientificTM 
927-67-3 

22 Hydrogen peroxide H2O2 Merck 7722-84-1 

23 2-propanol C3H8O Himedia, India 67-63-0 

24 Lead Nitrate Pb(NO3)2 Merck 10099-74-8 

25 Oxalic acid C2H2O4 Merck 6153-56-6 

2.1.2 Clay samples and real water samples 

The pristine bentonite clay used in the preparation of nanocomposite was 

purchased from HiMedia, India. The clay powder was washed several times with 

deionized water (DW) and dried in the hot-air oven (Relitech Co., India) at 90°C and 

crushed to a fine powder to obtain 100 BSS (British Standard Sieve).   

Two real water samples were collected from two different sources located at 

Aizawl City, Mizoram, India, for real water experiments. Table 2.2 provides locations 

of two different locations. One of them is spring water and another water is from the 

tank of the university’s water supply. It was filtered using Whatman filter paper (pore 

size 20 µm) and tested for quality before being used. These water samples were 
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subjected to a variety of Physico-chemical parametric investigations (cf Table 2.7). A 

multiparameter instrument was used to test the water quality, including pH, 

conductivity, resistivity, salinity, and total dissolved solids, utilizing a variety of 

parameters. The AAS (Atomic Absorption Spectrometer) was used to check several 

metals in these water samples. The TOC analyzer is used to obtain the NPOC (Non-

purgeable Organic Carbon) and IC (inorganic carbon).  

Table 2.6: GPS locations of real water samples collected. 

Locations Code Water Source GPS Location 

Six miles, Tanhril, 

Aizawl 
R1 Spring 

Latitude = 23°44'3"N 

Longitude = 92°40'33"E 

Elevation = 833 m 

University water-

supply tank 
R2 Stock water 

Latitude = 23°44'16"N 

Longitude = 92°40'10"E 

Elevation = 884 m 

Table 2.7 Physico-chemical properties of two real water samples 

Source TOC (mg/L) 
Cations 

(mg/L) 
Anions Physical properties 

R1 

NPOC=1.349 

TC = 18.851 

IC = 17.502 

Cu = 0.0036 

Ca = 2.3582 

Zn = 0 

Pb=  0.0752 

Ni = 0.0195 

Fe =  0 

Mn = 0 

Sulphate = 11 mg/L 

Phosphate=  0.1 

mg/L 

Nitrate = 9 μg/L 

pH = 8.21 

Salinity = 0.1 PSU 

Oxd. & red. Potential = 160.7 

MV 

Resistivity = 0.0045 MΩcm-1 

Conductivity = 199 μScm-1 

TDS = 100 ppm 

R2 

NPOC=0.976 

TC = 8.443 

IC = 7.466 

Cu = 0.01 

Ca = 3.4589 

Zn = 0.0054 

Pb=  0.0442 

Ni = 0.0239 

Fe =  0 

Mn = 0 

Sulphate = 7 mg/L 

Phosphate = 0.1 

mg/L 

Nitrate = 20 μg/L 

pH = 7.9 

Salinity = 0.07 PSU 

Oxd. & red. Potential = 194.5 

MV 

Resistivity = 0.0078 MΩcm-1 

Conductivity = 129 μScm-1 

TDS = 65 ppm 

2.1.3 Reagents 
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i) Sample stock solutions: 50.0 mg/L stock solutions of different micropollutants were 

prepared in purified distilled water. An accurate amount of the analyte (extra pure 

~ 99.99%) was dissolved in purified water to prepare the stock solutions. Other 

required concentrations were made with the help of successive dilutions. 

ii) Standard buffer solutions (pH 4.01, 7.00, 10.01) (Hanna Instruments) were utilized 

for calibrating the pH meter. 

iii)  Freshly prepared standard 0.1 mol/L HCl and 0.1 mol/L NaOH solutions were 

utilized for modifying the pH of the sample solutions. 

iv)  Standard TOC calibration solutions were prepared using potassium hydrogen 

phthalate solution for calibrating the TOC instrument. 

2.1.4  Instruments 

Electronic balance (HPB220, Wensar, India) was employed for weighing solid 

chemicals. A digital pH meter (Labtronics, Model: LT-50 microprocessor pH meter, 

India) was utilized to measure the pH of solutions. The Fourier transform infrared 

spectrometer (FT-IR-Shimadzu, Model: IR Affinity-1S, Japan) was used to 

characterize the guava extract, which enables identifying the possible functional 

groups responsible for reducing the novel metal ions. The diffuse reflectance spectra 

(DRS) for the solids were obtained using a UV-Visible Spectrophotometer (Thermo 

Scientific, Model: Evolution 220, USA). Brunauer-Emmett-Teller (BET) method was 

used to measure the specific surface area of the nanocomposite materials utilizing the 

BET Surface area analyzer (Micromeritics, Model: ASAP 2010, USA). A transmission 

electron microscope (TEM; JEOL, Model: JEM 2100, Japan) examines the materials’ 

morphology. A field emission scanning electron microscope (FE-SEM; Hitachi, 

Model: S-4700, Japan)  was used to analyze the materials’ surface images. X-Ray 

Diffraction (XRD) patterns were obtained by using an X-ray diffraction machine 

(PANalytical, Model: X’Pert PRO MPD, Netherland) equipped with Cu Kα radiation 

(=1.5414 Å) as the X-ray source. To study the composition and oxidation states of 

elements present in the catalyst, the X-ray photoelectron spectroscope (XPS; Thermo 

Fisher Scientific Pvt. Ltd., Model: Nexsa XPS system, UK) was employed. The total 

organic carbon (TOC) in all the water samples was measured using a TOC analyzer 

(Shimadzu, Model: TOC-VCPH/CPN, Japan). A multiparameter photometer (Hanna 
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Instrument, Model: HI98914, USA) and an atomic absorption spectrophotometer 

(AAS; Shimadzu, Model: AA-7000, Japan) were used to determine the quality of 

natural water samples. AAS was used for the quantitative determination of metals such 

as Zn, Ni, Cu, Pb, Mn, Fe, etc. whereas, a multiparameter gives a quantitative 

estimation of several anionic species present in the water samples. 

A LED (light emitting diode) bulb (Havells- Adore LED 9W, India) and a UV-A 

lamp (λmax= 360 nm, Philips, 9W, Model: PLS9W BLB/2P 1CT, South Korea) were 

used as a light source for photo-Fenton-like reactions. 

2.2 Preparation Of Materials 

2.2.1 Preparation of guava leaf extract 

Fresh guava (Psidium guajava) leaves were collected from the university 

campus (Mizoram University, India). A facile and simple procedure was used to get 

the leaf extract. 10 g dried and finely ground guava leaves were accurately weighed 

and put in a 250 mL conical flask filled with 100 mL of purified water. The mixture 

was heated at 80°C for 20 minutes, cooled, and filtered using Whatman no. 1 filter 

paper. Filtrates were stored at 4°C for further use. 

 

 

Figure 2.1: (a) Guava leaf powder; (b) Aqueous guava leaves extract 

 

 

 (b) (a) 
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2.2.2 Synthesis of nanocomposite materials 

2.2.2.1 Preparation of Ben@FeNPs and Ben@(FeNPs+AgNPs) nFLC 

 Freshly prepared guava leaf extract was utilized as a green, reducing agent in 

the in situ synthesis of nanoparticles viz., iron, silver, and copper nanoparticles. The 

optimal quantity of guava extract was determined by adjusting the volumetric ratio of 

precursor ions and guava leaf extract. A facile procedure was adopted to synthesize 

the Ben@FeNPs and Ben@(FeNPs+AgNPs) nano Fenton-like catalysts (nFLC). 

Bentonite (15 g) was suspended for 8 hrs in 250 mL 0.1 mol/L Fe(NO3)3 solution with 

slow stirring at room temperature, centrifuged (1500 rpm), and the supernatant was 

discarded. 75 mL of guava leaf extract was dropped into the refined Fe3+-bentonite at 

the ratio of 1:5 (clay: guava leaf extract) and agitated for around 12 hrs. The bentonite-

supported iron nanoparticle (Ben@FeNPs) is obtained. The black-colored aggregation 

of iron nanoparticles on the bentonite clay is obtained (Cf. Figure 2.2) 

Further, the nanocomposite Ben@(FeNPs+AgNPs) was obtained as: the Fe3+-

bentonite suspension was suspended in 250 mL 2.5 mmol/L AgNO3 solutions for 6 

hrs. The solid was transferred to round bottom flasks. The pH of the suspension was 

measured and found to be 8.12. 75 mL of guava leaf extract was added dropwise to 

the (Ben@Fe3+-Ag+) suspension, and the suspension was agitated for 6 hrs. The 

supernatant was discarded after centrifugation of the suspension. Several piles of 

washing of solid enabled the removal of the excess of NO3
- ions. The solid residue was 

kept in a hot air oven at 50°C for 5 hrs. The bimetallic nanoparticles supported 

bentonite were crushed into a fine powder and kept in an airtight polyethylene 

container for future use. 
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Figure 2.2: Image of (a) Pristine bentonite clay ; (b) Ben@FeNPs, and (c) 

Ben@(FeNPs+AgNPs) nanocomposite 

2.2.2.2 Synthesis of Ben@CuNPs and Ben@(CuNPs+AgNPs) nFLC 

The Ben@CuNPs and Ben@(CuNPs+AgNPs) nano-Fenton-like catalysts (nFLC) 

were synthesized using a similar procedure described previously for the Ben@FeNPs 

and Ben@(FeNPs+AgNPs). Bentonite (15 g) was suspended for 8 hrs with slow 

stirring at room temperature in 250 mL 0.1 mol/L CuSO4 solution, then centrifuged 

(1500 rpm) and the supernatant was discarded. 75 mL guava leaf extract was added to 

the solid (Cu2+-bentonite) at a 1:5 (solid: guava leaf extract) ratio and agitated for 12 

hrs. This prepared nanocomposite is named as Ben@CuNPs. Furthermore, the Cu2+-

bentonite suspension was suspended in 250 mL 2.5 mmol/L AgNO3 solutions for 6 hrs 

to obtain the nanocomposite Ben@(CuNPs+AgNPs). The suspension was transferred 

to round bottom flasks followed by adding 75 mL of guava leaf extract dropwise to 

the (Ben@Cu2+-Ag+) solid and the suspension was agitated for 6 hrs. The final pH of 

the suspension was found to be 9.03. After centrifuging the suspension, the supernatant 

was discarded. The excess NO3
- ions were removed using several stacks of solid 

washing with purified water. The solid residue was heated for 5 hrs in a hot air oven 

at 50°C. The bentonite-supported bimetallic nanoparticles were crushed into a fine 

powder and stored in an airtight polypropylene container for later use. 

 

(a) (b) (c) 
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Figure 2.3: Image of (a) Bentonite clay powder; (b) Ben@(CuNPs+AgNPs) 

nanocomposite. 

2.3 Characterization of the materials 

2.3.1 Phytochemical screening 

The Fourier transform infrared spectrometer (FT-IR-Shimadzu, Model: IR 

Affinity-1S, Japan) was used to characterize the guava extract, which enables 

identifying the possible functional groups responsible for reducing the silver, iron, and 

copper ions. The aqueous guava extract sample was exposed to infrared light from the 

FT-IR instrument that ranges in wavelength from 10,000 to 100 cm-1, some of which 

is absorbed and some of which passes through. The sample molecules transform the 

absorbed radiation into rotational and/or vibrational energy. The resultant signal, 

which appears as a spectrum at the detector and ranges from 4000 cm-1 to 400 cm-1, 

represents the sample's molecular fingerprint. Because each molecule or chemical 

structure will provide a distinct spectral fingerprint, FT-IR analysis is a fantastic 

technique for identifying specific chemicals.  

Screening of phytochemical contents of the aqueous extract was performed 

qualitatively based on coloring and precipitation reactions. Various tests for the 

phytochemical contents of the extract were conducted using the standard protocols 

reported elsewhere (Chandraker et al., 2020; Auwal et al., 2014; Obouayeba et al., 

2015). 

1) Test for alkaloids: In 1 mL extract solution, slowly 6-8 drops of Mayer’s reagent 

were added. This gives a cream precipitate which confirmed the presence of alkaloids. 

(a) (b) (c) 
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Mayer’s reagent is prepared by dissolving 5 g of potassium iodide and 1.358 g of 

mercuric chloride in 100 mL of distilled water (Sanghani, 2017).  

2) Test for flavonoids: 1 mL of the extract was taken in a test tube and a few drops of 

neutral ferric chloride solution was added to it. The formation of black-red precipitate 

confirmed the presence of flavonoids. 

3) Test for tannins: 2 mL of 5% ferric chloride and 1 mL of the extract are vigorously 

mixed in a test tube. This gives a greenish-black/dark blue color, which confirms the 

presence of tannins in the extract solution. 

4) Test for phlobatannins: 10 mL of extract solution is boiled with 2-3 mL of 10% 

HCl for 5 minutes. The formation of a red precipitate is the confirmation of 

phlobatannins contents in the extract solution.  

5) Test for triterpenes: The test is done with Salkowski test where equal volumes of 

chloroform and leaf extract are shaken with a few drops of concentrated H2SO4. The 

lower layer turns yellow, which confirmed the presence of triterpenes.  

6) Test for saponins: 1 mL extract is shaken vigorously with 2 mL distilled water and 

the persistence of foam indicated the presence of saponin contents. 

7) Test for glycosides: 1 mL extract is added with 2-3 drops of Molisch’s reagent 

followed by a few drops of concentrated H2SO4. A reddish-purple ring on the junction 

showed the presence of glycosides. 

Molisch’s reagent is prepared by dissolving 20 g naphthol in 100 mL of ethanol 

(Yogesh & Sanghani, 2017). 

8) Test for anthocyanins: 2 mL of plant extract is mixed with 2 mL of 2 mol/L HCl. 

The presence of anthocyanins is indicated by the development of a pink-red tint that 

becomes purple-blue when ammonia solution is added.  

9) Test for reducing sugars: In a test tube, 2 mL of aqueous leaf extract solution is 

taken and 5 mL of a mixture solution containing equal volumes of Fehling's solutions 

A and B is added slowly (Fehling’s solution A is an aqueous blue solution of copper 
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(II) sulphate, while Fehling’s solution B is a clear solution of aqueous potassium 

sodium tartrate and a strong base, mostly sodium hydroxide). The solution mixture is 

heated for about 2 mins in a water bath. The presence of reducing sugars is confirmed 

by the occurrence of the brick-red precipitate. 

10) Test for polyphenols: Two drops of alcoholic solution of 2 percent ferric chloride 

are added with 2 mL of plant extract. The presence of polyphenolic chemicals is 

indicated by a more or less dark blackish-blue or green color. 

2.3.2 Characterization of nanocomposite materials 

The ‘point of zero charge’ (pHpzc) is the pH value at which the surface acidic and 

basic functional groups no longer contribute to the pH value of the solution (Igberase 

and Osifo, 2015). The point of zero charge determination of these solids is also 

important in elucidating the adsorption mechanism involved at a solid solutions 

interface. At a pH lower than the pHPZC, the solid carries a net positive surface charge, 

and at a pH higher than the pHPZC, the surface carries a net negative charge because of 

the acidic dissociation of surface functional groups. The pHPZC (point of zero charges) 

of the solids, viz. pristine bentonite, Ben@FeNPs, Ben@CuNPs, 

Ben@(FeNPs+AgNPs), and Ben@(CuNPs+AgNPs) were obtained by the pH drift 

method as demonstrated previously (Lalhriatpuia et al., 2015; Tiwari et al., 2015): A 

1000 mL Erlenmeyer flask was filled with 500 mL of distilled water, the top was 

covered with cotton, and the water was slowly and gradually heated till boiling for 20 

minutes to extract the dissolved CO2. To prevent air CO2 from being reabsorbed, the 

flask was promptly capped. Using the CO2-free water, 50 mL of 0.01 mol/L NaCl 

solutions were created. The pH of each flask's solution was then changed by adding 

dropwise additions of 0.1 mol/L HCl or 0.1 mol/L NaOH solutions to achieve varied 

pH values of 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0. Each flask was filled with 100 mg of 

the solid sample, which was then firmly sealed before being shaken for 24 hours at 

25°C. The final pH of the solutions was noted, and graphs were created between 

pHInitial and pHFinal. This curve's junction point indicated the point of zero charge. 

The band-gap energy (Eg) is important for the catalysts, especially in the photo-

induced degradation of pollutants. Diffuse reflectance spectroscopy (DRS) is a more 
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valuable approach for characterizing powdered samples than UV-Vis absorption 

spectroscopy because it provides an enhanced scattering phenomenon in powder 

materials (Morales et al., 2007). A UV-Visible Spectrophotometer (Model: Evolution 

220, Thermo Scientific, USA) was used to produce diffuse reflectance spectra (DRS) 

for the solids, viz. pristine bentonite, Ben@FeNPs, Ben@CuNPs, 

Ben@(FeNPs+AgNPs), and Ben@(CuNPs+AgNPs). Using diffuse reflectance data, 

the absorption coefficient was calculated using the Kubelka-Munk equation to 

estimate the solid band gap energy (Equation 2.1). The Kubelka-Munk equation was 

used to transform the reflectance into a Kubelka-Munk function (F (R)) (Abdullahi et 

al., 2016). The absorbance is directly proportional to the values of F(R). Tauc plots, 

which include extrapolating the linear section of a graph of (F(R)xhυ)1/2 vs the energy 

of a photon of light, may be used to determine the band gap energy of the 

nanocomposite materials. 

F(R) = (1 − R)2 /2R        …(2.1) 

where R represents the sample's reflectance regarding a reference at each wavelength. 

The specific surface area of the pristine bentonite and other synthesized 

nanocomposites was obtained using the Brunauer-Emmett-Teller (BET) analyses 

(Micromeritics, USA) based on liquid N2 adsorption-desorption isotherms. It provides 

significant information about their physical structure. Many characteristics, such as 

dissolution rates, catalytic activity, moisture retention, and shelf life, are frequently 

demonstrated with the surface area of a material. According to the BET theory, the 

adsorption of an inert gas yields an atomic-level determination of a particle's real or 

specific surface area, including surface imperfections and pore walls. The solid 

substance needs to be chilled, usually using a cryogenic liquid, because most gases 

and solids interact with each other very weakly. While the pressure or concentration 

of the adsorbing gas is raised, the temperature of the solid sample is maintained at a 

constant level or under isothermal circumstances. The BET findings revealed the pore 

size, specific surface area, and pore volumes of all the pristine as well as synthesized 

materials. 

Field emission Scanning Electron Microscope (SEM) (FE-SEM: JEOL JSM 

7100F; Oxford Xmax) (Operation condition: SEI Resolution used: 15kV, 
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Magnification: 10-1000000, Accelerating Voltage: 0.2-30 kV, Probe Current: 1pA-

400nA and Electron Gun used: In-Lens Schottky field emission gun) was employed to 

achieve the surface morphology of nanocomposite. Furthermore, the elemental 

composition was determined using energy-dispersive X-ray (EDX, Oxford 

instruments X-MaxN) spectroscopy in conjunction with a scanning electron 

microscope (SEM). Similarly, Transmission electron microscopy (TEM; Model: JEM 

2100, JEOL, Japan) was used to analyze the bulk morphology of the particles. The 

nanocatalyst powder was dispersed in isopropyl alcohol by sonication and drop cast 

on the TEM grid (Lacey carbon-coated copper grid-300 Mesh). The grid was dried in 

a vacuum desiccator and then coated with gold (2.0 nm). The samples were analyzed 

using the secondary electron detector at 30 kV acceleration voltage. In addition, the 

interplanar distance of Ag(NPs) or Fe(NPs), or Cu(NPs) was computed, and the 

particle size was determined. X-ray diffraction (XRD) pattern of the nanocomposite 

materials was carried out using an XRD machine (i.e., X'Pert PRO MPD; PANalytical, 

Netherlands). The X-ray diffraction data were collected at a scan rate of 0.033 of 2 

illuminations and with the generator set to 30 mA and 40 kV. To study the composition 

and oxidation states of elements present in the catalyst, the X-ray photoelectron 

spectroscope (XPS; Thermo Fisher Scientific Pvt. Ltd., Model: Nexsa XPS system, 

UK) was employed. The source of the X-ray was monochromatic Al Kα (1486.6 eV) 

along with beam size 400 µm, base pressure 2.0 x 10-7 Torr, and pass energy 50 eV.  

The TOC analyzer (Shimadzu, Model: TOC-VCPH/CPN, Japan) was used to measure 

the total organic carbon (TOC) in both treated and untreated water samples. The TOC 

Analyzer used in this study is based on the catalytic oxidation/NDIR (680º C 

combustion) method and has extremely high responsiveness and dependability for 

analyzing parameters like total carbon (TC), inorganic carbon (IC), and Non-

Purgeable Organic Carbon (NPOC) with measuring ranges and detection limits of TC: 

4.0 ng/L to 25000.0 mg/L and IC: 4.0 ng/L to 30000.0 mg/L. The mineralization of 

the contaminants under photo-Fenton-like operations was represented by the change 

in NPOC values with the photocatalytic process. 
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2.4 Batch reactor Studies 

2.4.1 Degradation of targeted organic pollutants 

Stock solutions of diclofenac sodium (DCF) (50.0 mg/L), phenol (50.0 mg/L), N-

(n-propyl) thiourea (NNPT) (50.0 mg/L), amoxicillin (AMX) (50.0 mg/L), and 

sulfamethazine (SMZ) (50.0 mg/L) were prepared using purified water. The solutions 

were sonicated for 10 minutes to increase the solubility of these contaminants in 

purified water. Additionally, the experimental concentrations were obtained by 

successive dilution of the stock solutions. Drop-by-drop addition of HCl (1 mol/L)/or 

NaOH (1 mol/L) solutions allowed the pH of these solutions to be adjusted from 2.0 

to 7.0. 

Figure 2.4: Schematic of dark Cabinet for conducting the experiments 

The experiments were carried out at 25°±1°C using a self-assembled water bath. 

The degradation studies were carried out in a 100 mL borosilicate glass beaker kept 

on a magnetic stirrer plate with a continuous stirring speed of 300 rpm. The beaker is 

suitably wrapped with parafilm and stored inside a self-made dark cabinet (Figure 2.4). 

The specific pollutant solution was taken along with an appropriate amount of 

nanocatalyst; the suspension was agitated in the dark for 60 mins to achieve 

adsorption/desorption equilibrium. The optimized H2O2 amount was introduced just 

UV-A/LED 

Water 

Bath  
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Vessel 
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after the equilibrium time was reached. The quantitative estimation of each pollutant 

solution was obtained using a UV-VIS spectrophotometer (Shimadzu, Japan, model: 

UV-1800), and some cross-checks were carried out using an HPLC system (High-

Performance Liquid Chromatography, Waters, Model: Waters 515 HPLC pump) 

equipped with a UV detector (Waters, Model: Waters 2489 UV/VIS Detector; USA). 

A C18 analytical column (4.6X250 mm, pore size 100 Å) was used to evaluate 

unknown pollutant concentrations using water (HPLC grade, Himedia), methanol 

(HPLC grade, Himedia), and acetonitrile (HPLC grade, Himedia) as mobile phases. 

The treated pollutant samples' supernatant was collected to analyze concentrations at 

various intervals of time (e.g., 10, 20, 30, 45, 60, 90, and 120 mins). The supernatant 

solution was filtered using a syringe filter (0.22 m; Whatman, USA) before being 

subjected to either a UV-Vis Spectrophotometer or HPLC to determine unknown 

pollutants’ concentrations. The UV-Vis spectrophotometer was adjusted to the specific 

λmax for each pollutant. The λmax for DCF, phenol, NNPT, AMX, and SMZ were 

determined to be 275, 270, 236, 228, and 260 nm, respectively As a result, each 

pollutant's calibration lines were obtained at their respective wavelength. For the UV-

Vis spectrophotometer, the standard solutions of each pollutant at various 

concentrations (0.5 to 20.0 mg/L) were used to obtain the calibration line by plotting 

a graph of absorbance vs. known concentrations of the particular pollutant solution. 

Similarly, to achieve the calibration curve for the HPLC instrument, a graph of peak 

area vs various pollutant concentrations (0.5 to 20.0 mg/L) was plotted for each 

pollutant. The details of different parameters used for the quantification in HPLC 

instruments were mentioned in table 2.4. Pollutant samples were taken from the reactor 

at specified time intervals, and the calibration curve was used to calculate the unknown 

concentrations of the pollutants. Using equation 2.2, the percentage degradation for 

various contaminants was estimated: 

Percentage degradation =   
𝐶𝑖−𝐶𝑡

𝐶𝑖
𝑥 100                   …(2.2) 

where Ci stands for the initial pollutant concentrations whereas Ct stands for the 

concentration of the pollutant at the time “t”. All the experiments were repeated three 

times and standard errors are obtained. 
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Table 2.8. Different parameters for the quantification in HPLC. 

Name of 

pollutant 
Mobile phase 

Wavelength 

(nm ) 

Injection 

volume 

(μL) 

Flow rate 

(mL/min) 

Retention 

time 

(min) 

DCF 

Water: 

Acetonitrile 

(80:20) 

275 20 0.5 9.25 

Phenol 

Water: 

Acetonitrile 

(65:35) 

270 20 
0.5 

 
6.05 

NNPT 

Water: 

Methanol 

(60:40) 

236 20 1 2.50 

AMX 

Acetonitrile: 

water 

(90:10) 

228 20 1 6.47 

SMZ 

Acetonitrile: 

water 

(55: 45) 

275 20 1 2.94 

 

2.4.2 Effect of Solution pH 

The influence of the solution pH is a regulating parameter in deducing the 

process of pollutant degradation in aqueous media. The generation of •OH radicals and 

breakdown of zero-valent Fe(NPs) or Cu(NPs) and the speciation of pollutant 

molecules is predominantly governed by the pH of the solution (Song et al., 2017). 

The pH of the solution affects the catalyst's surface charge and the size of the catalyst 

aggregates. The Fenton process is significantly impacted by the sorption of 

contaminants on the surface of the nanocatalyst. The pH of sorptive liquids 

substantially influences the sorption process (Chong et al., 2010). Therefore, the 

solution pH strongly affects the degradation efficiency of organic pollutants in Fenton 

or Fenton-like reactions.  

The pH-dependent degradation of the targeted micropollutants was carried out 

in a wide range of pH 2.0 to 7.0. Pollutant degradation percentage as a function of 

solution pH was used to express the results. 
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2.4.3 Optimization of initial H2O2 and nanocomposite dose 

In order to produce •OH radicals during the degradation of micropollutants, the 

oxidant (H2O2) dose as well as the Fenton-catalyst dose, are considered to be crucial 

operational parameters. Several researchers indicated that the degradation percentage 

of pollutants increases with the increase in oxidant and catalyst dose up to a certain 

point after which the degradation percentage decreases gradually (Mitsika et al., 

2013a; H. Zhang et al., 2005). To monitor the effect of H2O2, different doses of H2O2 

(30% v/v) were employed at a constant pH,  nFLC dose, and pollutant concentrations. 

The experiments were performed for each pollutant inside a dark box. Similarly, the 

optimized nanocomposite dose was determined by monitoring the effect of different 

doses of nanocomposite by keeping the H2O2 amount, pollutant concentrations, and 

pH values of the solution constant. The experiments were performed for each pollutant 

inside a dark box. The dosage of the oxidant and nanocomposite that results in the 

maximum removal efficiency of the target pollutant was deemed to be the ideal dose 

and employed in the remaining experiments.  

2.4.4 Photo-Fenton-like degradation of micropollutants 

 Light irradiation synergized the removal efficiency of the Fenton process by 

stimulating the formation of •OH radicals (Sapach and Viraraghavan, 1997) as shown 

in (Eq. 2.2):  

𝐻2𝑂2
 ℎ𝜐  
→   2 • 𝑂𝐻         …(2.2) 

The photo-Fenton-like procedure was carried out at 25°±1°C using a self-

assembled water bath inside the dark cabinet. An appropriate dosage of nanocatalyst 

was added to the solution containing the particular pollutant solution, and the 

suspension was stirred in the dark for 60 minutes to reach adsorption/desorption 

isotherms. After that, the optimal amount of H2O2 was added to the pollutant solution. 

Immediately after the addition of the optimal H2O2 dose, the pollutant solution was 

subjected to light irradiation (LED and UV-A) for definite time intervals (2 hrs). 

Pollutant samples were collected from the reactor at definite time intervals (e.g., 10, 
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20, 30, 45, 60, 90, and 120 mins), and the unknown concentrations of the pollutant 

were calculated.  

2.4.5 Effect of initial concentration of the pollutant 

The initial concentration of pollutants is an important parameter that 

demonstrates the mechanistic aspects of degradation (Nasseri et al., 2017). According 

to the literature, the concentrations of micropollutants in aquatic environments ranged 

from ng/L to µg/L (Sousa et al., 2018). The percentage degradation of pollutants used 

to be higher at a lower initial concentration and become less with an increase in 

pollutant concentrations. Therefore, at constant solution pH, the effect of the initial 

concentration of pollutants in photo-Fenton-like degradation of organic pollutants was 

investigated by increasing the initial concentrations from 2.0 mg/L to 30.0 mg/L. The 

degradation experiments were conducted for both LED and UV-A-mediated Fenton-

like degradation of the targeted pollutants. After a specific reaction time i.e., 2 hrs, the 

results were obtained as percent pollutant degradation as a function of pollutants’ 

initial concentrations. 

2.4.6 Effect of co-existing ions 

Wastewater contains a range of dissolved inorganic and organic cations and 

anions that can either have a detrimental or positive impact on the rate of photo-Fenton-

like degradation of organic contaminants. Studies on the photo-Fenton-like 

degradation of various organic pollutants under UV-A and visible light irradiations 

using the synthesized nano-Fenton-like catalyst were conducted in the presence of 

several coexisting ions, viz., oxalate, phosphate, sulphate, glycine, palladium, 

cadmium, nickel, copper, lead, etc. to replicate the natural wastewater matrix. Under 

UV-A and LED light irradiation and optimal reaction conditions, a comparable 

removal of contaminants was obtained. The pollutant concentration and cations/anions 

were kept constant at 2.0 mg/L and 10.0 mg/L, respectively.  
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2.4.7 Degradation kinetics 

The Fenton or Fenton-like reactions are complicated, making kinetic investigations 

challenging. The Fenton or Fenton-like processes have multiple-step reactions, each 

with a specific rate constant. However, the reaction involving the degraded component 

and •OH radicals is regarded as the primary reactants for establishing the overall rate 

constant (Mitsika et al., 2013b). The time-dependent change in pollutant 

concentrations is observed and predicted using known kinetic equations. The 

degradation kinetics was investigated using both pseudo-first-order and pseudo-

second-order kinetics models, with the best-fitted model being used to investigate the 

degradation kinetics of each pollutant. The pseudo-first-order (Equation 2.3) and 

pseudo-second-order (Equation 2.4) rate equations were shown using the experimental 

data for pollutant degradation. 

   ln
𝐶𝑡

𝐶0
= −𝑘𝑓𝑡     …(2.3) 

   
1

𝐶𝑡
− 

1

𝐶0
= 𝑘𝑠𝑡     …(2.4) 

where Ct (mg/L) and C0 (mg/L) are the pollutant concentrations at time t and t0 

(initial reaction time), respectively. Similarly, the kf and ks are the experimental rate 

constants for the pseudo-first-order and pseudo-second-order reactions, respectively. 

The values of kf and ks are obtained by plotting the linear plots between the ln Ct/C0 

vs. reaction time (t) and (1/Ct–1/C0) vs. t, respectively (Gopal et al., 2020).  

2.4.8 Involvement of •OH radical 

H2O2 produces hydroxyl (•OH) radicals and breaks down the pollutant 

molecule's unsaturated double bonds. Hydroxyl radicals break down the conjugated 

system in macromolecules into tiny intermediates (Wu et al., 2015). Intermediates are 

readily mineralized as CO2 and H2O. To reaffirm the participation of •OH radicals in 

the degradation pathway, the study was extended, introducing a few widely known 

•OH radical quenchers. The isopropanol and HCO3
- are described to be good quenchers 

of •OH radicals (Lalliansanga et al., 2020; Tiwari et al., 2018b). Similarly, sodium 
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azide (NaN3) quenches another important reactive oxygen species (ROS), singlet 

oxygen produced due to the reaction of •O2
- radicals and photo-generated holes. This 

singlet oxygen is extremely reactive toward the organic compounds in aqueous media 

(Barka et al., 2010). Hence photo-Fenton-like degradation of 2.0 mg/L of each targeted 

pollutant (100.0 mL) in the presence of 1.0 mL (0.1 mol/L) isopropanol, HCO3
- and 

NaN3 was conducted utilizing the synthesized nano Fenton-like catalyst maintaining 

the optimum reaction conditions. The decrease in the percentage of degradation 

signifies the participation of •OH radicals in the degradation of the pollutant.  

2.4.9 Mineralization of organic pollutants: TOC measurements 

The extent of mineralization of pollutants in the photo-Fenton-like treatment 

demonstrates the efficiency/applicability of operation as it indicates the total 

elimination of dissolved harmful organic compounds from the contaminated aqueous 

solutions. As a result, the TOC (total organic carbon) analyzer was used to measure 

the extent of mineralization in the photo-Fenton-like degradation process. The 

mineralization of pollutants was obtained at different initial concentrations (2.0 mg/L 

to 30.0 mg/L), at a constant solution pH (~3.0). The NPOC (Non-Purgeable Organic 

Carbon) values were obtained for the treated and untreated pollutant solutions, hence; 

the percentage removal of NPOC was calculated. Further, the percentage 

mineralization was plotted against the initial pollutants’ concentrations.  

To analyze the TOC data, the treated pollutant samples' supernatant was 

collected at the final hour, i.e. 120 min. The supernatant solution was filtered using a 

syringe filter (0.22 m; Whatman, USA). NPOC values were obtained for the final 

sample solutions and their corresponding blank solutions using a TOC analyzer 

(Shimadzu, TOC-VCPH/CPN). The decrease in the NPOC value of treated samples 

compared to blanks shows the amount of decomposition of the organic species under 

photo-Fenton-like treatment. The NPOC data is then converted into percent 

elimination by using the pollutant’s initial TOC value (blank). The NPOC value 

indicates the extent of mineralization of organic compounds in the aqueous medium. 

As a result, the percent mineralization was calculated and plotted as a function of the 

initial concentration at the optimized reaction conditions. 
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2.4.10 Determination of leached ion concentrations 

The disappearance of organic contaminants in the photo-Fenton-like process 

might be correlated with the Fe2+ or Cu2+ leaching from the reaction mixture. The main 

hypothesis of the classical Fenton process was the involvement of Fe2+ or Cu2+ and 

H2O2. In the case of Ben@[FeNPs+AgNPs] nanocatalyst, as iron leaching progresses, 

the concentration of Fe2+ rises (Cf Eq. (2.5-)), and the Fenton-like reaction of Fe2+/Fe3+ 

with H2O2 generates •OH radicals. In a heterogeneous system, it was established that 

the presence of H2O2 with Fe(NPs)/Ag(NPs) in Ben@[FeNPs+AgNPs] nanocatalyst is 

the principal source producing ROS in the system. Therefore, the decomposition of 

H2O2 is determined by the affinity of H2O2 towards the catalyst surface, the average 

available surface sites for the adsorption of H2O2, and the rate of reduction of ≡Fe(III). 

Similarly, the concentration of Cu2+ increases as leaching advances, and the Fenton-

like reaction of Cu+/Cu2+ with H2O2 generates •OH radicals. In a heterogeneous 

system, the presence of H2O2 with Cu(NPs) or Ag(NPs) in Ben@[CuNPs+AgNPs] is 

a primary source of reactive oxygen species generation. 

𝐹𝑒0 + 𝐻2𝑂2 → 𝐹𝑒
2+ + 2𝑂𝐻−     …..(2.5) 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒
3+ + 𝑂𝐻− +• 𝑂𝐻    …..(2.6) 

𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒
2+ + 𝐻+ +• 𝑂𝑂𝐻    …..(2.7) 

The concentration of Fe(II) leached out to the solution from the nano-catalyst 

Ben@[Fe(NPs)+Ag(NPs)] after corrosion of the nZVI was measured by 

complexometry using the 1,10-phenanthroline by monitoring the absorbance of the 

complex species at 510 nm as described previously (Sétifi et al., 2019; Zuo, 1995). 

Similarly, the amount of Cu(II) that was corroded from the Ben@[Fe(NPs)+Ag(NPs)] 

nanocomposite and leached into the mixture is determined by the AAS (LOD = 10 

µg/L). The main idea behind the Fenton process is the involvement of Cu2+ and H2O2. 

Cu2+ concentration is rising. When leaching intensifies, the concentration of Cu2+ rises, 

and •OH radicals are produced via the Fenton-like reaction of Cu+/Cu2+ with H2O2.  
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2.4.11 Reutilization of the nanocatalyst 

Nanocatalyst's capacity is dependent on prolonged and repeated photo-Fenton-

like processes. The nanocomposite material’s stability is one of the important aspects. 

As a consequence, the batch reactor's repeated catalytic processes used nanocomposite 

material. Under UV-A irradiation, the photo-Fenton-like degradation of DCF, phenol, 

NNPT, AMX, and SMZ in an aqueous solution was conducted 4 to 5 times. The 

nanocomposite material was washed with distilled water after each cycle of operation, 

and it was then dried at 80°C in a drying oven. The next photocatalytic cycle used the 

crushed, finely ground catalyst after it had cooled to room temperature. For each cycle 

of operations, the starting pollutant concentration (2.0 mg/L) and pH (pH~3) were 

taken as constant. 

2.4.12 Real water experiments 

In order to utilize the synthesized material's implacability in real applications, 

the photo-Fenton-like remediation of DCF, phenol, NNPT, AMX, and SMZ  from the 

actual water matrix, two real water samples were collected from natural sources and 

used in the experiment. Real water was collected in a polyethylene water container, 

filtered to remove the suspended solid particles, and subjected to different parametric 

analyses before the experiment was conducted. Using a multi-photometer device, 

several water quality parameters, including pH, conductivity, resistivity, salinity, total 

dissolved solids, phosphate, sulphate, nitrate, and fluoride, were measured. Using an 

atomic absorption spectrometer, the metal concentrations of Fe, Zn, Mn, Ca, Pb, and 

Cu were determined. The total carbon (TC), inorganic carbon (IC), and non-purgeable 

organic carbon (NPOC) readings of the real water samples were obtained using a TOC 

analyzer. The stock solution (50.0 mg/L) for each pollutant was prepared using both 

real water samples separately. Three different concentrations (2.0, 4.0, and 6.0 mg/L) 

for each pollutant were prepared from the stock pollutant solutions and subjected to 

the photo-Fenton-like degradation process maintaining the optimum reaction 

conditions of each particular pollutant. In the end, the degradation percentages were 

calculated, and the outcomes were compared to the degradation percentages of 

contaminants prepared with purified distilled water.  
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3. RESULTS AND DISCUSSION 

3.1 Characterization of materials 

3.1.1 Phytochemical studies of P. Guajava (guava) leaf extract 

Figure 3.1: FT-IR spectrum of aqueous P. Guajava (guava) leaf extract. 

The results of the FT-IR analysis enabled the identification of possible 

functional groups in the P. Guajava leaf extract, which are responsible for the 

reduction of metal cations (i.e., Fe3+, Cu2+ & Ag+). The stretching and bending bands 

3378.98 (-OH), 2348.25 (CN), 1609.90 (C=C), 1353.89 (N-O), and 1050.90 cm-1 (C-

O) in the IR spectral analysis of P. Guajava leaf extract reveal the existence of several 

functional groups present in P. Guajava leaf extract (Cf  Figure 3.1). A broad peak 

around 3200-3400 cm-1 indicates the presence of the –OH group, which is common in 

tannins and flavonoids (Parashar et al., 2011). This peak indicates that antioxidants 

and flavonoid components such as ascorbic acid and gallic acid are likely to be present 

in the leaf extract, which is primarily responsible for metal ion reduction (Wang et al., 

2018). Standard qualitative procedures were used to identify the significant 

phytochemicals in the aqueous leaf extract (Archana et al., 2012; Chandraker et al., 

2020), and the results are shown in Table 3.1. Results indicated that alkaloids and 
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flavonoids are present in the leaf extract. The flavonoids are predominantly caused to 

reduce the precursor Ag+, Fe3+, or Cu2+ ions to their zero-valent species.  

Table 3.1: Qualitative identification of various phytochemicals present in P. 

Guajava leaf extract. 

S. 

No. 
Phytochemicals Test Result 

1 Alkaloids Mayer’s test, Wagner's test +ve 

2 Flavonoids Ferric chloride test, lead acetate test +ve 

3 Tannins Ferric Chloride test +ve 

4 Phlobatannins HCl test -ve 

5 Triterpenes Salkowski test, Liberman test +ve 

6 Diterpenes Copper acetate test +ve 

7 Steroids Salkowski test +ve 

8 Saponins Foam test -ve 

9 Cardiac glycoside Keller Killani test +ve 

 

3.1.2 pHpzc, band-gap energy, and BET surface area analysis 

The pHPZC (point of zero charge) of bentonite, Ben@FeNPs, 

Ben@(FeNPs+AgNPs), Ben@CuNPs, Ben@(CuNPs+AgNPs) nanocomposites were 

obtained by a simple acid-base titration method as demonstrated previously 

(Lalhriatpuia et al., 2015; Tiwari et al., 2015). The pHPZC of these solids was found to 

be 7.1, 6.4, 6.8, 6.2, and 6.6 respectively for the bentonite, Ben@FeNPs, 

Ben@(FeNPs+AgNPs), Ben@CuNPs, and Ben@(CuNPs+AgNPs)  solids.  
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The band-gap (Eg) energy of the solids viz., bentonite, Ben@FeNPs, 

Ben@(FeNPs+AgNPs), Ben@CuNPs, Ben@(CuNPs+AgNPs) nanocomposites were 

obtained using the Tauc plots generated from DRS data obtained by the UV-Visible 

spectrophotometer (Barron & Torrent, 1986; Lalliansanga et al., 2020). Further, using 

Tauc's relation, plots were drawn between the h vs. (F(R)xhν)2 as depicted in figure 

3.2(a&b)). The band-gap energy of the bentonite, Ben@FeNPs, and 

Ben@(FeNPs+AgNPs) nanocomposites were found to be 3.25, 2.25, and 2.17, 

respectively, whereas, for Ben@CuNPs, Ben@(CuNPs+AgNPs) the values were 2.58 

and 2.32. The band-gap energy of solids Ben@FeNPs, Ben@(FeNPs+AgNPs), 

Ben@CuNPs, and Ben@(CuNPs+AgNPs) was significantly decreased compared to 

the pristine bentonite. The changes in the electrical configuration of various metals 

have a major impact on the band gap energy of composite materials. The lowering of 

the band gap energy is due to the presence of zero-valent metal nanoparticles (Chitra 

et al., 2020). Further, the low band-gap energy of nanocomposite is favorable in 

visible-light-induced photo-Fenton-like operations utilizing visible or solar light 

sources (Chatterjee & Dasgupta, 2005; Lalliansanga et al., 2020c). A similar lowering 

of the band gap energy in the “bentonite modified with Nb2O5” photocatalyst was 

obtained (Hass Caetano Lacerda et al., 2020). The substrate present in the 

ZnO/bentonite composite caused a decrease in the band gap energy of the composite 

material (Hakimi et al., 2018). 
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Figure 3.2: (a) The Tauc plots for determination of intermediate band-gap energy (Eg) 

of pristine bentonite, Ben@FeNPs, and Ben@(FeNPs+AgNPs) solids; (b) The Tauc 

plots for determination of intermediate band-gap energy (Eg) of pristine bentonite, 

Ben@CuNPs, and Ben@(CuNPs+AgNPs) solids. 

The estimation of pore volume, pore size, and specific surface area is done 

using the N2 adsorption/desorption data to illustrate the physical properties of pristine 

and modified materials. The N2 adsorption/desorption isotherms as well as the pore 

size distribution curve of pristine bentonite, Ben@FeNPs, and Ben@(FeNPs+AgNPs) 

are shown in Figure 3.3 (a & b). It is evident from the figure that all these solids 

possessed Type IV type isotherms that have H3 type hysteresis loop. Further, Table 

3.1 included the specific surface area, pore volume, and pore size of the pristine 

bentonite Ben@FeNPs, and Ben@(FeNPs+AgNPs)  nanocomposites. These results 

revealed that the materials contained a mesoporous structure with a chaotic pore-size 

pattern (Bounab et al., 2017; Paul et al., 2011). Immobilization of Fe(NPs) and 

Ag(NPs) on the bentonite surface led to a considerable decrease in the specific surface 

area of solids because of the preferential distribution of nanoparticles on the bentonite 

surface and pores. It is evident from the pore size distribution plot that all these solids 

showed a desorption peak around the pore width of around 40 Å. Moreover, the 
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adsorption pore distribution results showed magnificent peaks had occurred around 15 

Å of the solids Ben@FeNPs, and Ben@(FeNPs+AgNPs). 

 

Figure 3.3: (a) N2 adsorption/desorption isotherms obtained for pristine bentonite 

(Ben), Ben@FeNPs, and Ben@(FeNPs+AgNPs) nanocomposites; (b) the pore size 

distribution graph for pure bentonite (Ben), Ben@FeNPs, and Ben@(FeNPs+AgNPs) 

nanocomposites. 
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Table 3.2: BET-specific surface area, pore size, and pore volume of pristine bentonite 

(Ben), Ben@FeNPs, and Ben@(FeNPs+AgNPs) nanocomposite materials. 

 

Similarly, Figure 3.4 (a&b) depicts the N2 adsorption/desorption as well as the 

pore size distribution graph for Ben@CuNPs, and Ben@(CuNPs+AgNPs) 

nanocomposite material, respectively. Using BET analysis data, the pore size, pore 

volume, and specific surface area of the nanocomposite materials were calculated. The 

results are displayed in table 3.3. The figure shows that all these solids had Type IV 

type isotherms with H3 hysteresis loops. These findings demonstrated that the 

materials have a mesoporous structure with a random pattern of pore size 

(Lalchhingpuii et al., 2017). Since nanoparticles were preferentially distributed and 

immobilized within the pores and surfaces of the bentonite, this caused a significant 

decrease in the specific surface area of nanocomposite solids viz., Ben@CuNPs, and 

Ben@(CuNPs+AgNPs). The pore size distribution graph shows that these solids 

displayed a desorption peak around the pore width of 3.8 nm. The solids Ben@CuNPs, 

and Ben@(CuNPs+AgNPs)  displayed small peaks of Ca 5.0 nm in the adsorption 

pore distribution data. 

 

 

 

Parameters 

Catalyst samples 

Ben Ben@FeNPs 
Ben@(FeNPs 

+AgNPs) 

BET Surface Area (m2/g) 62.67 36.50 8.61 

Pore volume BJH method 

(cm3/g) 
0.0929 0.0824 0.0344 

Average pore  volume (cm3/g) 0.0993 0.0831 0.0351 

Average pore diameter (Å) 63.38 91.09 163.01 

Average pore width BJH 

method (Å) 
62.37 89.13 124.43 
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Figure 3.4: (a) N2 adsorption/desorption isotherms obtained for pristine bentonite 

(Ben), Ben@CuNPs, and Ben@(CuNPs+AgNPs)  nanocomposites; (b) the pore size 

distribution graph for pure bentonite (Ben), Ben@CuNPs, and Ben@(CuNPs+AgNPs)  

nanocomposites. 
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Table 3.3: BET-specific surface area, pore size, and pore volume of pristine bentonite 

(Ben), Ben@CuNPs, and Ben@(CuNPs+AgNPs) nanocomposite materials 

 

3.1.3 Surface morphology of nanocomposites 

 The SEM images of bentonite, Ben@FeNPs, and Ben@(FeNPs+AgNPs) 

nanocomposites were shown in figure 3.5. The SEM image of bentonite revealed a 

heterogeneous and layered structure. The surface has voids and uniform pores widely 

distributed on the surface of solids (Cf Figure 3.5(a)). Furthermore, the nanocomposite 

solids Ben@FeNPs and Ben@(FeNPs+AgNPs) showed a more dense structure, with 

the Fe or Ag nanoparticles completely covering the surface (Cf Figure 3.5(b&c)). The 

spaces are occupied with small-sized Fe or Ag nanoparticles, resulting in a compact 

surface structure. Hence, the surface of nanocomposites becomes very heterogeneous 

and disordered. Similarly, The SEM images of Ben@CuNPs and 

Ben@(CuNPs+AgNPs) nanocomposites were shown in figure 3.5(d&e). The surface 

morphology of the Ben@CuNPs and Ben@(CuNPs+AgNPs) nanocomposites is 

significantly changed. The pores are occupied by the Cu or Ag nanoparticles; hence, 

exhibiting a denser surface structure. Liu et al. (2018) described the appearance of 

small spherical particles in the bentonite-supported nZVI material compared to the 

smooth and porous surface of pristine bentonite. Similarly, the SEM images of 

bentonite modified with Nb2O5 showed that the aggregation of Nb2O5 particles on the 

Parameters 

Catalyst samples 

Ben Ben@CuNPs 
Ben@(CuNPs 

+AgNPs) 

BET Surface Area (m2/g) 62.67 36.40 20.55 

Pore volume BJH method 

(cm3/g) 
0.0929 0.061980 0.07860 

Average pore  volume (cm3/g) 0.0993 0.066899 0.099504 

Average pore diameter (Å) 63.38 1.302177 0.586478 

Average pore width BJH 

method (Å) 
62.37 1.63128 0.98383 
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surface of the pristine bentonite caused a raw disordered surface morphology of the 

solid (Hass Caetano Lacerda et al., 2020). In addition, figure 3.5 (f, g & h) showed the 

EDX spectra of Ben@FeNPs and Ben@(FeNPs+AgNPs) solids. The EDX results 

revealed that these solids are contained the common elements of Si, Fe, Al, C, O, Na, 

K, Ti, etc. However, an additional peak of the Ag is obtained in the EDX spectrum of 

Ben@(FeNPs+AgNPs), confirming the existence of Ag in the nanocomposite solid (Cf 

Figure 3.5(h)). Since bentonite contains Fe, it is indiscriminate to distinguish the iron 

in the Ben@FeNPs and Ben@(FeNPs+AgNPs) solids.  

 

(a) (b) 

(c) (d) 
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Figure 3.5: SEM pictures of (a) pristine Bentonite (b) Ben@FeNPs (c) 

Ben@(FeNPs+AgNPs) (d) Ben@CuNPs and (e) Ben@(CuNPs+AgNPs) 

nanocomposite solids. EDX elemental spectra of (f) Pristine bentonite (g) 

Ben@FeNPs; and (h) Ben@(FeNPs+AgNPs) nanocomposite solids. 

The TEM images of bentonite, Ben@FeNPs, and Ben@(FeNPs+AgNPs)  

solids were shown in Figure 3.6. Figure (3.6(a)) shows that bentonite is a compact, 

layered, and heterogeneous structure. The Ben@FeNPs solid, on the other hand, 

clearly demonstrated a distinct distribution of Fe(NPs) onto the surface of bentonite, 

with an average particle size of ca. 16 nm. The iron nanoparticles are equally dispersed 

and do not agglomerate on the substrate surface. Similarly, the Ag nanoparticles in the 

nanocomposite Ben@(FeNPs+AgNPs)  solid (Cf figure 3.6(c)) are evenly dispersed 

over the bentonite surface. The particle's average size is calculated to be Ca 10 nm. At 

(f) 

(g) (h) 

(e)

) 

 (a) 
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the surface of bentonite, the particles are spherical and not aggregated or clustered on 

the surface. Ag(NPs) were determined to have a d-spacing of 0.1435 (CF Fig. 3.6(c)), 

which results from diffraction from the (220) plane of Ag (NPs). The in situ 

generations of iron or silver nanoparticles on the bentonite support media; enabled fair 

distribution of nanoparticles that are not agglomerated on the surface. Likewise, Figure 

3.6 (d & e) displays the TEM images of Ben@CuNPs and Ben@(CuNPs+AgNPs) 

solids. The TEM image showed Cu(NPs) fine particles are spatially distributed on the 

bentonite’s surface. Moreover, Cu(NPs) showed fringes with d spacings of 0.242 nm 

(Cf 3.6(d)). On the other hand, the TEM image of Ben@(CuNPs+AgNPs) solid 

showed the heterogenous surface structure, and the fringes indicated the d-values of 

0.243 and 0.164 nm, respectively, for the Cu(NPs) and Ag(NPs) (Cf figure 3.6(e)). 

Further, the computed average particle size for the Ben@CuNPs and 

Ben@(CuNPs+AgNPs) solids is 4.207 and 2.518 nm, respective for the Ben@CuNPs 

and Ben@(CuNPs+AgNPs) solids. It is worth to be noted that the in situ impregnation 

of Cu and Ag nanoparticles with the support medium enabled a fair distribution of 

nanoparticles on the surface of bentonite. Previously, Shahwan et al., 2010 presented 

the TEM images of Bentonite-supported iron nanoparticles and explained as the iron 

nanoparticles were uniformly distributed on the bentonite surface.  The modified 

bentonite-supported MnFe2O4 nanocomposite showed that the MnFe2O4 nanoparticles 

were distributed throughout the bentonite clay and were well dispersed. Further, the 

material's electrical conductivity allows an electron to move from the conduction band 

(C.B.) of MnFe2O4 nanoparticles to the bentonite clay if the two components come 

into close contact with each other (Almahri, 2022).   
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Figure 3.6: Transmission electron microscopy (TEM) pictures of (a) pristine 

bentonite; (b) Ben@FeNPs; (c) Ben@(FeNPs+AgNPs); (d) Ben@CuNPs; and (e) 

Ben@(CuNPs+AgNPs) nanocomposite solids; Particle size distribution of (f) 

Ben@CuNPs; and (g) Ben@(CuNPs+AgNPs) nanocomposite solids 

3.1.4 XRD and XPS analysis 

The X-ray diffraction data of the raw bentonite and the bentonite-supported Fe and 

Ag nanoparticles are shown in Figure 3.7(a). The bentonite shows characteristic 

diffraction peaks of kaolinite, illite, quartz, and smectite. The diffraction peaks 

observed at the 2θ values of 20.95, 26.78, 36.68, 50.26, and 68.36, suggesting the 

presence of quartz. Similarly, the illite diffraction peaks are observed at the 2θ values 

of 19.85, 36.62, and 50.0 (Malsawmdawngzela and Tiwari, 2021). The kaolinite peaks 

are observed at the 2θ value of 12.44° (Sdiri et al., 2016). Figure 3.7(a) further shows 

a prominent diffraction peak at around 2θ value of 45° for the solids Ben@FeNPs and 

Ben@(FeNPs+AgNPs), which confirms the presence of iron nanoparticles Fe0(NPs) 

in these nanocomposite materials (Sulaiman and Al-Jabari, 2021). Further, the solid 

Ben@(FeNPs+AgNPs) showed additional diffraction peaks at the 2θ values of 38.89, 

44.53, 64.34, and 77.71, which are attributed to the (111), (200), (220), and (311) 

planes of Ag(NPs) in the solid, respectively (JCPDS file No. 01-087-0719) (Cf Figure 

3.1(a) Inset). The presence of bio-organic phases due to the use of guava leaf extract, 

possibly, shows additional peaks occurred at 2θ  values of 27.55°, 32.03°, and 46.07° 

(Kumar et al., 2017). Further, for the Ben@CuNPs, and Ben@(CuNPs+AgNPs) 

nanocomposite solids (Cf figure3.7(b)), the distinct peaks at 2θ values of 43.25, 50.39, 

and 74.23 referred to the (111), (200), and (220) planes of Cu0(NPs) (JCPDS file No. 

(g) (f) 
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04-0836). This demonstrated that the Cu0(NPs) are in situ impregnated with the 

bentonite support medium using the phytochemicals. Similarly, the 

Ben@(CuNPs+AgNPs) nanocomposite also showed additional diffraction peaks at the 

2θ values of 38.55, 44.91, 64.55, and 77.59, which are due to the (111), (200), (220), 

and (311) planes, respectively of Ag(NPs) in the solid (JCPDS file No. 01-087-0719). 

Palygorskite-supported bimetallic Fe/Ni nanocomposite presented the XRD pattern 

and confirmed the presence of iron nanoparticles and quartz impurities from the 

characteristic peaks occurred at 2θ value of around 45° and 36.6° (Ezzatahmadi et al., 

2019). Rostami-Vartooni et al. (2015) revealed that the montmorillonite (M) and 

quartz (Q), whose characteristic diffraction peaks were obtained at 2θ = 19.84, 34.80, 

and 61.84° were indexed to (020), (130), and (060) planes of montmorillonite and 2θ 

= 26.81, 36.25, and 48.84° were indexed to (101), (110), and (201) planes of quartz, 

respectively, are the two main components of the natural clay. They also pointed out 

that the missing of predicted peaks for nanoparticles is due to a low concentration or 

high level of dispersion of nanoparticles in the bentonite matrix. 
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Figure 3.7: (a) XRD spectra of pristine bentonite, Ben@FeNPs, and 

Ben@(FeNPs+AgNPs) nanocomposite solids [Inset: The XRD pattern of  

Ben@(FeNPs+AgNPs) nanocomposite material]; (b) X-ray diffraction pattern of the 

pristine bentonite; synthesized Ben@CuNPs and Ben@(CuNPs+AgNPs) 

nanocomposite solids. 

The presence of Fe(NPs) and Ag(NPs) with their oxidation states was obtained 

using the X-ray photoelectron (XPS) spectrum of the Ben@(FeNPs+AgNPs) 

nanocomposite. Figure 3.8(a) shows the results of the XPS scan. The XPS survey 

spectrum showed clearly the presence of Fe (2p), Ag (3d), and O (1s) peaks in the 

nanocomposite solid. Further, the photopeaks of Fe(2p) and Ag(3d) peaks were 

resolved and shown in Figures 3.8(a) (inset). The binding energy of a chemical species 

is associated with its chemical state. The photoelectron peak at 706.4 eV was shown 

in the spectra, indicating the presence of Fe(0) in the nanocomposite material (Ye et 

al., 2021). Similarly, the peaks of 3d electrons of Ag in the nanocomposite are clearly 

seen in the spectra. At the binding energies of 368.5 eV and 374.2 eV, respectively, a 

doublet of 3d peaks appeared, corresponding to the 3d5/2 and 3d3/2 energy levels of 

--------- Ben@(CuNPs+AgNPs) 

--------- Ben@CuNPs 

--------- Ben 

(a) 

(b) 

(b) 
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elemental silver (Prieto et al., 2012). Therefore, silver and iron are present in their 

reduced state in the nanocomposite solid Ben@(FeNPs+AgNPs). Similarly, X-ray 

photoelectron (XPS) spectra of the Ben@(CuNPs+AgNPs) nanocomposite revealed 

the impregnation of Cu(NPs) and Ag(NPs) along with their oxidation states. Figure 

3.8(b) provides the survey spectrum and individual spectra for both copper (Cu) and 

silver (Ag). The XPS peaks for Cu2p, Fe2p, Ag3d, O1s, and C1s are clearly identified 

in the nanocomposite's XPS survey spectra. The chemical species' binding energy is 

linked to its chemical states. The photoelectron peaks at 932.7 eV (Cu2p3/2) and 952.5 

eV (Cu2p1/2) were evident (Cf figure 3.8(b) (Inset)), indicating the presence of Cu(0) 

in the nanocomposite material (Shah et al., 2020). Similarly, a pair of 3d peaks 

corresponding to the 3d5/2 and 3d3/2 energy levels of elemental silver appeared at the 

binding energies of 368.5 eV and 374.2 eV, respectively (Prieto et al., 2012). Thus, 

these XPS data revealed that Cu and Ag are in their reduced states in the 

nanocomposite material. Thus, the XPS spectra reaffirmed the existence of Cu(NPs) 

and Ag(NPs) in their zero-valent oxidation states in the nanocomposite solid. 
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Figure 3.8: (a) XPS survey for the Ben@(FeNPs+AgNPs) nanocomposite material 

[Inset: The XPS spectrum of iron (Fe) and silver (Ag) nanoparticles in the 

nanocomposite material]; (b) XPS survey for the Ben@(CuNPs+AgNPs) 

nanocomposite material [Inset: The XPS spectrum of copper (Cu) and silver (Ag) 

nanoparticles in the nanocomposite material]. 

3.2 Photo-Fenton-like degradation of diclofenac sodium (DCF), phenol, and n-(n-

propyl) thiourea from aqueous solution 

 

3.2.1 Effect of initial pH 

The impact of the solution pH is a controlling factor in deducing the 

mechanism of pollutant degradation in aqueous media since the formation of •OH 

radicals, surface properties of the catalyst, and speciation of pollutant species is 

primarily regulated by the pH of the solution. Therefore, the solution pH significantly 

impacts the degradation efficiency of organic contaminants in Fenton or Fenton-like 

reactions (Song et al., 2017). The pH-dependent experiments are carried out to assess 

the influence of pH on the removal of diclofenac, phenol, and N-(n propyl) thiourea 

(NNPT) using Ben@(FeNPs+AgNPs) nanocatalyst. A series of experiments were 
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carried out, varying pH from 2.0 to 7.0 at a constant pollutant concentration (2.0 mg/L) 

using a fixed dosage of nanocatalyst (200.0 mg/L) and H2O2 (0.2 mL/L). The 

percentage degradation of all the pollutants under a dark environment is illustrated in 

figure 3.9. It is evident from figure 3.9 that the acidic pH region favored the 

degradation efficiency (between pH 2.0-4.0) of these pollutants. Without using any 

external light source, i.e., under dark conditions, the DCF (2.0 mg/L) degraded Ca. 

56%. In contrast, with an increase in pH from pH 3.0 to 7.0 the percentage removal of 

DCF decreased from 56% to 10%, respectively. A similar trend was obtained for the 

phenol and NNPT also. The percentage removal of phenol (2.0 mg/L) was found Ca. 

44% of degradation within 2 hours of reaction time at pH 3.0. On the other hand, the 

NNPT degraded Ca. 73% in the dark condition. It is evident from the results that from 

pH 5.0 to 7.0, the degradation of these pollutants was inhibited significantly. The 

formation of buffer-iron (II) complexes and the precipitation of ferric oxyhydroxides 

possibly, inhibited the formation of hydroxyl radicals at pH >4.0, which caused 

suppression in degradation efficiency (Madani et al., 2015). The corrosion of nZVI 

producing •OH radicals favors the acidic pH region, and hence the results indicated 

that acidic conditions (pH=3.0) were more favorable for the degradation of both 

pollutants. Therefore, pH=3.0 was chosen for further studies in photo-Fenton-like 

reactions.  

The potential decrease in the nanocatalyst's degrading efficiency at alkaline pH 

is owing to a blockage in Fe(II) discharge to the bulk of the solution, which inhibits 

the generation of •OH radicals (Guo et al., 2019) as shown in Eq. (3.1). In alkaline 

solutions, the oxidation potential of •OH radicals decreases (Fida et al., 2017). 

𝐹𝑒3+ + 𝐻2𝑂2  →  𝐹𝑒
2+ + 𝐻+ + • 𝑂𝑂𝐻   ...(3.1) 

Previous studies indicated that at pH >3.0, the oxidation efficiency was 

decreased rapidly due to the instability of H2O2 as it decomposes into molecular 

oxygen with less number of •OH radicals (Hassan & Hameed, 2011). At extremely 

low pH (~2.0), however, [Fe(H2O)6]
2+ iron complex species formed, which hampered 

the reaction of Fe(II) with H2O2, resulting in a slight drop in the nanocatalyst's 

degrading efficiency (Fida et al., 2017). Furthermore, with the excess of H+ ions at low 
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pH, the hydroxyl species are quickly reduced, inhibiting the •OH radical-induced 

degradation of pollutions (Cf equation (3.2)). 

• 𝑂𝐻 + 𝐻+ + 𝑒− → 𝐻2𝑂   …..(3.2) 

Figure 3.9: Percentage degradation of DCF, phenol, and NNPT at different pH values 

under a dark environment [Catalyst dose = 200.0 mg/L; H2O2 dose (30%) = 0.2 mL/L; 

[Pollutant] = 2.0 mg/L; Reaction time = 2 hrs]. 

3.2.2 Effect of H2O2 dosage and nanocomposite dosage 

The optimal dosage of hydrogen peroxide is a critical parameter for optimizing 

and maximizing degradation efficiency in the Fenton-like process. Therefore, to 

monitor the effect of H2O2 doses, different doses of H2O2 (30% v/v) were employed by 

keeping constant nFLC dose (200.0 mg/L), pollutant concentrations (2.0 mg/L), and 

pH (pH 3.0). The experiments were performed for each pollutant under dark 

conditions. Fig. 3.10 (a, c & e) illustrates the influence on the percentage degradation 

of the targeted pollutants at the different doses of H2O2, and results are shown in figure 

3.10 (a). It is evident from Figure 3.10(a) that by increasing the dose of H2O2 (30% 
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v/v) from 0.25 to 0.4 mL/L, the percentage degradation of DCF was increased from 

46.15% to 56.14%, respectively. The increase in H2O2 favored the generation of •OH 

radicals, which caused the increase in DCF degradation efficiency. However, a further 

increase in  H2O2 dose i.e., from 0.40 to 0.50 mL/L caused to decrease in the percentage 

degradation of DCF from 56.14 to 50.99% in the Fenton-like removal of DCF (Cf 

Figure 3.10(a)). Similarly, with an increase in hydrogen peroxide dose from 0.05 mL/L 

to 0.15 mL/L, the degradation efficiency of phenol was increased from Ca 41.4% to 

43.3% at the reaction time of 2 hrs (Cf Figure 3.10 (c)). Further, increase in the 

peroxide dose >0.15 mL/L had caused a slight decrease in the degradation efficiency 

of DCF. On the other hand, by increasing the H2O2 dose from 0.05 ml/L to 0.1 mL/L, 

the degradation efficiency of NNPT was improved slightly from 70.54% to 72.68% at 

2 hrs of reaction time (Cf Figure 3.10(e). However, a further increase in H2O2 doses 

>0.1 mL/L led to a decrease in the degradation efficiency of NNPT. These results 

inferred that an increase in H2O2 concentrations significantly favored the formation of 

hydroxyl free radicals (•OH radicals). However, with much increase in H2O2 

concentration, the degradation percentage of these pollutants was decreased because 

hydrogen peroxide reacted with •OH radicals, producing water (H2O) and 

hydroperoxyl radical (•HO2) (Cf Equation (3.3)). As a result, the reactive •OH radicals 

were readily consumed prior to taking part in the Fenton oxidation reaction (Hassan et 

al., 2020; Sétifi et al., 2019).  

𝐻2𝑂2 +• 𝑂𝐻 →  𝐻2𝑂 + • 𝐻𝑂2   …(3.3) 

Furthermore, Fida et al. (Fida et al., 2017) mentioned that the •OH radicals are 

quenched by the •HO2 radicals (Cf Equation (3.4)).  

• 𝐻𝑂2 +• 𝑂𝐻 →  𝐻2𝑂 + 𝑂2    …(3.4) 

Therefore, the pollutant molecules were less degraded due to the rapid 

dissipation of radical species at much-enhanced hydrogen peroxide doses. The results 

are in line with those reported previously in the Fenton-like degradation of naproxen 

utilizing a goethite-montmorillonite nanocomposite (Paul et al., 2011). 
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 Similarly, the effect of nanocatalyst dosages was studied in the removal of 

DCF, phenol, and NNPT under the Fenton-like process. The H2O2 amount, pollutant 

concentrations, and pH values of the solution were kept constant. The degradation 

efficiency was increased by increasing the nanocatalyst dosages up to the optimal dose 

(250.0 mg/L for DCF, 100.0 mg/L for phenol, and 125.0 mg/L for NNPT), as shown 

in Figure 3.10 (b, d & f). The increase of the nanocatalyst amount provides an 

enhanced available adsorption site, which favored the degradation efficiency of the 

catalyst. However, it was noted that the percentage degradation of these pollutants was 

decreased, increasing the dosages of Ben@(FeNPs+AgNPs) nanocatalyst (dose > 

250.0 mg/L for DCF, dose >100.0 mg/L for phenol and dose >125.0 mg/L for NNPT). 

The negative effect on the degradation of these pollutants at higher dosages of 

nanocatalyst was because of the scavenging effect, in which the generated •OH 

radicals are consumed by the excess catalyst (Cf Equation (3.5))(Hassan & Hameed, 

2011).  

𝐹𝑒2+ + • 𝑂𝐻 →  𝐹𝑒3+ + 𝑂𝐻−    ...(3.5) 

Similar findings were reported in the Fenton-like degradation of naproxen utilizing 

montmorillonite clay modified with nanoparticles of iron oxyhydroxides (MGO) 

(Sétifi et al., 2019). An optimum amount (0.1 g/L) of catalyst is required for fast 

Fenton-like reactions to occur in the Fenton-like degradation of phenol (Kurian and 

Sugunan, 2006).  
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Figure 3.10: Percentage degradation of (a) DCF, (c) phenol & (d) NNPT at different 

dosages of H2O2 in a dark environment under reaction condition as [pH = 3.0; 

[Pollutant] = 2.0 mg/L; catalyst dose = 200.0 mg/L; reaction time = 2 hrs]; percentage 

degradation of (b) DCF, (d) phenol & (f) NNPT at different dosages of nanocatalyst 
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in a dark environment under reaction condition as [pH = 3.0; [Pollutant] = 2.0 mg/L; 

peroxide dose = 0.2 ml/L; Reaction time = 2 hrs] 

3.2.3 Photo-Fenton-like degradation of DCF, Phenol, and NNPT 

 Under optimized experimental conditions, a comparative investigation was 

carried out to investigate the influence of photo illuminations (using LED visible and 

UV-A light sources) on Fenton-like reactions. It was observed that light irradiation 

synergized the removal efficiency of these pollutants (Cf Figure 3.11). The effect of 

various light sources was studied, and the degradation efficiency of the targeted 

pollutants was decreased in the following order: (Fenton-like/ UV-A) > (Fenton-like/ 

LED) > (Fenton-like/Dark). Figure 3.11 shows a comparative disappearance of DCF, 

phenol, and NNPT as a function of reaction time under different light environments. 

Irradiation stimulates the formation of •OH radicals (Sapach and Viraraghavan, 1997) 

as shown in (Equation 3.6):  

𝐻2𝑂2
 ℎ𝜐  
→   2 • 𝑂𝐻    ...(3.6) 

It is obvious from figure 3.11(a) that the Fenton-like treatment of DCF utilizing 

the Ben@[FeNPs+AgNPs] nanocatalyst achieved the removal efficiency of 83% and 

70% using UV-A and LED(Visible) light illumination, respectively. However, the 

dark conditions enabled degradation of only 56% degradation within 2 hrs of reaction 

time. Similarly, using the Ben@FeNPs nanocatalyst, the degradation efficiency of 

DCF was achieved Ca. 68% and 57% by employing UV-A and LED light 

illuminations, respectively. Under UV-A and LED (visible) light, the Fenton-like 

degradation of phenol employing Ben@[FeNPs+AgNPs] nanocatalyst enabled to 

achieve the removal efficiency of 73.3% and 60.0%, respectively, whereas, in the dark 

conditions, 43.3% degradation occurred during 120 minutes of reaction time (Cf figure 

3.11 (b)). Within 120 minutes of reaction time, the Fenton-like degradation of NNPT 

employing Ben@[FeNPs+AgNPs] nanocatalyst reached Ca. 95.1% and 84.9% using 

UV-A and LED light irradiations, respectively. Whereas, in the absence of light, the 

degradation of NNPT was only 72.7% (Cf figure 3.11 (c)). The light irradiation 

provides the needed energy (activation energy) which synergizes the degradation 
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efficiency of these pollutant molecules in the aqueous medium. On the other hand, the 

dark environment caused only 36.7% and 61.4% degradation of phenol and NNPT, 

respectively, utilizing the Ben@FeNPs nanocatalyst. Results inferred that the 

inclusion of Ag(NPs), enabled the degradation efficiency significantly. It was 

previously reported that an acidic pH favors the formation of •OH radicals (He et al., 

2014). Furthermore, photocatalytic reactions on the active sites of the catalyst surface 

are known to occur in the heterogeneous phase. The formation of complexes between 

the catalyst's surface and H2O2 results in the generation of •OH radicals. The photolysis 

of H2O2 (Equation 3.7) is aided by light energy, which also enhances the catalytic 

activity of the iron leached from the nanocomposite, as shown below (Equation 38) 

(Sétifi et al., 2019): 

𝐹𝑒3+ + 𝐻2𝑂 + ℎ𝜐 → 𝐹𝑒
2+ +• 𝑂𝐻 + 𝐻+  ...(3.7) 
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Figure 3.11: Disappearance of (a) DCF [pH = 3.0; [DCF] = 2.0 mg/L; catalyst dose = 

250.0 mg/L; H2O2 dose = 0.4 mL/L; reaction time = 2 hrs] (b) Phenol [pH = 3.0; 
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[Phenol] = 2.0 mg/L; catalyst dose = 100 mg/L; H2O2 dose = 0.15 mL/L; reaction time 

= 2 hrs]  and (c) NNPT [pH = 3.0; [NNPT] = 2.0 mg/L; catalyst dose = 125.0 mg/L; 

H2O2 dose = 0.10 mL/L; reaction time = 2 hrs] vs. reaction time (min) in different 

reaction conditions. 

3.2.4 Concentration dependence abatement of DCF, phenol, and NNPT 

The effect of the initial concentration of pollutants on the degradation 

efficiency of the Ben@(FeNPs+AgNPs) nanocatalyst was studied. The pollutant 

concentration was increased from 2.0 to 10.0 mg/L (for DCF & phenol) and 2.0 to 30.0 

(for NNPT) while keeping the other optimized reaction conditions constant. 
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Figure 3.12: Percentage degradation vs initial concentration of (a) DCF [pH= 3.0; 

Catalyst dose = 250.0 mg/L; H2O2 dose = 0.4 mL/L;  Reaction time = 2 hr]; (b) phenol 

[pH= 3.0; Catalyst dose = 100.0 mg/L; H2O2 dose = 0.15 mL/L; Reaction time = 2 hrs] 

& (c) NNPT [pH= 3.0; Catalyst dose = 125.0 mg/L; H2O2 dose = 0.1 mL/L;  Reaction 

time = 2 hrs] in different light ambiance. 

 

Figure 3.12 depicts the percentage efficiency of nanocatalysts as a function of 

pollutant concentrations utilizing different light conditions, i.e., dark, LED light, and 

UV-A light. Quantitatively, under UV-A irradiation, the Fenton-like reaction for the 
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percentage degradation was decreased from 83% to 50% whereas it was reduced from 

70% to 41% using LED (visible) light irradiation on increasing the DCF concentration 

from 2.0 to 10.0 mgL-1, respectively (Cf figure 3.12 (a)). Similarly, increasing the 

phenol concentration from 2.0 mg/L to 10.0 mg/L, the degradation percentage was 

decreased from 72.3% to 50.3% in the Fenton-like treatment under UV-A irradiation, 

whereas under LED irradiation, the degradation percentage was decreased from 60.0% 

to 35.2%, respectively (Cf figure 3.12 (b)). Increasing the NNPT concentration from 

2.0 mg/L to 30.0 mg/L caused to lower in the degradation percentage from 95.1% to 

61.3% in the Fenton-like treatment under UV-A irradiation and from 84.9% to 46.1% 

under the LED light irradiations, respectively (Cf figure 3.12 (c)). The decrease in 

degradation percentage of these pollutants i.e., DCF, phenol, and NNPT, at higher 

pollutant concentrations, was explained by the fact that a relatively lesser number of 

active sites are accessible on the nanocatalyst surface for a large number of pollutant 

species. Hence, relatively lesser degradation efficiency was recorded at increased 

pollutant concentrations (Sadeghi et al., 2019). Furthermore, these pollutant molecules 

adsorb on the surface of the nanocomposite, occupying a higher number of active sites, 

resulting in less leaching of active nanoparticles to react with H2O2, resulting in fewer 

hydroxyl radicals produced in the bulk of the solution. Hence, it caused a decrease in 

degradation efficiency at higher pollutant concentrations.  

3.2.5 Presence of several cations/anions 

In natural water samples, coexisting cations/anions are quite prevalent with 

organic or inorganic contaminants. As a result, the tests were performed to observe the 

simultaneous presence of a few cations, viz., lead, cadmium, copper, nickel, and some 

anions, such as phosphate, glycine oxalate, and sulfate in the photo-Fenton-like 

degradation of targeted pollutants. A comparative elimination of pollutants was 

obtained under UV-A and LED light irradiations using the optimized reaction 

conditions. The pollutant and cations/anions concentrations were kept constant at 2.0 

mg/L and 10.0 mg/L, respectively. 
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Figure 3.13: Effect of coexisting ions in different light conditions for (a) DCF [pH = 

3.0; [DCF]= 2.0 mg/L; [Co-existing ion] = 10.0 mg/L; Catalyst dose = 250.0 mg/L; 

H2O2 dose = 0.4 mL/L;  Reaction time = 2 hr]; (b) phenol [pH = 3.0; [phenol]= 2.0 

mg/L; [Co-existing ion] = 10.0 mg/L; Catalyst dose = 100.0 mg/L; H2O2 dose = 0.15 

mL/L; Reaction time = 2 hrs] & (c) NNPT [pH = 3.0; [NNPT]= 2.0 mg/L; [Co-existing 

ion] = 10.0 mg/L; Catalyst dose = 125.0 mg/L; H2O2 dose = 0.1 mL/L;  Reaction time 

= 2 hrs]. 

Figure 3.13 depicts the degradation efficiency of nanocatalysts in the removal 

of DCF, phenol, and NNPT in the presence of various ions. In general, the presence of 

cations/or anions affected the percentage elimination of these two pollutants. 

However, the degradation of DCF, phenol, and NNPT was affected significantly in the 

presence of phosphate, oxalate, glycine, and sulfate. The decrease in degradation 

efficiency of pollutants is mainly because of two factors: the coexisting ions 

demonstrate competitive sorption towards the catalyst surface, preventing the target 

pollutants from being degraded; and second, some ions or compounds, such as sulfate, 

are known to be effective h+/•OH quenchers, posing a degradation barrier 

(Lalliansanga, Tiwari, Tiwari, Shukla, Shim, et al., 2020; Selvam et al., 2007). 

Furthermore, anions are generally effective complexing/chelating agents. These 
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anions are more likely to react and form complexes with iron/silver that is leached out 

of the Ben@[FeNPs+AgNPs] catalyst to the bulk of the solution. As a result, there is 

less formation of •OH radicals, which reduces the degradation efficiency. 

3.2.6 Degradation kinetics of DCF, phenol, and NNPT 

 The Fenton or Fenton-like reactions are complicated, making kinetic 

investigations challenging. The Fenton or Fenton-like processes have multiple-step 

reactions, each with a specific rate constant. However, the reaction involving the 

degraded component and •OH radicals is regarded as the primary reaction for 

establishing the overall rate constant (Mitsika et al., 2013b). The degradation kinetics 

was investigated using both pseudo-first-order and pseudo-second-order kinetics 

models, with the best-fitted model being used to investigate the degradation kinetics 

of each pollutant. The plots are presented in Figure 3.14. 

The pseudo-first-order (PFO) and pseudo-second-order (PSO) rate constants 

were obtained for the targeted pollutant’s degradation in the photo-Fenton-like process 

utilizing the Ben@(FeNPs+AgNPs) nanocatalyst. Using a PFO kinetic model (Cf 

figure 3.14(a)), optimized reaction constant kf and the R2 value of degradation of 

pollutant DCF using the Ben@[FeNPs+AgNPs] the nanocomposite was determined to 

be 0.0137 min-1  and 0.9635, respectively. Whereas in the pseudo-second-order kinetic 

model (Cf figure 3.14(b)), the reaction constant ks and R2 value were determined to be 

0.0149 Lmg-1min-1 and 0.8471, respectively. Based on the R2 values, it is clear that the 

data for kinetics is better matched to the PFO kinetic model than the PSO method. 

Similarly, using the pseudo-first-order kinetic model (Cf figure 3.14(c)), the optimum 

reaction constant kf and R2 value for phenol degradation utilizing the 

Ben@(FeNPs+AgNPs) nanocomposite were 0.0119 min-1 and 0.9762, respectively. 

The reaction constant ks and R2 values in the pseudo-second-order kinetic model (Cf 

figure 3.14(d)),  were 0.0109 Lmg-1min-1 and 0.9885, respectively. Similarly, in the 

case of NNPT, the optimum PFO reaction constant kf and R2 values were 0.0324 min-

1 and 0.083, whereas the PSO rate constant ks and R2 values were 0.0789 Lmg-1min-1 

and 0.9384 (Cf figure 3.14(e & f). Results showed that the kinetic data fit the PSO 

model better than the PFO model based on the R2 values.  
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Figure 3.14: The kinetics of DCF [(a) and (b)], phenol [(c) and (d)], and NNPT [(e) 

and (f)] degradation using the PFO; and PSO models. 
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3.2.7 Involvement of •OH radical 

 Several well-known •OH radical quenchers are used to investigate the 

involvement of hydroxyl radicals in the degradation of micropollutants. The HCO3
- 

and isopropanol effectively quench the •OH radicals (Lalliansanga et al., 2018b). 

Similarly, sodium azide (NaN3) quenches the reactive oxygen species (ROS), singlet 

oxygen produced due to the reaction of •O2
- radicals and photo-generated holes. The 

highly reactive nature of singlet oxygen towards organic molecules in aqueous media 

is well demonstrated elsewhere (Barka et al., 2010). To confirm the participation of 

•OH radicals in the photo Fenton-like degradation of 2.0 mg/L of pollutants was 

conducted in the presence of 1.0 mL (0.1 mol/L) isopropanol, HCO3
-, and NaN3. 

Figure 3.15 shows the effect of quenchers in eliminating these three pollutants. The 

figure indicated that the presence of these quenchers significantly inhibited the 

degradation percentage of DCF, phenol, and NNPT. Photocatalytic degradation of 

Alizarin Yellow utilizing [Au(NPs)/Ag(NPs)] modified nanocomposites was studied 

and suggested that the involvement of •OH and •O2
- radicals were predominantly 

involved in the degradation of pollutant molecules (Lalliansanga et al., 2020c; 

Lalliansanga et al., 2020).  Similarly, Hofmann et al., proved that bicarbonates quench 

the •OH radicals. The presence of bicarbonate effectively transforms the •OH radicals 

into less active OH- ions, preventing the synthesis of bromate (Hofmann and Andrews, 

2006). These results inferred that the •OH and •O2
- radical species are predominantly 

involved n the breakdown of these pollutant molecules in the photo-Fenton-like 

reactions.  

 The probable Fenton-like degradation mechanisms of these pollutant 

molecules are suggested as (i) the pollutant molecules adsorb onto the catalyst surface 

Ben@FeNPs and Ben@(FeNPs+AgNPs); (ii) at the Ben@(FeNPs+AgNPs) 

nanocatalyst interface, Fe2+, and Fe3+ or Ag+ leach out from the catalyst’s surface, 

which accelerates the breakdown of H2O2; (iii) H2O2 produces hydroxyl radicals and 

attack on the pollutant molecule's unsaturated double bonds; and (iv) Hydroxyl 

radicals break down the conjugated system in macromolecules into tiny intermediates. 

Intermediates are readily mineralized as CO2 and H2O (Wu et al., 2015). Further, the 

TOC analyzer measures the apparent mineralization of organic pollutants at the end of 
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the reaction process. The degradation of these pollutant molecules (PM) (i.e., DCF, 

phenol, and NNPT) by the photo-Fenton-like processes is illustrated as: 

a) Adsorption:  

PM +  Ben@Fe(NPs)→ Ben@Fe(NPs)− PM    ….(3.8) 

𝑃𝑀 +  Ben@[Fe(NPs) + Ag(NPs)→ Ben@[Fe(NPs)+Ag(NPs)− PM ….(3.9) 

b) Generation of •OH radical: 

𝐹𝑒0 +𝐻2𝑂2 → 𝐹𝑒
2+ + 2𝑂𝐻−      …..(3.10) 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒
3+ + 𝑂𝐻− +• 𝑂𝐻     …..(3.11) 

𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒
2+ + 𝐻+ +• 𝑂𝑂𝐻     …..(3.12) 

𝐴𝑔0 + 𝐻2𝑂2 → 𝐴𝑔
+ + • 𝑂𝐻 + 𝐻2𝑂     …..(3.13) 

𝐻2𝑂2 + • 𝑂𝐻 → • 𝑂𝐻 + 𝐻2𝑂      …..(3.14) 

c) Photo decomposition of H2O2: 

𝐻2𝑂2 + ℎ𝜐 →  2 • 𝑂𝐻       …..(3.15) 

 

d) •OH radicals attack the pollutant on the catalyst surface: 

PM + • 𝑂𝐻 →  𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 + 𝐻2𝑂            …..(3.16) 
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Figure 3.15: Effect on percentage degradation in the presence of scavengers [pH = 

3.0; [pollutant] = 2.0 mg/L; [scavenger] = 0.1 mol/L (10 mL/L); Catalyst dose = 250.0 

mg/L for DCF, 100.0 mg/L for phenol and 125.0 mg/L for NNPT; H2O2 dose = 0.4 

mL/L for DCF,  0.15 mL/L for phenol and 0.1 mL/L for NNPT; Reaction time = 2 

hrs]. 

3.2.8 Mineralization of target organic pollutants 

 The study was further extended to obtain the percentage mineralization of 

DCF, phenol, and NNPT in the photo Fenton-like degradation utilizing the 

Ben@(FeNPS+AgNPs) nanocatalyst under the LED and UV light radiations for 2 hrs. 

The NPOC (Non-Purgeable Organic Carbon) data were obtained for the treated and 

untreated samples, which enabled us to obtain the percentage mineralization of these 

pollutant molecules. 

 Figure 3.16 (a, b &c) depicted the results, which demonstrated that as pollutant 

concentrations increased, the percentage mineralization of all these pollutants 

decreased significantly. Eventually, mineralization efficiency using the UV-A light 

was relatively more than the LED light irradiation. Moreover, the studies demonstrated 

that a considerable amount of these pollutants was mineralized during the photo-

Fenton-like process.  

 Quantitatively, under UV-A light irradiation, the percentage mineralization of 

DCF was decreased from 74% to 47% with an increase of DCF concentration from 2.0 

mg/L to 10.0 mg/L. Similarly, the LED light irradiation caused to decrease in the 

percentage mineralization of DCF from 62% to 31%, with a similar increase in DCF 

concentration, i.e., from 2.0 mg/L to 10.0 mg/L, respectively. Under UV-A light 

irradiation, 55.5% mineralization was accomplished at a phenol concentration of 2 

mg/L, whereas 47.0% mineralization was obtained using LED light irradiation. 

Similarly, 64.0% of NNPT was mineralized at the NNPT concentration of 2.0 mg/L 

under UV-A irradiation, whereas LED light irradiation achieved 51.5% mineralization 

of NNPT. Overall, the results showed that the photo-Fenton-like process utilizing the 

Ben@(FeNPs+AgNPs) nanocatalyst mineralizes a considerable amount of DCF, 

phenol, and NNPT in aqueous solutions. In 10 mM H2O2 and 8W UV-C light, Feng et 

al. (Feng et al., 2006) showed roughly 50-60% mineralization of 0.2 mM orange II dye 
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compound utilizing bentonite clay supported nZVI. Similarly, Sétifi et al. used a 

goethite-montmorillonite nanocomposite to achieve 90% mineralization of naproxen 

(10-5 mol/L) in 5 hrs (Sétifi et al., 2019). Therefore, the novel Ben@(Fe0+Ag0) 

nanocomposite appears to be promising in the degradation of these pollutants in the 

photo-Fenton-like processes utilizing the less harmful UV-A or even visible light 

sources. 
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Figure 3.16: Mineralization(%) at different concentrations of (a) DCF [pH = 3.0; 

Catalyst dose = 250.0 mg/L; H2O2 dose = 0.4 ml/L;  Reaction time = 2 hr]; (b) phenol  

[pH = 3.0; Catalyst dose = 100.0 mg/L; H2O2 dose = 0.15 ml/L;  Reaction time = 2 

hrs] and (c) NNPT [pH = 3.0; Catalyst dose = 125.0 mg/L; H2O2 dose = 0.1 ml/L;  

Reaction time = 2 hrs]. 

 

3.2.9 Determination of leached iron (II) concentrations 

 The Fenton-like reactions are always associated with the leaching of Fe(II) 

from the catalyst Ben@(FeNPs+AgNPs) during the reaction process. The participation 

of Fe(II) and H2O2 is the central notion of the traditional Fenton process. The 

concentration of Fe2+ increases as iron leaching advances (Cf Equation (3.1)), and the 

Fenton-like reaction of Fe2+/Fe3+ with H2O2 generates •OH radicals. In a 

heterogeneous system, the presence of H2O2 with Fe(NPs) or Ag(NPs) in 

Ben@(FeNPs+AgNPs) nanocatalyst is a primary source of ROS (reactive oxygen 

species) generation. As a result, the breakdown of H2O2 in the reaction is demonstrated 

by the H2O2 affinity for catalyst surfaces, the availability of surface sites for H2O2 

adsorption, and the rate of ≡Fe(III) reduction. In addition, Ben@FeNPs releasees less 

Fe in the Fe(NPs). As a result, using the Fe(NPs) poses minimal sludge production. 
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The Ct/C0 values (Ct stands for concentration of the pollutant at time t and C0 

stands for initial concentration of the pollutant) for the elimination of targeted 

pollutants, on the other hand, are displayed in Figure 3.17. Iron leaching is closely 

connected with time-dependence removal, and higher iron leaching resulted in 

enhanced removal of both target pollutants. The Ben@(FeNPs+AgNPs) nanocatalyst 

was evaluated for Fe(II) leaching during the degradation of 2.0 mg/L DCF, phenol, 

and NNPT contaminants. After two hours of reaction time, a maximum of 68.80 μg/L, 

53.33 μg/L, and 73.33 μg/L of Fe(II) were leached out from the catalyst surface in the 

degradation of DCF, phenol, and NNPT, respectively. The catalyst 

Ben@(FeNPs+AgNPs) demonstrated potential in photo-Fenton-like processes due to 

significantly less iron leaching. The use of nanocatalysts enabled a significantly less 

release of iron leaching, hence; significantly controlling the release of excess sludge 

in the conventional Fenton processes. 
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Figure 3.17: Leaching of iron concentration along with the disappearance of (a) DCF 

[pH = 3.0; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.4 mL/L;  Reaction time = 2 hr]; 

(b) phenol [pH = 3.0; Catalyst dose = 100.0 mg/L; H2O2 dose = 0.15 mL/L; Reaction 

time = 2 hrs] and (c) NNPT [pH = 3.0; Catalyst dose = 125.0 mg/L; H2O2 dose = 0.1 

mL/L; Reaction time = 2 hrs] as a function of time. 

 

3.2.10 Reutilization of nanocatalyst 

From a practical standpoint, the reusability and stability of the catalyst are two 

essential parameters to study. The stability of nanocatalysts, particularly their 

reusability in repeated photo-Fenton-like processes, determines the practical 

implacability of catalysts. Studies allow nanocatalysts to be used for long and repeated 

operations. The tests were carried out to determine the stability of the 

Ben@(FeNPs+AgNPs) nanocatalyst in the photo-Fenton-like degradation of DCF, 

phenol, and NNPT. The nanocatalyst Ben@(FeNPs+AgNPs) was introduced for four 

repeated operations cycles. Figure 3.18 shows the results of the reusability of the 

Ben@(FeNPs+AgNPs) nanocatalyst for the degradation of these pollutants. Under 

UV-A irradiation, the degradation efficiency was investigated while maintaining 

optimal reaction conditions. In removing these pollutants for subsequent processes, the 

results showed a slight decrease in the removal efficiency of the catalyst (Cf Figure 

3.18). Quantitatively, the removal efficiency of DCF decreased from 83% to 74% at 

the end of the 5th cycle of operation.  On the other hand, at the end of the fourth cycle 

of operation, the removal efficiencies of phenol and NNPT dropped from 73% to 63%, 

and 95 to 89% only, respectively. From figure 3.18, results demonstrated that the 

photo-Fenton-like process allowed for a little amount of iron loss during oxidation 

cycles. Therefore, the catalyst is useful for longer use of operations at least in the 

removal of these pollutants under the photo-Fenton-like processes. Similar results 

were shown using the Fe3O4 particles adorned Zn pillared bentonite to treat the landfill 

leachate (Ma et al., 2018), and the reusability test revealed an insignificant change in 

mineralization percentage. Another bentonite-supported catalyst was used and the 

catalyst showed reasonably good stability in the Fenton-like removal of Orange II (Li 

et al., 2016). 
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Figure 3.18: Reusability of the Ben@(FeNPs+AgNPs) nanocomposite in the 

degradation of  (a) DCF [pH = 3.0; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.4 mL/L;  

Reaction time = 2 hr]; (b) phenol [pH = 3.0; Catalyst dose = 100.0 mg/L; H2O2 dose = 

0.15 mL/L; Reaction time = 2 hrs] and (c) NNPT [pH = 3.0; Catalyst dose = 125.0 

mg/L; H2O2 dose = 0.1 mL/L; Reaction time = 2 hrs] as a function of time. 

 

3.2.11 Real matrix water experiments 

 In the natural matrix treatment of DCF, phenol, and NNPT, 

Ben@(FeNPs+AgNPs) nanocatalyst was used in the photo-Fenton-like process. The 

experiments are extended to explore the possibility of scaling up the treatment process 

for DCF/phenol/or thiourea-contaminated water. Furthermore, it enables an 

examination of the nanocatalyst’s appropriateness and selectivity in such a real matrix 

treatment. Water samples were taken from two different natural water sources and 

labeled as R1 (natural stream water) and R2 (groundwater) (Mizoram University 

supply water tank). The Physicochemical analyses of the water samples were 

performed, and the results are reported in Table 2.2. The supply water tank (R2) had a 

pH of 8.17, whereas the stream water sample (R1) had a pH of 7.8. Fe, Mn, Cu, Pb, 

Ni, and Zn were identified in trace amounts. However, the Ca level was relatively high 

in both water samples. Significant inorganic carbon (IC) and some non-purgeable 

organic carbon in both samples (NPOC) were present. The water samples were spiked 

with different concentrations of the pollutants (2.0, 4.0, and 6.0 mg/L) while keeping 

the pH at 3.0. For DCF, the catalyst dose was introduced as 250.0 mg/L with 0.4 mL/L 

of H2O2 (30%). For phenol, the photo-Fenton-like studies were carried out using the 

Ben@(FeNPs+AgNPs) nanocatalyst (100 mg/L) along with 0.15 mL/L H2O2 (30%), 

which was exposed to UV-A and LED light for 2 hrs. Similarly, for NNPT, the photo-

Fenton-like studies proceeded using 125.0 mg/L of Ben@(FeNPs+AgNPs) 

nanocatalyst and 0.1 mL/L H2O2 (30%). Figure 3.19 shows the percentage efficiency 

results compared to the blank (purified water) results. When comparing the two actual 

water samples to the distilled water, the percentage efficiency of all these pollutants 

was not considerably reduced. Quantitatively, the degradation percentage of DCF (2.0 

mg/L) was decreased from 83% to 78% under UV-A light-assisted reaction while the 
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percentage decreased from 66% to 59% under LED irradiation using the R1 real water 

sample. Similarly,  the R2 real water sample of the degradation percentage for DCF 

(2.0 mg/L) was decreased from 83% to 79% under UV-A light irradiation, while under 

the LED (visible) light reaction condition, it declined from 66% to 60%. Similarly, the 

percentage degradation of phenol (2.0 mg/L) was decreased from 73% to 68% under 

UV-A light illumination and from 60% to 51% under LED light irradiation using the 

R1 water sample. Similarly, using the R2 water sample, the degradation of phenol (2.0 

mg/L) was decreased from 73% to 69% under UV-A irradiation, whereas, under the 

LED light environment, it dropped from 60% to 52%. On the other hand, the 

degradation efficiency decreased from 95% to 89% in the case of NNPT under UV-A 

illumination and from 84% to 75% under LED light illumination using the R1 water 

sample. Further, using the R2 water sample, the percentage degradation of NNPT was 

decreased from 95% to 92% under UV-A irradiation and from 84% to 79% under LED 

irradiation. A change in the degradation efficiency of these pollutants using the actual 

matrix samples was due to the different Physico-chemical characteristics of water 

samples. However, even the presence of several ions and a relatively high value of IC 

could not significantly affect the removal efficiency of the catalyst in the photo-

Fenton-like process. These results further showed the potential of the 

Ben@(FeNPs+AgNPs) nanocatalyst in the efficient removal of DCF, phenol, and 

NNPT from aqueous solutions under the photo-Fenton-like process using the visible 

(LED) or UV-A lights. 
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Figure 3.19: photo Fenton-like degradation in the real water system for DCF [pH = 

3.0; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.4 mL/L;  Reaction time = 2 hr]; phenol 

[pH= 3; Catalyst dose = 100.0 mg/L; H2O2 dose = 0.15 mL/L; Reaction time = 2 hrs] 

and NNPT [pH= 3.0; Catalyst dose = 125.0 mg/L; H2O2 dose = 0.10 mL/L; Reaction 

time = 2 hrs]. 

3.3 Degradation of Amoxicillin (AMX) and Sulfamethazine (SMZ) using 

Ben@(CuNPs+AgNPs) nFLC 

 

3.3.1 Effect of initial pH 

The influence of the solution pH is a regulating parameter in deducing the 

process of pollutant degradation in aqueous media. The generation of •OH radicals and 

breakdown of zero-valent Cu(NPs) and the speciation of pollutant molecules are 

predominantly governed by the pH of the solution. Therefore, the solution pH strongly 

affects the degradation efficiency of organic pollutants in Fenton or Fenton-like 

reactions (Song et al., 2017). The pH-dependent experiments (pH 2.0-7.0) are carried 

out to assess the influence of pH on the elimination of AMX and SMZ using 

Ben@(CuNPs+AgNPs) nanocatalyst. A constant pollutant concentration (2.0 mg/L) 

with a fixed dosage of nanocatalyst (100.0 mg/L) and H2O2 (0.2 mL/L) was maintained 

in the reactor. Figure 3 shows the percentage degradation of AMX and SMZ in a dark 

environment. The acidic pH region (between pH 2.0-4.0) favors the degradation 

efficiency. Under dark conditions, AMX (2.0 mg/L) was eliminated to its moderate 

value of ca. 56% in 2 hours of reaction time. On the other hand, the elimination of 

SMZ obtained ca. 44% in similar dark conditions. Further, increase in pH from 5.0 to 

7.0, both pollutants showed a significant decrease in their elimination rate.  

In aqueous solutions, the speciation of pollutant molecules and the surface 

properties of the catalyst play an important role in the catalytic performance (Bokare 

et al., 2008). The nanocomposite solids Ben@(CuNPs), and Ben@(CuNPs+AgNPs) 

showed a pHpzc value of 6.2 and 6.4, respectively. This infers that the solids carry a net 

positive charge below this pH and a net negative charge above this pH. On the hand, 

amoxicillin has three dissociable hydrogens with the pka values of pka1, pka2, and pka3 

as 2.7, 7.5, and 9.6, respectively (Cf Equation 3.17) (Çağlar Yılmaz et al., 2020). 
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Similarly, sulfamethazine has the pka1 and pka2 values of 2.28 and 7.42, respectively 

(Cf Equation 3.18) (Liu et al., 2017). Hence, the pollutants, viz., amoxicillin and 

sulfamethazine, are present predominantly in its anionic species within the pH region 

2.5~7.0. Therefore, both the negatively charged pollutants molecules are 

electrostatically attracted by the positively charged solid surface within the pH region 

~3.0 to 4.0 and are aggregated on the catalyst surface. This resulted in enhanced 

removal of AMX and SMZ within these regions. However, a significant but gradual 

decrease in the removal of AMX and SMZ is recorded with a further increase in the 

pH. This is because, with an increase in pH, the electropositive behavior of the surface 

is gradually decreasing hence, a gradual decrease in the aggregation of pollutants 

molecules on the surface, which causes for the decrease in the removal of these 

pollutants in the Fenton-like process. Additionally, the corrosion of CuNPs producing 

•OH radicals favors the acidic pH region. Hence the results indicated that acidic 

conditions (pH=3.0~4.0) were more favorable for the degradation of both pollutants. 

Furthermore, in alkaline solutions, the oxidation potential of •OH radicals decreases 

(Fida et al., 2017). Therefore, pH=3.0 was chosen for the rest of the studies.  

Similarly, at a much lower pH (pH~2.0), less elimination of AMX and SMZ 

was recorded. This decrease is due to the less attraction of neutral pollutant species by 

the positively charged catalyst surface, which lowers the removal of AMX and SMZ. 

The hydroxyl radicals induced by the abundant H+ ions at low pH further prevent the 

degradation of the contaminants owing to the decomposition of •OH radical (Cf 

equation (3.19)).  
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         …(3.17) 

 

 

 

         …(3.18) 

 

• 𝑂𝐻 + 𝐻+ + 𝑒− → 𝐻2𝑂     ...(3.19) 
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Figure 3.20: Degradation (%) of AMX and SMZ at different pH values under a dark 

environment [Catalyst dose = 300.0 mg/L; H2O2 dose (30%) = 0.2 mL/L; [Pollutant] 

= 2.0 mg/L; Reaction time = 2 hrs]. 

 

3.3.2 Effect of initial H2O2 dosage and nanocomposite dosage 

The optimal dosage of hydrogen peroxide is a critical parameter for optimizing 

and maximizing degradation efficiency in the Fenton-like processes. Therefore, to 

monitor the effect of H2O2, different doses of H2O2 (30% v/v) (i.e., 0.1 to 0.2 mL/L) 

were employed at constant nFLC dose (300.0 mg/L), pollutant concentrations (2.0 

mg/L), and pH (pH 3.0) (Cf figure 3.21(a & b)). The experiments were performed for 

each pollutant inside a dark box. With an increase in hydrogen peroxide dose from 

0.01 ml/L to 0.2 ml/L, the degradation efficiency of AMX was slightly increased from 

ca. 54% to 56%. Further increase of peroxide dose >0.1 mL/L, had caused a slight 

decrease in the degradation efficiency. On the other hand, by increasing the H2O2 dose 

from 0.1 mL/L to 0.15 mL/L, the degradation efficiency of SMZ was almost constant, 

i.e., 43-44%. However, a further increase in H2O2 doses led to a significant decrease 

in the elimination efficiency of SMZ. Results inferred that an increase in H2O2 
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concentrations favors the generation of hydroxyl free radicals (•OH radicals). 

However, with much increase in H2O2 concentrations, the degradation percentage of 

these pollutants was decreased because hydrogen peroxide reacts with •OH radicals, 

producing water (H2O) and hydroperoxyl radical (•HO2), as shown in Equation (3.20). 

As a result, the reactive •OH radicals were readily consumed before taking part in the 

Fenton-oxidation reaction (Hassan et al., 2020; Sétifi et al., 2019). Furthermore, Fida 

et al. (Fida et al., 2017) mentioned that the •HO2 radicals quencher the •OH radicals. 

𝐻2𝑂2 +• 𝑂𝐻 →  𝐻2𝑂 +• 𝐻𝑂2   …(3.20) 

Similarly, the nanocatalyst dosages (100.0 to 300.0 mg/L for AMX and SMZ) 

were studied to eliminate these pollutants under the Fenton-like process (Cf figure 3.21 

(c & d)). The H2O2 amount, pollutant concentrations, and pH values of the solution 

were kept constant, i.e., H2O2
 dose =  0.2 mL/L, pollutant concentrations (2.0 mg/L), 

and pH (pH 3.0). The degradation efficiency was increased by increasing the 

nanocatalyst dosages to the optimal dose of 300.0 mg/L for AMX and 250.0 mg/L for 

SMZ. The increase of the nanocatalyst amount provides enhanced available active sites 

at the catalyst surface, which favors the degradation efficiency. However, the 

percentage degradation of AMX and SMZ was decreased, increasing the dosages of 

Ben@(CuNPs+AgNPs) nanocatalyst (dose > 300.0 mg/L for AMX and dose > 250.0 

mg/L for SMZ). The negative effect on the degradation of these pollutants at higher 

dosages of nanocatalysts was because of the scavenging effect, in which the generated 

•OH radicals are consumed by the excess catalysts’ active sites (Hassan and Hameed, 

2011). Similar findings were reported in the Fenton-like degradation of diethylene 

phthalate utilizing zero-valent copper (ZVC) (Wen et al., 2014b). Kurian et al. (Kurian 

and Sugunan, 2006) also observed that a minimum amount of catalyst is required for 

fast Fenton-like reactions to occur in the Fenton-like degradation of phenol. 
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Figure 3.21: Percentage degradation of (a) AMX  and (c) SMZ at different dosages of 

H2O2 in a dark environment under reaction condition as [pH = 3.0; [Pollutant] = 2.0 

mg/L; Catalyst dose = 200.0 mg/L; Reaction time = 2 hrs]; Percentage degradation of 

(b) AMX, & (d) SMZ at different dosages of nanocatalyst in a dark environment under 

reaction condition as [pH = 3.0; [Pollutant] = 2.0 mg/L; peroxide dose = 0.2 ml/L; 

Reaction time = 2 hrs]. 

 

3.3.3 Photo-Fenton-like degradation of AMX and SMZ 

The preoptimized conditions were utilized to investigate the elimination of 

AMX and SMZ under the photo-Fenton-like process utilizing the LED visible and UV-

A light sources. It was observed that light irradiation synergized the removal efficiency 

of these two pollutants (Cf Figure 3.22). The comparison of the disappearance of AMX 
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and SMZ as a function of reaction time under different light environments is shown in 

Figure 3.22. The elimination efficiency of both pollutants followed the order: (Fenton-

like/ UV-A) > (Fenton-like/ LED) > (Fenton-like/Dark). The photon energy stimulates 

the formation of •OH radicals (Sapach and Viraraghavan, 1997) as shown in (Eq. 

3.21):  

𝐻2𝑂2
 ℎ𝜐  
→   2 • 𝑂𝐻       …(3.21) 

Under UV-A and LED (visible) light, the Fenton-like degradation of AMX 

(2mg/L) employing Ben@(CuNPs+AgNPs) nanocatalyst reached 84% and 72%, 

respectively, whereas, in the dark, the degradation percentage was only 56%. 

Similarly, the Fenton-like degradation of SMZ employing Ben@(CuNPs+AgNPs) 

nanocatalyst reached ca. 74% and 61% in UV-A and LED light, respectively, whereas 

the degradation, was only 44% in the absence of light. These results inferred that a 

slight increase in degradation of these two pollutants occurred in the UV-A light 

compared to the LED light illumination. However, LED light also synergizes the 

photo-Fenton-like process to a greater extent to achieve high percentage removal of 

these two pollutants.  

The catalyst efficiency relates to the electron-hole pair reactions in the 

oxygenated environment or the rate of recombinations. The activity is improved by 

increasing the intensity of irradiated light, having energy roughly equal to or greater 

than the band gap energy or threshold energy. Free radicals are created when these 

electron-hole pairs interact with the substrate. The band gap energy of the catalyst was 

significantly reduced in the presence of noble metal nanoparticles, which favored the 

excitation of the catalyst at lower photon energy (Al-Hamdi et al., 2017; Tahir et al., 

2020). On the other hand, ca. 41% and 39% degradation was obtained for the AMX 

and SMZ, respectively, utilizing the Ben@CuNPs nanocatalyst in a dark environment. 

These results inferred that the inclusion of Ag(NPs), enhanced the degradation 

efficiency significantly. It was previously reported that an acidic pH favors the 

formation of •OH radicals (He et al., 2014). The formation of complexes between the 

catalyst's surface and H2O2 results in the generation of •OH radicals. The photolysis 

of H2O2 is aided by light energy, which enhances the catalytic activity in the photo-
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Fenton process with an increase in iron leaching from the nanocomposite (Sétifi et al., 

2019). 

 

Figure 3.22. Removal of (a) AMX [pH = 3.0; [AMX] = 2.0 mg/L; catalyst dose = 

300.0 mg/L; H2O2 dose = 0.2 mL/L; reaction time = 2 hrs];  and (b) SMZ [pH = 3; 
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[SMZ] = 2.0 mg/L; catalyst dose = 250.0 mg/L; H2O2 dose = 0.15 mL/L; reaction time 

= 2 hrs] vs. reaction time (min) at different reaction conditions in the photo-Fenton-

like reactions. 

3.3.4 Concentration dependence removal of AMX and SMZ 

The effect of the initial concentration of pollutants on the degradation 

efficiency of the Ben@(CuNPs+AgNPs) nanocatalyst was studied. The pollutant 

concentration was increased from 2.0 to 20.0 mg/L (for AMX) and 2.0 to 15.0 (for 

SMZ) in the photo-Fenton-like process. 

Figure 3.23: Percentage degradation vs initial concentration of (a) AMX [pH= 3.0; 

Catalyst dose = 300.0 mg/L; H2O2 dose = 0.2 mL/L; Reaction time = 2 hrs] & (b) SMZ 
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[pH= 3.0; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.15 mL/L; Reaction time = 2 hrs] 

in different light ambiance. 

Figure 3.23 depicts the percentage efficiency of nanocatalysts as a function of 

pollutant concentrations under varied conditions, i.e., dark, LED light, and UV-A light. 

Quantitatively, with increasing AMX concentration from 2.0 mg/L to 20.0 mg/L, the 

degradation percentage was decreased from 84% to 35% in the Fenton-like treatment 

under UV-A irradiation, whereas under LED irradiation, the degradation percentage 

was reduced from 71% to 27%. Similarly, raising the SMZ concentration from 2.0 

mg/L to 15.0 mg/L lowered the degradation percentage from 74% to 26% in the 

Fenton-like treatment under UV-A irradiation. For a similar decrease in SMZ 

concentration, the degradation percentage decreased from 58% to 15% under LED 

irradiation. The decrease in degradation percentage in both cases with AMX and SMZ 

at higher pollutant concentrations explained that a relatively lesser number of active 

sites are accessible on the nanocatalyst surface for many pollutant species. Hence, 

lesser degradation efficiency was recorded at increased pollutant concentration 

(Sadeghi et al., 2019). Additionally, excess pollutants molecules on the surface of the 

nanocomposite and occupying the active sites, restrict the leaching of copper and silver 

nanoparticles, which reduces the number of hydroxyl radicals generated in the vicinity 

of the surface. Therefore, increasing pollutant concentrations resulted in a drop in 

degradation efficiency. 

 

3.3.5 Presence of other cations/anions 

Coexisting cations/anions (organic and inorganic) are quite prevalent in natural 

water samples. As a result, the tests were performed to assess the simultaneous 

presence of a few cations, viz., lead, cadmium, copper, nickel, and anions, such as 

phosphate, glycine oxalate, and sulfate in the photo-Fenton-like degradation of 

targeted pollutants. A comparative elimination of pollutants was obtained under UV-

A and LED light irradiations and optimal reaction conditions. The concentrations of 

pollutant and cations/anions concentrations were taken at 2.0 mg/L and 10.0 mg/L, 

respectively. 
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Figure 3.24: Effect of coexisting ions in different light conditions for (a) AMX [pH = 

3.0; [AMX]= 2.0 mg/L; [Co-existing ion] = 10.0 mg/L; Catalyst dose = 300.0 mg/L; 

H2O2 dose = 0.2 mL/L; Reaction time = 2 hrs] & (b) SMZ [pH = 3.0; [SMZ]= 2.0 

mg/L; [Co-existing ion] = 10.0 mg/L; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.15 

mL/L;  Reaction time = 2 hrs]. 

Figure 3.24 shows the degradation efficiency of nanocatalysts in the removal 

of AMX and SMZ in the presence of various ions. In general, the presence of cations/or 

anions affected the percentage elimination of these two pollutants; however, the 

degradation of AMX and SMZ was affected significantly in the presence of phosphate, 
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oxalate, glycine, and sulfate. The decrease in degradation efficiency of pollutants is 

mainly because of two factors: the coexisting ions demonstrate competitive sorption 

towards the catalyst surface, preventing the target pollutant from aggregation and 

degradation at the catalyst surface; and second, some ions or compounds, such as 

sulfate, are known to be effective h+/•OH quenchers, posing a degradation barrier 

(Lalliansanga et al., 2020; Selvam et al., 2007). Furthermore, anions are generally 

effective complexing/chelating agents. These anions are more likely to react and form 

complexes with copper/silver, leached out from the Ben@(CuNPs+AgNPs) catalyst 

and diffused into the bulk of the solution. As a result, reduced formation of •OH 

radicals prevented the degradation efficiency. 

 

3.3.6 Degradation kinetics of AMX and SMZ 

Kinetic studies are challenging because the Fenton or Fenton-like reactions are 

complex. The multiple steps are involved in the Fenton or Fenton-like processes, and 

each may regulate the reaction pathways and hence, controls the rate of reaction. 

However, the interaction between the degraded component and •OH radicals is the key 

reaction for determining the overall rate constant (Mitsika et al., 2013b). Both pseudo-

first-order (PFO) and pseudo-second-order (PSO) kinetic models were employed to 

study the degradation kinetics based on the empirical data fitting (Butt et al., 2021).  

The plots are presented in Figure 3.25 for the PSO and PFO models. Using the 

pseudo-first-order kinetic model, the optimum reaction constant Kf and R2 value for 

AMX degradation utilizing the Ben@(CuNPs+AgNPs) nanocomposite were 7.60x10-

3 min-1 and 0.9022, respectively. The reaction constant Ks and R2 values in the pseudo-

second-order kinetic model were 0.0192 L.min-1.mg-1 and 0.9753, 

respectively. Similarly, in the case of SMZ, the optimum PFO reaction constant Kf and 

R2 values were 5.70x10-3 min-1 and 0.8622, whereas the PSO rate constant Ks and R2 

values were 0.0123 L.min-1.mg-1 and 0.9891. Based on the R2 values, the results 

revealed that the kinetic data suited well to the PSO model than the PFO model. 
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Figure 3.25: The kinetics of AMX [(a) and (b)] and SMZ [(c) and (d)] degradation 

using the PFO; and PSO models. 

3.3.7 Involvement of •OH radical 

The role of hydroxyl radicals in the bond cleavage of AMX and SMZ is 

investigated using the •OH radical quenchers. Isopropanol and HCO3
- quench the •OH 

radicals (Lalliansanga, Tiwari, Tiwari, Shukla, Shim, et al., 2020; A. Tiwari et al., 

2018b) effectively. The reactive oxygen species (ROS), or singlet oxygen created by 

the interaction of •O2
- radicals with photo-generated holes, are quenched by sodium 

azide (NaN3). The singlet oxygen's extremely reactive behavior against organic 

compounds in an aqueous medium was demonstrated elsewhere (Barka et al., 2010). 

To confirm the participation of •OH radicals in the photo-Fenton-like degradation of 

2.0 mg/L of both targeted pollutants was conducted in the presence of 1.0 mL (0.1 

mol/L) isopropanol, HCO3
-, and NaN3. Figure 3.26 depicts the elimination of AMX 
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and SMZ in the presence of these quenchers under the photo-Fenton-like process under 

UV-A light. These quenchers considerably suppressed the removal of AMX and SMZ 

in the removal process. The isopropanol, sodium bicarbonate, and sodium azide 

showed the involvement of •OH and •O2
- radicals in the degradation process during 

the photocatalytic degradation of Alizarin Yellow using [Au(NPs) or Ag(NPs)]/TiO2 

thin film (Lalliansanga et al., 2020c; Lalliansanga et al., 2020).  

 Moreover, Hofmann et al., (Hofmann and Andrews, 2006) showed that 

bicarbonates quench the •OH radicals. The presence of bicarbonate effectively 

transforms the •OH radicals into less active OH- ions. In the present investigation, there 

was a significant decrease in the percentage degradation of the targeted pollutants in 

quenchers such as isopropanol and HCO3
-. However, it was found that sodium azide 

showed considerably less impact than the isopropanol and HCO3
- quenchers, 

indicating that the •OH radicals are the principal reactive species implicated in the 

degradation of AMX and SMZ (Cf Figure 3.26). 

Therefore, these pharmaceuticals’ probable Fenton-like degradation mechanisms 

are suggested as follows: the pollutant molecules adsorb onto the catalyst surface of 

Ben@(CuNPs+AgNPs). At the nanocatalyst interface, Cu2+ or Ag+ ions leach out from 

the catalyst’s surface, which accelerates the breakdown of H2O2. H2O2 produces 

hydroxyl radicals and causes the cleavage of pollutant molecules’ unsaturated double 

bonds. Hydroxyl radicals break down the macromolecule-conjugated system into 

intermediates (Wu et al., 2015). Intermediates are readily mineralized as CO2 and H2O. 

Further, the TOC analyzer measures the apparent mineralization of organic pollutants 

(OP) at the end of the reaction process. 

a) Adsorption:  

OP +  Ben@(CuNPs + AgNPs)  → Ben@CuNPs − OP   ….(3.21) 

𝑂𝑃 + Ben@(CuNPs + AgNPs)  → Ben@(CuNPs + AgNPs) − OP ….(3.22) 

b) Generation of •OH radical: 

𝐶𝑢0 + 𝐻2𝑂2 → 𝐶𝑢
+ + 𝑂𝐻−      …..(3.23) 

𝐶𝑢+ + 𝐻2𝑂2 → 𝐶𝑢
2+ + 𝑂𝐻− +• 𝑂𝐻     …..(3.24) 

𝐶𝑢2+ + 𝐻2𝑂2 → 𝐶𝑢
+ + 𝐻+ +• 𝑂𝑂𝐻     …..(3.25) 
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𝐴𝑔0 + 𝐻2𝑂2 → 𝐴𝑔
+ + • 𝑂𝐻 +𝐻2𝑂     …..(3.26) 

𝐻2𝑂2 + • 𝑂𝐻 → • 𝑂𝐻 + 𝐻2𝑂      …..(3.27) 

 

c) Photo decomposition of H2O2: 

𝐻2𝑂2 + ℎ𝜐 →  2 • 𝑂𝐻       …..(3.28) 

 

d) •OH radicals attack the pollutant on the catalyst surface: 

 OP + • 𝑂𝐻 →  𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 + 𝐻2𝑂   …..(3.29) 
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Figure 3.26: Effect on percentage degradation in the presence of scavengers [pH = 

3.0; [pollutant] = 2.0 mg/L; [scavenger] = 0.1 mol/L (10 mL/L); Catalyst dose = 300.0 

mg/L for AMX  and 250.0 mg/L for SMZ; H2O2 dose = 0.2 mL/L for AMX and 0.15 

mL/L for SMZ; Reaction time = 2 hrs]. 

3.3.8 Mineralization of target organic pollutants 

Using the Ben@(CuNPs+AgNPs) nanocatalyst under LED and UV 

irradiations for two hours, the investigation was carried out to determine the 

percentage of mineralization of AMX and SMZ in the photo Fenton-like degradation. 

The NPOC (Non-Purgeable Organic Carbon) data were obtained for the treated and 

untreated samples, which enabled the percentage mineralization of SMX and SMZ. 

Figure 3.27(a & b) depicted the results, demonstrating that as pollutant 

concentrations increased, the percentage mineralization of both pollutants decreased 

significantly. Moreover, the mineralization efficiency in the presence of UV-A light 

was slightly higher than the LED light-stimulated degradation. Under UV-A light 

irradiation, 66% mineralization was accomplished at an AMX concentration of 2.0 

mg/L, whereas 53% mineralization was recorded using the LED light. Similarly, 62% 

of SMZ was mineralized at the concentration of SMZ 2.0 mg/L under UV-A 

irradiation, whereas LED light irradiation achieved 52% mineralization of SMZ. 

Overall, the results showed the photo-Fenton-like process utilizing the 

Ben@(CuNPs+AgNPs) nanocatalyst mineralizes a considerable amount of AMX and 

SMZ in aqueous solutions. In 10 mM H2O2 and 8W UV-C light, Feng et al. (J. Feng 

et al., 2006) showed roughly 50-60% mineralization of 0.2 mM orange II dye utilizing 

bentonite clay supported nZVI. Similarly, bentonite-supported superparamagnetic 

MnFe2O4 nanoparticles achieve 70% mineralization of oxytetracycline (1 × 10−4 mol 

dm−3) in 8 hrs (Gautam et al., 2017). Therefore, the novel Ben@(CuNPs+AgNPs) 

nanocomposite is promising for the degradation of both pollutants, as it mineralizes a 

significant amount of AMX and SMZ in aqueous solutions. 
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Figure 3.27: Mineralization (%) at different concentrations of (a) AMX [pH = 3.0; 

Catalyst dose = 300.0 mg/L; H2O2 dose = 0.2 ml/L;  Reaction time = 2 hrs] and (b) 

SMZ [pH = 3.0; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.15 ml/L;  Reaction time 

= 2 hrs]. 

3.3.9 Determination of leached copper (II) concentrations 

The elimination of AMX and SMZ in an aqueous medium under the photo-Fenton-

like reactions using the Ben@(CuNPs+AgNPs) is associated with Cu2+ formation 

during the reaction process. The AAS [LOD= 10.0 µg/L] calculates the quantity of 
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Cu(II) corroded from the nFLCs and leached into the mixture. The participation of 

Cu2+ and H2O2 is the central notion of the Fenton process. The concentration of Cu2+ 

increases as leaching advances, and the Fenton-like reaction of Cu+/Cu2+ with H2O2 

generates •OH radicals. In a heterogeneous system, the presence of H2O2 with Cu(NPs) 

or Ag(NPs) in Ben@(CuNPs+AgNPs) nanocatalyst is a primary source of reactive 

oxygen species generation.  

The Ct/C0 (Ct stands for concentration of the pollutant at time t and C0 stands for 

the initial concentration of the pollutant) values for the elimination of both pollutants, 

on the other hand, are displayed in Figure 3.28. Copper leaching is closely connected 

with time-dependence removal and higher copper leaching results in enhanced 

removal of both target pollutants. The novel Ben@(CuNPs+AgNPs) nanocatalyst was 

evaluated for Cu(II) leaching during the degradation of 2.0 mg/L AMX and SMZ 

contaminants. After two hours of reaction time, a maximum of 77.0 μg/L and 75.0 

μg/L of Cu(II) were leached out in AMX and SMZ-contaminated aqueous systems. 

Therefore, the catalyst Ben@(CuNPs+AgNPs) demonstrated potential in photo-

Fenton-like processes due to significantly less copper leaching. 
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Figure 3.28: Leaching of copper concentration along with the disappearance of (a) 

AMX [pH = 3.0; Catalyst dose = 300.0 mg/L; H2O2 dose = 0.2 mL/L; Reaction time 

= 2 hrs] and (b) SMZ [pH = 3.0; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.15 mL/L; 

Reaction time = 2 hrs] as a function of time. 

3.3.10 Reutilization of the nanocatalyst 

Reusability and stability are two crucial characteristics of a catalyst from a 

practical perspective. The practical implacability of nanocatalysts is determined by 

their stability, specifically their ability to be reused in repeated photo-Fenton-like 
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reactions. To ascertain the reusability of the Ben@(CuNPs+AgNPs) nanocatalyst in 

the photo-Fenton-like degradation of AMX and SMZ, experiments are conducted for 

five repeated runs. 

The results of the reusability of the Ben@(CuNPs+AgNPs) nanocatalyst for 

the degradation of both the target pollutants were shown in figure 3.29. Under UV-A 

irradiation, the degradation efficiency was investigated while maintaining optimal 

reaction conditions, such as for AMX: pH = 3.0, catalyst dose = 300.0 mg/L, H2O2 

dose = 0.2 mL/L, and reaction duration = 2 hrs and for SMZ: pH = 3.0, catalyst dose 

= 250.0 mg/L, H2O2 dose = 0.15 mL/L, and reaction duration = 2 hrs. In removing 

these pollutants for subsequent processes, the results revealed a slight drop in the 

removal efficiency. At the end of the fifth cycle of operation, the removal percentage 

of AMX dropped from 84% to 74%, whereas the efficiency of SMZ decreased from 

74% to 63%, only. The results demonstrated that the photo Fenton-like process 

allowed a little copper content loss during oxidation cycles, which enables the use of 

the catalyst for a longer duration and more cycles of operations. A comparable catalyst, 

Fe3O4 particles doped with Zn pillared bentonite, was used to treat landfill leachate 

(Ma et al., 2018), and the reusability test revealed a decrease in mineralization 

percentage. Similarly, a bentonite-supported catalyst was used, and the catalyst 

showed stability in the Fenton-like destruction of Orange II (Li et al., 2016).  
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Figure 3.29: Reusability tests for Ben@(CuNPs+AgNPs) nanocatalyst in the 

degradation of (a) AMX and (b) SMZ  

 

3.3.11 Real matrix water experiments 

In the natural matrix treatment of AMX and SMZ, Ben@(CuNPs+AgNPs) 

nanocatalyst was used in the photo-Fenton-like processes. The experiments extend the 

possibility of scaling up the treatment process for AMX or SMZ-contaminated water. 

Furthermore, it enables an examination of nanocatalysts' appropriateness and 

selectivity in a real and complex matrix. Water samples were taken from two separate 

natural water sources and labeled R1 (natural stream water) and R2 (groundwater) 

(Mizoram University supply water tank). The supply water tank (R2) had a pH of 8.17, 

whereas the stream water sample (R1) had 7.8. Fe, Mn, Cu, Pb, Ni, and Zn were 

identified in trace amounts. However, the calcium level was relatively high in both 

water samples. Significant inorganic carbon (IC) and some non-purgeable organic 

carbon in both samples (NPOC) are present. Sulfate, phosphate, and nitrate 

concentrations in the R1 sample were 11.0 mg/L, 0.1 mg/L, and 1.97 mg/L, 

respectively. Similarly, the R2 sample contained 7.0 mg/L, 0.1 mg/L, and 20.0 mg/L 

sulfate, phosphate, and nitrate, respectively. The water samples were spiked with 

different concentrations of the pollutants, viz. (2.0, 5.0, and 7.0 mg/L) for AMX and 

(2.0, 4.0, and 6.0 mg/L) for SMZ while keeping the solution pH at 3.0. For AMX, the 

photo-Fenton-like processes were carried out using the Ben@(CuNPs+AgNPs) 
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nanocatalyst (300.0 mg/L) along with 0.2 mL/L H2O2 (35%), which was exposed to a 

UV-A and LED light for 2 hrs. Similarly, for SMZ, the photo-Fenton-like processes 

proceeded using 250.0 mg/L of Ben@(CuNPs+AgNPs) nanocatalyst and 0.15 mL/L 

H2O2 (35%). Figure 3.30 shows the percentage efficiency results compared to the 

blank (purified water) results. When comparing the two actual water samples to the 

distilled water, the percentage efficiency of both pollutants was not considerably 

affected. Quantitatively, the percentage degradation of AMX (2.0 mg/L) was 

decreased from 84% to 78% under UV-A light illumination and from 73% to 69% 

under LED light irradiation using the R1 water sample. Similarly, using the R2 water 

sample, the degradation of AMX (2.0 mg/L) was decreased from 84% to 80% under 

UV-A irradiation it dropped from 73% to 71% under the LED light environment. On 

the other hand, the degradation efficiency was decreased from 74% to 68% in the case 

of SMZ under UV-A illumination and from 58% to 55% under the LED light 

illumination using the R1 water sample. In the R2 water sample, the percentage 

degradation of SMZ decreased from 74% to 70% under UV-A irradiation and from 

58% to 56% under LED irradiation. The reduction in the degradation of the pollutants 

using the actual matrix samples was due to the different physicochemical 

characteristics of water samples. However, despite the presence of several ions and a 

relatively high value of IC and TOC, the removal of AMX and SMZ was not 

significantly affected in the photo-Fenton-like process. These results further inferred 

the potential of nanocatalysts in the efficient removal of AMX and SMZ from aqueous 

solutions under the photo-Fenton-like process using visible (LED) or UV-A lights with 

enhanced suitability and selectivity. 
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Figure 3.30: Photo Fenton-like degradation in the real water system for AMX [pH= 

3.0; Catalyst dose = 300.0 mg/L; H2O2 dose = 0.2 mL/L; Reaction time = 2 hrs] and 

SMZ [pH= 3.0; Catalyst dose = 250.0 mg/L; H2O2 dose = 0.15 mL/L; Reaction time = 

2 hrs]. 
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4. Conclusion 

Waterbody contamination by emerging and enduring water pollutants is a serious 

environmental and health hazard. The aquatic environment is contaminated with 

several refractory organic chemicals. These contaminants are a serious hazard to both 

people and aquatic life. Due to their poor biodegradability and persistence, traditional 

wastewater treatment plants cannot effectively remove these contaminants. The 

Fenton, photo-Fenton, Fenton, and photo-Fenton-like processes are said to be among 

the prevalent AOPs (Advanced Oxidation Processes) that are found to be reasonably 

environment-friendly and promising methods for removing these contaminants from 

water bodies. Because of its low cost, easy processability, and scalability for small- to 

medium-scale renewable energy sources, the photo-Fenton-like process is 

consequently a useful approach. The introduction of nanotechnology paves newer 

dimensions to the Fenton processes. The use of nanomaterials showed widespread 

applications in wastewater treatment plants because of their high reactivity. Therefore, 

the primary goal of this research was to provide a straightforward, ecologically 

responsible process for synthesizing the novel bentonite-supported bimetallic 

heterogeneous nano-Fenton-like catalyst. The in situ nanoparticles, Fe0, Cu0, and Ag0, 

were produced using organic phytochemicals from P. guajava leaf extracts.  

The nanocomposite materials were obtained in a facile and single-pot synthetic 

route. The Fe(NPs), Cu(NPs), and Ag(NPs) were synthesized in situ on the surface of 

the bentonite clay to obtain the novel composite materials, viz. (Ben@FeNPs, 

Ben@(FeNPs+AgNPs), Ben@CuNPs, and Ben@(CuNPs+AgNPs). Further, these 

materials were employed in the photo-Fenton-like degradation of some targeted micro-

pollutants from aqueous solutions under batch studies. The materials were 

characterized by advanced analytical methods. The band gap energy of the materials 

was determined by converting the diffuse reflectance data into its adsorption 

coefficient (α) values using the Kubelka-Munk equation and Tauc's relationship. The 

diffuse reflectance spectra (DRS) for pristine bentonite along with all the modified 

nanocomposite materials, i.e. Ben@FeNPs, Ben@(FeNPs+AgNPs), Ben@CuNPs, 

and Ben@(CuNPs+AgNPs); were obtained using UV-Vis spectrophotometer. Band 

gap energies for Ben@FeNPs and Ben@(FeNPs+AgNPs) were 2.25 and 2.17 eV, 
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respectively, substantially lower than the 3.25 eV for pristine bentonite. Similarly, with 

a substantially lower band-gap energy (2.32 eV) than bentonite (3.25 eV), the catalyst 

Ben@(CuNPs+AgNPs) demonstrated its suitability for the visible-light-induced 

photo-Fenton-like reaction. The N2 adsorption/desorption isotherms demonstrated that 

all of these solids have H3 hysteresis loops in their Type IV type isotherms. These 

findings demonstrated the presence of a mesoporous structure with a random pore-size 

distribution in the materials. Ben@FeNPs had pores that measured 91.086 cm3g-1, 

whereas Ben@(FeNPs+AgNPs) had pores that measured 0.099 cm3g-1. For bentonite, 

Ben@FeNPs, and Ben@(FeNPs+AgNPs), the corresponding BET-specific surface 

areas were 62.67, 36.50, and 8.61 m2g-1. Additionally, the BET-specific surface areas 

for the Ben@CuNPs and Ben@(CuNPs+AgNPs) were 36.50 and 20.55 m2g-1, 

respectively, whereas the pore diameters for the Ben@CuNPs and 

Ben@(CuNPs+AgNPs) were 13.02 nm and 5.86 nm, respectively. 

Ben@(FeNPs+AgNPs) XRD data exhibits distinctive diffraction peaks confirming the 

presence of Fe(NPs), Ag(NPs), along with quartz. The iron and silver nanoparticles 

were immobilized with bentonite according to the XRD measurements. According to 

the XPS data, the Ben@(FeNPs+AgNPs) solid has silver and iron in their zero-valent 

oxidation states. Similarly, in the case of Ben@(CuNPs+AgNPs) nanocomposite, the 

X-ray photoelectron spectroscopy and XRD analyses inferred the presence of zero-

valent Cu and Ag in the nanocatalyst. The SEM images of bentonite revealed a 

heterogeneous and layered structure of each modified nanocomposite material. The 

surface has voids and uniform pores widely distributed on the surface. The bentonite, 

Ben@FeNPs, Ben@(FeNPs+AgNPs), Ben@CuNPs, and Ben@(CuNPs+AgNPs) 

nanocomposites showed a more dense surface structure, with the Fe, Cu, or Ag 

nanoparticles preferably occupying the pores. The EDX results revealed that these 

solids are contained the common elements of Si, Fe, Al, C, O, Na, K, Ti, etc. However, 

an additional peak of the Ag is obtained in the EDX spectrum of Ben@(FeNs+AgNPs), 

confirming the existence of Ag in the nanocomposite solid. The TEM image clearly 

demonstrated a specific distribution of nanoparticles on the surface of bentonite. The 

in situ generations of iron/silver nanoparticles, or copper/silver nanoparticles on the 

bentonite support media; enabled spatial distribution of nanoparticles that are not 

agglomerated on the surface. The average particle size of the Ben@(FeNPs+AgNPs) 
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nanocomposite was estimated to be around 10 nm. The d-spacing of Ag(NPs) was 

determined to be 0.1435 nm. The Ben@(CuNPs+AgNPs) nanocomposite showed a 

heterogenous surface structure, and the fringes indicated the d-values of 0.243 and 

0.164 nm, respectively, for the Cu(NPs) and Ag(NPs). The calculated average particle 

size for the solids Ben@CuNPs and Ben@(CuNPs+AgNPs) was 4.207 nm and 2.518 

nm, respectively.  

Several physico-chemical parametric experiments are conducted to investigate the 

photo-Fenton-like degradation of micropollutants in order to get insight into the 

mechanisms involved in the degradation process. The nanocatalysts were utilized to 

degrade DCF, phenol and NNPT, AMX, SMZ in a photo-Fenton-like process under 

three different light environments (Dark, LED, and UV-A). The photo-Fenton-like 

process using the Ben@(FeNPs+AgNPs) nanocatalyst showed a very high percentage 

removal of DCF utilizing the LED (Visible) and UV-A light irradiations. The optimum 

reaction conditions i.e., pH~3; 250.0 mg/L Ben@(FeNPs+AgNPs) nanocatalyst dose; 

0.4 mL/L of H2O2 (30%) provided 56% removal of DCF (2.0 mg/L) within 120 

minutes of reaction time in dark conditions. Further, the UV-A and LED irradiations 

enhanced the degradation efficiency of the photo-Fenton-like process to 83% (UV-A) 

and 70% (LED) in the removal of DCF. Further, the photo-Fenton-like process enabled 

to mineralization of the DCF to 74% using the UV-A light in 2 hrs of reaction time. In 

2 hrs of reaction time in a dark environment and under the optimum reaction 

conditions, 43.3% of phenol (2.0 mg/L) degradation was achieved. Moreover, the 

elimination efficiency was increased to 73.3% using UV-A and 60.0% using LED light 

irradiations. Similarly, in dark conditions, with the optimum reaction conditions, 

72.7% elimination of 2.0 mg/L NNPT in 2 hrs was achieved. The degradation 

efficiency was increased to 95.1% (UV-A) and 84.9% (LED) using two different light 

sources. The reaction mechanism demonstrated that the •OH radical is predominantly 

involved in the reaction steps. A significant percentage of phenol and NNPT were 

mineralized in the photo-Fenton-like process i.e., 55.5% and 64.2%, of phenol and 

NNPT, respectively were mineralized utilizing UV-A irradiation. The degradation of 

these two pollutants followed pseudo-second-order reaction kinetics. Furthermore, the 

nanocatalyst showed significant stability in repeated catalytic operations conducted for 

4 subsequent cycles. The catalyst showed reasonably high selectivity, and elimination 
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efficiency using the natural water sources in the photo-Fenton-like processes. 

Likewise, with the Ben@CuNPs, and Ben@(CuNPs+AgNPs) samples, the 

degradation of AMX and SMX was conducted. Under UV-A, and LED (visible) light, 

the photo-Fenton-like degradation of AMX employing Ben@[CuNPs+AgNPs] 

nanocatalyst was obtained at 84% and 72%, respectively, whereas, in the dark, 56% 

degradation occurred during 2 hrs of reaction time. Similarly, during 2 hrs of reaction 

time, the Fenton-like degradation of SMZ employing Ben@(CuNPs+AgNPs) 

nanocatalyst was found 74% and 61% in UV-A and LED light, respectively, whereas, 

in the absence of light, the degradation was only 44%. Moreover, in a dark 

environment, 56% and 44% degradation was obtained for AMX and SMZ, 

respectively, utilizing the Ben@CuNPs nanocatalyst. Moreover, the nanomaterials 

show a greater efficiency of mineralization in the case of all the targeted nanomaterials. 

Furthermore, the reusability of the nanocomposite material i.e., 

Ben@(CuNPs+AgNPs) was examined via several repeated cycles of degradation. The 

catalyst showed reasonably fair stability for 5 repeated cycles of operations at least in 

the degradation of AMX and SMZ.  Moreover,  the efficiency of the catalyst was not 

affected significantly in the real matrix water experiments. This showed greater 

applicability of catalysts for industrial purposes. The materials could be further 

employed in the large-scale treatment of wastewater contaminated with these 

pollutants at least at the ‘Pilot-Scale‘ treatment and the treatment process would be, 

possibly, sustainable and extended implacability. 

4.1 Future Perspective 

The current study focuses on the comprehensive and economical treatment of 

water polluted with emerging water pollutants, including diclofenac (DCF), phenol, n-

(n-propyl) thiourea (NNPT), amoxicillin (AMX), and sulfamethazine (SMZ) using 

bentonite supported bimetallic nanocomposite. The nanocomposite, which included 

Ben@FeNPs, Ben@(FeNPs+AgNPs), Ben@CuNPs, and Ben@(CuNPs+AgNPs), 

was obtained in a facile synthetic route and possibly sustainable. These 

micropollutants are effectively broken down to considerable mineralization in the 

aqueous medium by the efficient and selective application of these novel 

nanocatalysts. In a pilot plant setting for actual wastewater treatment, the encouraging 
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laboratory results could be used for large-scale treatment. The laboratory scale input 

data could enable us to demonstrate the unit operations in the large-scale treatment of 

wastewater contaminated with these emerging water pollutants. 

The green synthesized bimetallic nanocomposites supported by bentonite 

demonstrated exciting and encouraging results in the effective treatment of water 

polluted with diverse contaminants. However, several challenges are lying which 

further be part of future studies: 

1) In heterogeneous Fenton chemistry, the catalyst plays a major role in the 

performance of a Fenton-like reaction. In the case of nanocatalysts or 

nanocomposites, catalytic activity mainly depends upon the leaching rate, 

capability in the production of reactive oxygen species (ROS) from H2O2, and 

availability of active sites on the catalyst surface. Hence, the development of 

such catalysts with minimal leaching (high stability) and high reactivity is 

desirable for minimizing sludge production.  

2) The catalytic performance of nanocomposites categorically depends upon the 

properties of the supporting materials used. The supporting materials prevent 

the agglomeration of nanoparticles and allow the homogeneous distribution of 

the metal nanoparticles on the surface. Concerning the fact, modification of the 

supporting materials with coupling agents (e.g. silane) might be an 

advantageous way for achieving a stabilized structure of the nanocomposite 

and for enhancing the adsorption capability of the overall catalyst.  
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ABSTRACT 

 

Water is one of the most essential resources, and its continued exploitation 

for human requirements of economic and social growth, along with the crises created 

by climate change, has resulted in ever-increasing environmental repercussions. The 

majority of human activities require water and end with wastewater. As a result, 

worldwide demand for freshwater increases hence, the volume of wastewater 

generated and the pollutant burden is increasing significantly. Globally, the amount 

of wastewater generated and the overall pollution stockpile are increasing, owing 

mostly to population increase, rapid urbanization, and economic development. Water 

usage in the industry is estimated to account for 19% of total world water 

consumption. Due to its numerous uses for drinking, food, electricity, navigation, 

irrigation, industries, and recreation, water bodies including rivers, oceans, lakes, and 

ponds, among others, are under tremendous pressure. Furthermore, the discharge of 

municipal and industrial wastewater with variable degrees of treatment adds to the 

pollution load in the aquatic environment. Marine life appears to be harmed by 

pollutants dumped into the water bodies, and drinking natural water supplies is also 

rendered with pollutants load. Wastewater from diverse sources, whether fully or 

partially treated, returns to the natural water bodies. More than 80% of wastewater is 

produced worldwide, and more than 95% in some underdeveloped nations, usually 

discharge the wastewater into the terrestrial aquatic environment. 

Waterbody pollution caused by a variety of micropollutants is developing 

serious environmental concerns that need immediate monitoring and the 

implementation of appropriate remediation programs for workable solutions. The 

primary cause is the unrestricted discharge of wastewater (WW) from several 

industries as well as agricultural runoffs containing numerous herbicides and 

pesticides into the receiving water bodies. This has caused a significant imbalance in 

the aquatic ecosystem. The ecological system is seriously threatened by micro-

pollutants that include pharmaceuticals, personal care products (PCPs), endocrine-

disrupting chemicals (EDCs), dyes, nitrogen-containing compounds, halogenated 

aliphatic and aromatic hydrocarbons, agrochemicals, sulphur, etc.  



 

 

Diclofenac is a nonsteroidal anti-inflammatory drug having pain-relieving 

qualities, which is widely used in both humans and domestic animals. In general, 

pharmaceutical businesses, hospitals, and home drain regularly transfer diclofenac 

into the environment, which pollutes the environment as a parent molecule or in its 

metabolite forms and is thus a cause of concern. Diclofenac accumulates in edible 

fruits and vegetables, having a direct influence on human health. Furthermore, partial 

diclofenac degradation in WWTP treatment operations leaves residual diclofenac in 

effluent waterways, resulting in record-high diclofenac levels that threaten inland 

aquatic ecosystems. Phenol is one of the most prevalent organic pollutants found in 

industrial effluent. The most prevalent sources of phenol are textile processing, coal 

gasification, petroleum refining, leather production, resin synthesis, coconut retting, 

perfume creation, and pharmaceutical manufacturing. When introduced into aquatic 

ecosystems, phenol poses a significant ecological danger due to its toxicity, even at 

low levels. Dermatitis of the eyes, skin, and respiratory system are caused by phenol. 

Long-term phenol exposure has been related to health problems affecting the central 

nervous system, heart, liver, and kidneys. Thiourea, an antioxidant, is completely 

absorbed and excreted unchanged by the kidneys after oral administration to humans 

and animals. Because thiourea is dangerous and a cancer-causing chemical, 

environmental concerns have driven studies towards its efficient elimination. 

Amoxicillin (AMX) is a beta-lactam antibiotic that is one of the most often used 

antibiotics in both animal and human medicine. Because of its pharmacological 

properties, ingestion rate, environmental toxicity, chemical makeup, and solubility, it 

is considered a serious water pollutant. Amoxicillin and its hydrolyzed and 

metabolized compounds are found in both urine and feces, posing danger to many 

aquatic creatures. Sulfamethazine (SMZ) is a regularly used drug for the treatment of 

infectious diseases in humans and animals. It is also a very hydrophilic chemical that 

bacteria do not metabolize well. Through surface run-off/leaching, the SMZ is 

reintroduced into ground and drinking waters, surface water, and eventually aquatic 

ecosystems. Furthermore, it is known that sulfonamide antibiotics may impede the 

growth of certain Gram-negative bacteria as well as the majority of Gram-positive 

bacteria. 



 

 

Traditional wastewater treatment plants are insufficient to remove resistant 

and emerging contaminants from aqueous solutions. As a result, researchers try to 

investigate efficient and advanced approaches for the effective treatment of 

prospective recalcitrants. A remediation procedure is considered ecologically 

sustainable if it uses less energy and produces less toxic byproducts/or sludge, hence 

avoiding secondary contamination. Among several treatment approaches, “Advanced 

Oxidation Processes (AOPs)” is used as a promising innovation for the efficient and 

increased destruction of stubborn micropollutants. The method relies on in situ 

generations of highly reactive hydroxyl radicals (•OH), which gives improved 

oxidation capacity (standard potential: 2.80 V vs SHE). It is fascinating to observe 

that the OH• radicals either oxidize complex organic molecules to produce smaller 

byproducts or mineralize completely into the end products i.e., CO2 and H2O. 

The Fenton, photo-Fenton, and photo-Fenton-like processes are some of the 

common AOPs that are known to be promising approaches for eliminating these 

toxins from water bodies. The photo-Fenton-like process, thus, is a beneficial method 

since it is inexpensive, simple to process, and scalable for small to medium-scale 

renewable methods. The development of nanotechnology opens up new possibilities 

for the Fenton processes. Considering the high reactivity of nanoparticles, 

wastewater treatment facilities have used them extensively. Similarly, the surface 

properties of the nanoparticles allow significantly the bulk properties of catalysts. 

The catalytic performance, and the nature of nanocatalysts, such as activity and 

selectivity, are strongly dependent on the shape, size, and surface structure, as well as 

on bulk compositions of catalysts. Nanotechnology-engineered materials are found to 

have broad applications in upgrading existing Fenton-like processes. 

The Fenton-like procedures for the remediation of organic pollutants 

frequently make use of nano-zero-valent iron (nZVI). For the activation of H2O2 to 

produce •OH radicals, it is an essential slow-releasing source of soluble Fe2+. 

However, the bimetallic nanocomposites (M/nZVI) of nZVI and other metals 

enhance the reactivity of nZVI and prevent iron from oxidizing on the surface. 

Similarly, Cu has been employed in a wider variety of catalytic applications since it 

is substantially less costly than other noble metal nanoparticles. Compared to 

monometallic catalysts, Cu-based bimetallic nano-catalysts demonstrated enhanced 



 

 

catalytic activity. The reactivity of Cu is enhanced by the bimetallic nanocomposites 

of Cu(NPs) with other metals (M/CuNPs). The exterior surface of the catalyst is 

shielded from copper oxidation by this bimetallic arrangement. Silver nanoparticles 

(Ag(NPs)) are investigated for numerous of today's water purification technologies 

since they are less dangerous to people and are simple to impregnate on many 

substrates for a variety of functions. Even though these nanoparticles are having a 

wide range of applications, employing them might be challenging since they 

frequently oxidize or aggregate. Therefore, improving the stability and reactivity of 

nanocatalysts with a support medium is a good substitute for the essential 

consequences of catalysts. Pillared interlayered clays, mesoporous materials, biochar, 

activated carbon, ashes, zeolites, polymeric resins, Nafion films, etc. are some of the 

supporting materials used. Alternative support media include natural clay materials, 

which have a high specific surface and are porous by nature. The kaolinite form of 

clay comprises layers, whereas bentonite is smectite. Two layers of tetrahedral 

silicon [SiO4]
4- and one layer of octahedral aluminum (magnesium) oxygen 

[AlO3(OH)3]
6- sheets, in a 2:1 ratio, make up the interlaminar structure of bentonite. 

Possibly a useful substance for support medium in the impregnation of nanocatalysts 

is bentonite. As a result, the main objective of this research was to obtain a simple, 

environment-friendly method for making the novel bimetallic heterogeneous nano-

Fenton-like catalyst that is supported by bentonite. Fe(NPs), Cu(NPs), and Ag(NPs) 

in situ nanoparticles were obtained in a more environment-friendly manner. 

Simple and one-pot synthetic methods were used to produce the 

nanocomposite materials. The composite materials named as Ben@FeNPs, 

Ben@(FeNs+AgNPs), Ben@CuNPs, and Ben@(CuNs+AgNPs), the Fe(NPs), 

Cu(NPs), and Ag(NPs) were synthesized by in situ generations of respective 

nanoparticles on the surface of bentonite clay. Additionally, these materials were 

used in batch investigations to photo-Fenton-like degradation of several targeted 

micro-pollutants from aqueous solutions. The materials were characterized by 

advanced analytical methods. The diffuse reflectance data were converted into the 

materials' absorption coefficient (α) values using the Kubelka-Munk equation and 

Tauc's relationship, and the band gap energy of the material was then calculated. The 

diffuse reflectance spectra (DRS) for unmodified bentonite and all of the modified 



 

 

nanocomposite materials, including Ben@FeNPs, Ben@(FeNPs+AgNPs), 

Ben@CuNPs, and Ben@(CuNPs+AgNPs), were obtained using a UV-Vis 

spectrophotometer. Ben@FeNPs and Ben@(FeNPs+AgNPs) have band gap energies 

of 2.25 and 2.17 eV, which are significantly lower than the 3.25 eV of pristine 

bentonite. The catalyst Ben@(CuNPs+AgNPs), similarly showed the visible-light-

induced photo-Fenton-like reaction by having a significantly lower band-gap energy 

(2.32 eV) than bentonite (3.25 eV). All these materials feature H3 hysteresis loops in 

their Type IV type isotherms, as shown by the N2 adsorption/desorption isotherms. 

These results showed that the materials have a mesoporous structure with a random 

distribution of pore sizes. The pore size for Ben@FeNPs was 91.086 cm3g-1, whereas 

Ben@(FeNPs+AgNPs) had a pores size of 0.099 cm3g-1. The corresponding BET-

specific surface areas for bentonite, Ben@FeNPs, and Ben@(FeNPs+AgNPs) were 

62.67, 36.50, and 8.61 m2g-1, respectively. Additionally, the pore diameters of the 

Ben@CuNPs and Ben@(CuNPs+AgNPs) were 13.02 nm and 5.86 nm, respectively, 

whilst the BET-specific surface areas were 36.50 and 20.55 m2g-1 for the 

Ben@CuNPs and Ben@(CuNPs+AgNPs), respectively. The Ben@(FeNPs+AgNPs) 

XRD data showed different diffraction peaks that confirm the presence of quartz, 

Fe(NPs), and Ag(NPs). The Ben@(FeNPs+AgNPs) solid has silver and iron in their 

zero-valent oxidation states, based on the XPS results. The existence of zero-valent 

Cu and Ag in the nanocatalyst was also implied by X-ray photoelectron spectroscopy 

and XRD investigations of the Ben@(CuNPs+AgNPs) nanocomposite. The 

heterogeneous and layered structures of each modified nanocomposite material were 

visible in the bentonite SEM images. The surface structure of the bentonite, 

Ben@FeNPs, Ben@(FeNPs+AgNPs), Ben@CuNPs, and Ben@(CuNPs+AgNPs) 

nanocomposites was denser, with the Fe, Cu, or Ag nanoparticles preferentially 

occupied the pores. These solids contain common elements including Si, Fe, Al, C, 

O, Na, K, Ti, etc., according to the EDX findings. However, the EDX spectrum of 

Ben@(FeNs+AgNPs) shows an extra peak of Ag, indicating that the nanocomposite 

solid contains Ag. The spatial distribution of nanoparticles on the surface of the 

bentonite was seen in the TEM images of these nanocomposite materials and 

nanoparticles are not agglomerated on the surface. The Ben@(FeNPs+AgNPs) 

nanocomposite's average particle size was found to be about 10 nm. Ag(NPs) are 



 

 

found to have a d-spacing of 0.1435 nm. The Ben@(CuNPs+AgNPs) nanocomposite 

displayed a heterogenous surface structure, and the fringes showed that the Cu(NPs) 

and Ag(NPs) had respective d-values of 0.243 and 0.164 nm (NPs). The solids 

Ben@CuNPs and Ben@(CuNPs+AgNPs) are having average particle sizes of 4.207 

nm and 2.518 nm, respectively. 

In order to gain insights into the mechanisms of the degradation process, 

several physicochemical parametric studies are carried out to look into the photo-

Fenton-like degradation of micropollutants. Under various light conditions, the 

nanocatalysts were used in a photo-Fenton-like procedure to degrade DCF, phenol, 

NNPT, AMX, and SMZ. Utilizing LED (Visible) and UV-A light irradiations, the 

photo-Fenton-like process using the Ben@(FeNPs+AgNPs) nanocatalyst 

demonstrated a very high percentage elimination of DCF. The best reaction 

conditions, which included a pH of 3.0, 250.0 mg/L of Ben@(FeNPs+AgNPs) 

nanocatalyst, and 0.4 mL/L of 30% H2O2, enabled 56% of DCF (2.0 mg/L) removal 

in 2 hrs of reaction time in the dark. Additionally, the degrading efficiency of the 

photo-Fenton-like process was increased by the UV-A and LED irradiations to 83% 

(UV-A) and 70% (LED), respectively, for the elimination of DCF. Additionally, the 

photo-Fenton-like procedure allowed the DCF to mineralize to 74% utilizing UV-A 

light in 2 hrs of reaction time. 43.3% of phenol (2.0 mg/L) degradation was 

accomplished after 2 hrs of reaction time in a dark environment under ideal reaction 

conditions. Furthermore, the UV-A and LED light irradiations improved the 

elimination efficiency to 73.3% and 60.0%, respectively. Similar to this, 72.7% of 

the 2.0 mg/L NNPT was eliminated after 2 hrs in the dark environment. However, 

the use of light radiations enhanced the degradation efficiency to 95.1% (UV-A) and 

84.9% (LED). The mechanism of the reaction showed that the •OH radical is 

predominantly involved in the reaction stages. A large amount of phenol and NNPT 

i.e., 55.5% and 64.2%, respectively, were mineralized by UV-A irradiation in the 

photo-Fenton-like processes. Likewise, AMX and SMX degradation was carried out 

using the Ben@CuNPs and Ben@(CuNPs+AgNPs) solids. Ben@[CuNPs+AgNPs] 

nanocatalyst enabled the photo-Fenton-like degradation of AMX under UV-A and 

LED (visible) light at 84% and 72%, respectively. In contrast, in the absence of light, 

only 56% degradation is obtained in 2 hrs of reaction time. Similar to this, after 2 hrs 



 

 

of reaction time, the Fenton-like degradation of SMZ using the 

Ben@(CuNPs+AgNPs) nanocatalyst was found to be 74% and 61%, respectively, in 

UV-A and LED light, but the degradation was only 44% in the absence of light. 

Additionally, using the Ben@CuNPs nanocatalyst in a dark environment, 

degradation of AMX and SMZ was achieved at a rate of 56% and 44%, respectively. 

All of the targeted nanoparticles exhibit a higher mineralization efficiency for these 

pollutants in the photo-Fenton-like reactions. 

Furthermore, via several repeated cycles of degradation, the reusability of the 

nanocomposite materials, viz. Ben@(FeNPs+AgNPs) and Ben@(CuNPs+AgNPs) 

was investigated. During repeated catalytic operations carried out throughout four 

successive cycles, the Ben@(FeNPs+AgNPs) nanocatalyst showed remarkable 

stability against the degradation of DCF, phenol, and NNPT. Similarly, the 

degradation of AMX and SMZ demonstrated very acceptable stability at least for 5 

repeated cycles of operations. Moreover, in the actual matrix water studies, these 

catalysts' effectiveness was not significantly impacted. This demonstrated the 

broader industrial applications of the catalysts, at least for the "Pilot-Scale" unit 

operations. 
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