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            CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

A photocatalyst needs sunlight to accelerate a chemical process, which is critical 

as the economy and industry rapidly expand, necessitating the resolution of pollution 

issues. Organic pollutants, which are water-soluble, easily enter water systems, 

causing severe illnesses. Nanomaterials offer unique solutions to mitigate pollution 

due to their expansive surface area [Nethravathia et al., (2015)]. Solar energy is 

increasingly vital for long-term pollution control, particularly in industrial applications 

like eliminating hazardous textile dyes [Mei et al., (2018)]. This method transforms 

organic chemicals into inorganic compounds, removing textile manufacturing dyes 

from wastewater [Ho et al., (2018); Hasnat et al., (2005)]. Methylene blue (MB), 

rhodamine B (RhB), 2,4-dichlorophenol (2,4-DCP), and trichloroacetic acid (TCAA) 

must be degraded for environmental remediation. Photocatalysts, adsorbents, and 

sophisticated oxidation methods employing TiO2, ZnO, and Graphene Oxide have 

been used to degrade these contaminants. Strong oxidative power, chemical stability, 

and non-toxicity make TiO2 and ZnO popular photocatalysts with wide band gap 

energy. In UV light, they produced ROS that destroy organic contaminants. Since they 

are non-toxic and reusable, both degrade MB, RhB, and other organic dyes with 

minimum environmental impact. It needs adjustments or doping to work well in visible 

light. GO's rare electrical characteristics and high surface area make it ideal for 

photocatalysis. It can be used alone or with TiO2. GO-based composites improve 

visible light pollutant degradation. Though low-impact, GO production and disposal 

must be controlled to avoid environmental damage. Titanium dioxide (TiO2), Zinc 

Oxide (ZnO), and Graphene Oxide (GO) nanoparticles exposed to UV light generate 

reactive oxygen species (ROS) that degrade organic pollutants like dyes and pesticides. 

Using visible light-activated materials such doped TiO2, ZnO, or GO. The high surface 

area and porosity of activated carbon and biochar allow contaminants to adsorb onto 

their surfaces. 

Another material is biochar, it is a carbon-rich material made from biomass 
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pyrolysis, and activated carbon has a high surface area and porosity, making it an 

efficient adsorbent for dyes and pesticides. These are effective at removing impurities, 

it can get saturated and need regeneration or replacement which may release secondary 

pollutants. Biochar made from agricultural waste is eco-friendly, hence reduces 

greenhouse gasses by sequestering carbon. It generated hydroxyl radicals (•OH) from 

hydrogen peroxide (H2O2) and iron ions (Fe2+).  Advanced Oxidation Processes 

(AOPs) use Fenton and Photo-Fenton Reactions and Ozonation. Using iron ions (Fe2+), 

the Fenton reaction generates hydroxyl radicals (•OH) from hydrogen peroxide 

(H2O2). Photo-Fenton employed light to boost the reaction while the powerful oxidant 

Ozone (O3) degrades organic contaminants under UV light. These mechanisms 

efficiently degrade many contaminants but iron sludge disposal and management can 

be environmentally harmful. Similarly, ozonation also works but must be controlled 

to avoid bromate and ozone consumption demands a lot of energy.  

Electrochemical methods also degrade dyes and pesticides by generating H2O2 

in situ via electrochemical reduction of oxygen and Fenton reaction, and 

electrocoagulation uses electric current to dissolve sacrificial anodes (usually iron or 

aluminum) to create coagulants that adsorb and remove pollutants. Chemical methods 

degraded pollutants using oxidizing agents like hydrogen peroxide, potassium 

permanganate, or sodium hypochlorite, while sonochemical degradation used high-

frequency ultrasound to create cavitation bubbles and extreme local conditions that 

generated ROS.  

Researchers commonly used two approaches to develop efficient photocatalysts 

responsive to visible light and solar energy. It is important to note that one highly 

effective method for enhancing the efficiency of photocatalysts such as g-C3N4 is 

through the chemical modification of these materials. This modification leads to a 

significant improvement in the separation of charge carriers within the band gap, 

according to Mohammed's (2020) research. Alternately, hybrid or heterogeneous 

molecules that contain components that are responsive to visible light were 

incorporated [Mohammed (2023); Chin et al., (2016); Wang et al., (2018); Chin et al., 

(2016)]. An area of research that is expanding tremendously is hybrid and 
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heterogeneous photocatalysis based on solid semiconductors. [Mohammed Ismael, 

Ying Wu (2019); Mohammed (2022)]. Getting catalysts down to the nanoscale level 

improves their optical properties. Smaller particles are better at binding excitation and 

giving off light. Therefore, altering electron-hole pairing in excited states depends on 

semiconductor size. Broad bandgap photocatalysts must become cost-effective, 

considering only 5% of solar energy is in the UV light spectrum. SnO2's low 

photocatalytic efficiency can be addressed by integrating it with a semiconductor with 

a broad and small range of band gap energy [Mohammed et al., (2022)]. 

Heterojunction semiconductors enhance visible light photocatalysts by segregating 

electrons and holes. The use of g-C3N4 in solar light collectors and energy converters 

is effective due to its suitable bandgap and unique properties [Zhou et al., (2013)]. 

Doping the photocatalytic system with g-C3N4 can improve its performance, reducing 

the band gap's energy and increasing charge collection and transfer [Mohammed 

Ismael, Ying Wu (2019); Che et al., (2023)]. Graphitic carbon nitride, or g-C3N4, is a 

polymeric semiconductor material considered metal-free and active when exposed to 

visible light. This property makes it a potential catalyst for converting solar energy. 

The practicality of choosing it is due to its capacity to absorb visible light, scalability, 

and stability [Zhang et al., (2012); Zhou et al., (2013); Pan et al., (2012); Wang et al., 

(2012)]. Modifying or doping g-C3N4 is straightforward due to its organic nature, 

allowing tuning of its electronic bandgap structure. Iron oxide compounds, known for 

their magnetic properties, can be part of a three-component photocatalyst easily 

recoverable with an external magnet. Fe3O4 is an iron oxide compound that stands out 

because of its strong photocatalytic and magnetic properties. It is used in many 

different areas [Li et al., (2011); Yang et al., (2009); Jing et al., (2011); Xu et al., 

(2012); Chen et al., (2008); Xie et al., (2008); Ren et al., (2011)]. In order to improve 

photocatalytic activity, scientists have looked into using different compounds and 

materials, such as TiO2, ZnO, WO4, and others. Approximately 5% of solar energy is 

in the UV light spectrum, making wide band gap photocatalysts less cost-effective. 

Combining SnO2 with a semiconductor with a narrow bandgap and broadband energy 

range can address its photocatalytic limitations. This method claims that 

heterojunction semiconductors can create an electric field inside them. This effectively 

separates electrons and holes, allowing the photocatalyst to work better in visible light. 
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The synthesis of Fe3O4 using plant extracts as reducing, oxidising, and capping agents 

is outlined, and various analytical techniques are proposed to study the obtained 

products. The Tauc plot approach will be used to determine the band gap energy using 

fluorescence and absorbance spectrum measurements.  

We likely chose to investigate the photocatalysis of dyes and pesticides using 

various SnO2 materials under LED light irradiation for several reasons such as this are 

known to exhibit enhanced photocatalytic properties due to synergistic effects and can 

lead to improved efficiency in degrading organic pollutants. LED light irradiation is 

preferred for photocatalytic applications due to its energy efficiency and targeted 

wavelength emission, which can optimize the photocatalytic process while minimizing 

energy consumption and environmental impact. Fe3O4-based composites are chosen 

for their magnetic properties, which can facilitate separation of the catalyst from the 

treated water after photocatalysis. Additionally, the stability and recyclability of these 

materials are crucial for practical applications. Investigating various composite 

materials (such as those doped or co-doped with different elements) fills a research 

gap in understanding how specific modifications affect photocatalytic performance. 

This can lead to innovations in developing more efficient and versatile photocatalysts 

for water treatment applications. 

1.2 Metal oxides 

The physical and chemical properties of nano-sized materials are better than 

those of atomic or bulk materials because of the effects at the mesoscopic level, the 

quantum level, the surface, and on tiny objects. These characteristics include 

exceptionally high magnetic susceptibility, Curie temperature, and coercivity [Kim et 

al., (2003); Raj et al., (2002); Beydoun et al., (2000); McMichael et al., (1992)]. These 

features are not only present in Fe3O4 MNPs but are also biocompatible and non-toxic. 

This means they can be used in many biomedical ways, including dynamic sealing 

[Shen et al., (1992)], biosensors, contrast agents in magnetic resonance imaging, 

localizers in therapeutic hyperthermia, and magnetic targeted drug delivery systems 

[Jordan et al., (1999); Cao et al., (2004); Li et al., (2005)]. In order to be effective in 

tissue fluid, Fe3O4 MNPs require a material that exhibits a narrow size distribution, 
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exceptional dispersion, and a robust magnetic response. However, they aggregate in 

fluids due to magnetic interactions and high surface energies. Researchers have used 

various synthetic polymers, such as polyamides, chitosan (CS), poly (acrylic acid), 

polyglycidyl methacrylate, and poly (ethylene glycol), as coating agents to alter the 

surfaces of iron oxide particles [Tao et al., (2008)]. Despite polymeric coatings' ability 

to decrease aggregation, the larger particles they produce have fewer magnetic 

characteristics, are less evenly distributed throughout tissues, are less cleared of 

metabolic waste, and are less able to penetrate interstitial spaces. Because of this, it is 

essential to find good ways to change the surface of Fe3O4 MNPs to have a controlled 

size distribution and spread well in both water and non-water solutions. 

1.2.1 Fe3O4 

Iron (II, III) oxide, or Fe3O4, commonly known as magnetite, possesses unique 

properties as a dark powder, often mislabelled as ferromagnetic. It has both permanent 

magnetism and ferrimagnetic properties. Fe3O4 finds widespread application as a 

pigment, particularly in the production of photocatalyst, owing to its adjustable particle 

size and form, making it more suitable for synthesis than extraction from natural 

deposits. The Haber process, water-gas shift reaction, and magnetic resonance imaging 

(MRI) are among the processes utilising Fe3O4. 

1.2.2 SnO2 

Tin (IV) oxide, or SnO2, is an inorganic compound known as stannic oxide, with 

cassiterite being its mineral form. It is colourless, diamagnetic, and amphoteric, 

crystallising in its rutile structure. SnO2 is employed in gas detection, such as in carbon 

monoxide detectors, and research explores doping with various chemicals for 

applications like high-voltage varistors etc. 

1.3 g-C3N4 

Graphitic carbon nitride (g-C3N4), a formula similar to C3N4, is helpful for many 

reactions because it can speed up reactions and act like a semiconductor. Despite 

limitations such as low electrical conductivity and a small specific surface area, adding 

carbon nanomaterials, such as carbon nanotubes, showed promise in addressing these 
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deficiencies and enhancing the material's performance. Water electrolyzers and proton 

exchange membrane fuel cells are examples of applications. 

 

1.4 Transition element 

Transition metals are chemical elements found in the periodic table's d-block; 

this element category is also referred to as a transition element. It is a chemical element 

between groups 3 and 12, except group 3 on occasion. Because they are metals, they 

have high electrical and thermal conductivity and a luxurious and reflective character. 

In the majority of the groups, except groups 11 and 12, both the melting and boiling 

points are high, in addition to extremely high levels of hardness. They can assume 

multiple oxidation states because they are able to create coordination complexes by 

affixing themselves to a wide range of different ligands and by taking on the colour of 

a wide variety of pigments. Compounds or elements that contain them, a wide variety 

of substances, including coordination complexes and oxides, are widely used as 

catalysts, and they also contribute to the production of alloys that yield favourable 

properties. Unpaired d electrons cause a significant number of compounds, including 

the majority of them, to exhibit potent paramagnetic activity. Transition metals, such 

as nickel, iron, and cobalt, and inner transition metals, like gadolinium, only contain 

ferromagnetic elements at temperatures close to room temperature. The (n-1)d orbitals 

of transition metals play a significant role in shaping their features. These qualities 

include magnetic properties, the ability to form colourful compounds, and variety in 

oxidation states. 

In contrast to the valence s and p orbitals (ns and np, respectively), which 

undergo only slight alterations across a transition series, these orbitals contribute only 

a small amount to the characteristics in question. Transition metals keep their valence 

shells' electrical configuration within a transition series. This means that the times 

when the d orbitals change element properties are more evenly spaced across the plane. 

The partially filled d shell is responsible for the similarities that exist among transition 

elements, even though there are distinctions that are specific to each group. When d-

electrons are present, this property causes a lot of paramagnetic compounds to form. 

These compounds then give rise to substances with colours that come from d-d 
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electrical transitions that happen during compound synthesis in many different 

oxidation states. The slight energy difference between these states enables these 

transitions. Because the majority of transition metals can bind to a wide variety of 

ligands, it is also possible to create a wide variety of complexes involving transition 

metals. 

1.5 Literature Reviews  

Dye and other organic pollutants present a significant threat to human health and 

well-being, and their existence in the environment poses a significant risk to human 

health. Insecticides and dyes used in the textile industry for plant preservation 

contaminate water, contributing to environmental destruction and endangering the 

lives of living beings. The presence of these pollutants, found in concentrations 

ranging from micrograms to nanograms per litre, is a cause for concern due to their 

potential accumulation. The degradation and eradication of these contaminants at such 

levels constitute a significant challenge that needs to be addressed. It is becoming more 

recognised that solar energy can facilitate pollution degradation over a prolonged 

period, which has led to its emergence as a significant factor in supporting the 

breakdown of pollutants. In the realm of semiconductor materials that possess 

photocatalytic characteristics, SnO2 has attracted a considerable amount of research. 

According to Xinping et al., (2008), the fact that it is non-toxic, can oxidise substances 

effectively, is stable, and is resistant to corrosion when exposed to light or chemicals 

makes it a desirable material. 

On the other hand, the broadband gap of SnO2 restricts its application to UV 

light, accounting for only five per cent of the available sunlight. Researchers 

investigated a nanocomposite heterojunction containing TiO2 or SnO2 to overcome 

this constraint. Kamat et al., (2014) described in detail how the movement of charge 

carriers between compounds leads to the separation of electrons and holes when they 

come into contact with each other, using light as a catalyst. It is because of the relative 

band locations that this separation takes place, which ultimately leads to electron 

transfer to the conduction band of SnO2. However, difficulties continue to exist, 

particularly when TiO2 completely envelops SnO2, making it more difficult for 
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photoexcited electrons to combine with molecules of other reactants. Researchers have 

attempted to improve photocatalysis efficiency by developing catalysts capable of 

absorbing visible light. In order to change band gaps or make electron-hole separation 

bigger, one of the most important methods is to change UV-active photocatalysts like 

TiO2. Tang et al., (2014) explored hybrid molecules, which contain chemicals 

activated by visible light, as an additional strategy. The size of materials, mainly when 

they are in the form of nanoparticles, has a substantial impact on their optical 

properties. Examples of these features include bandgap, excitation, and emission 

characteristics. Iron oxide compounds, especially Fe3O4, had vigorous photocatalytic 

activity and magnetic properties, which made it possible to use a big magnet to recover 

the material. A wide range of uses for Fe3O4 include the delivery of drugs, the storage 

of lithium, the treatment of wastewater, magnetic resonance imaging, and the 

separation of proteins. Increasing the photocatalytic activity of various compounds, 

such as TiO2, ZnO, WO4, SnO2 and others, has been the focus of a significant research 

and development effort. Incorporating plant extracts into the synthesis of 

nanomaterials as reducing or capping agents has garnered attention because it is both 

cost-effective and environmentally friendly. Under the influence of visible light, 

Fe3O4, SnO2, and Fe3O4/SnO2 have demonstrated their ability to degrade dyes, each 

through their unique process. The heterojunction of Fe3O4/SnO2/g-C3N4, which can be 

retrieved with an external magnet, offers a practical solution for separation and 

recycling challenges. It is essential to coat Fe3O4 with either organic or inorganic 

compounds in order to achieve stability, dispersion, and prevent aggregation. 

Scientists have made ternary nanocomposites, like Fe3O4/SnO2/g-C3N4, which 

improve the material's ability to absorb all kinds of light, from ultraviolet to visible. 

This also makes the material better at reacting with light. Due to its magnetic 

properties, Fe3O4 makes it easy to get the nanocomposite photocatalyst back using an 

outside magnet. This has the potential to further improve cost-effectiveness by reusing 

catalysts. 

1.5.1 Structure of SnO2  

Tin (IV) oxide, which is transparent and colourless, symbolizes that in the 4+ 

oxidation state, several compounds of tin are present [Batzill and Diebold, (2005); He 
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and Zhou, (2013)]. Other names for tin (IV) oxide include stannic oxide, cassiterite, 

and stannous oxide. This inorganic substance exhibits a remarkable degree of 

transparency to light, and it can effectively reflect light in the infrared range. 

Furthermore, it possesses remarkable thermal and chemical stability, as demonstrated 

by Bouras et al., (2014) researchers. Researchers have explored the potential 

applications of SnO2 in various fields, including sensors, catalysts, optoelectronic 

devices, infrared mirrors, and transparent films [Anandan and Rajendran, (2015)]. 

These features have sparked an investigation into these applications due to their 

powerful oxidizing capabilities; oxide is a handy tool for cleaning water and surfaces 

contaminated with pollutants.  

According to Yu et al., (2015), SnO2 shares a crystal structure with rutile phase. 

It is an octahedral polar crystal with dimensions of a = b = 0.398 nm and c = 0.402 nm, 

which are characterized by these dimensions. According to Entradas et al., (2014), the 

(6, 3) coordination structure is created by three tin (IV) ions encased in an oxygen-

containing environment, bordering each oxygen ion in a single unit cell. The presence 

of nine oxygen ions characterizes this structure. It was found that SnO2 could react 

with light, and SnO2 became a possible alternative because it is susceptible to light, 

does not change with temperature, is cheap, and is not toxic [Rakibuddin and 

Ananthakrishnan, (2016)]. According to Abe et al., (2006), the octahedral network 

influences the mobility of the e-h+ pair, which is crucial for increased photocatalytic 

activity. It is common for semiconductors to display a lower energy band that is 

abundant in electrons (the conduction band, or CB) and an upper energy band that is 

devoid of electrons (the valence band, or VB). Two critical parameters, the band gap 

and the Fermi level, control the semiconductor characteristics of any material. The 

energy disparity between the conduction and valence bands is called the band gap, 

while the Fermi level depicts electrons' putative energy level. According to Kim et al., 

(2012), semiconductors' metallic oxide lattice structure contains impurities that have a 

significant impact on their electrical properties. In n-type and p-type semiconductors, 

respectively, doping causes a change in the Fermi level, which, in turn, has an effect 

on the bandgap spacing.  

When exposed to visual electromagnetic radiation [Mete et al., (2009); Sun et 
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al., (2016)], catalysts generate excited electrons with lower energy requirements, 

exhibiting photocatalytic activity and the catalysts demonstrate such activity when 

exposed to light. The inherent characteristics of SnO2 increase its electrical 

conductivity [Zhang et al., (2014)], thereby reducing the band gap width and 

improving its semiconductor characteristics. There is a significant energy gap in SnO2 

(3.6 eV), the same as photoactivation in the UV range. This makes it a promising 

photocatalyst for breaking down organic pollutants [Ahmed et al., (2011)]. SnO2 plays 

a significant role in breaking down organic pollutants. ZnO and SiO2 are other suitable 

photocatalysts for this purpose. Modification of metal oxides can decrease their band 

gap energies, enabling activation by electromagnetic radiation with lower energies. 

This is because, within the visible region of the electromagnetic spectrum, it has 

meagre electrical resistance, excellent electrical conductivity, and significant optical 

transparency. These characteristics are responsible for the characteristics above. SnO2 

is a material that has proven to be useful in a variety of applications [Mistry et al., 

(2016)]. Metal oxides, such as tin oxide (SnO2), can be used as sensing materials and 

catalysts for the degradation of organic contaminants due to their significant affinity 

for carbon monoxide and hydrogen. According to Azam et al., (2010), SnO2 photo-

anodes offer several benefits in dye-synthesized solar cells and other semiconductor 

materials. These benefits include enhanced charge separation size distributions, faster 

charge transport, and strong recombination resistances. 

1.5.2 SnO2 that has not been doped is utilized in the process of photocatalytic 

destruction of organic contaminants 

While most applications commonly use doped SnO2 for the photodegradation of 

organic contaminants, undoped material has proven to be an efficient photocatalyst in 

certain instances. Because pure SnO2 has a naturally large band gap, visible light is 

unable to generate enough energy to initiate the synthesis of e- and h+ pairs. Despite 

its effectiveness, the procedure requires UV radiation to activate the metal oxide. The 

results of recent research have brought to light a number of instances in which undoped 

SnO2 nanoparticles have remarkable photodegradation capabilities. For example, 

researchers used SnO2 nanocrystals generated from tin salts chelated with amino acids 

to degrade rhodamine B. The study showed that after 150 min of radiation exposure, 
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they nearly eliminated the amount of rhodamine B. Additionally, exposing 

nanocrystalline SnO2 particles, derived from tin oxalate and filtered through an 

eggshell membrane, to UV light for an hour significantly reduced the presence of 

rhodamine B by 95%. Haritha et al., (2016) and Diallo et al., (2016) found that 

undoped SnO2 nanoparticles can also undergo oxidative degradation for various dyes. 

These dyes include methylene blue, eosin Y, congo red, and violet 4 dyes. 

1.5.3 Improving SnO2 photodegradation efficiency 

Even though SnO2 semiconductors have the potential to act as photocatalysts, 

their rapid recombination rate and high activation energy of photogenerated electron 

holes (h+ in VB) and electrons (e- in CB), which are both significant factors, make it 

difficult to use them in practical applications [Yang et al., (2010)]. Utilising the 

reduction in recombination of e-h+ couples can enhance photocatalytic activity and 

facilitate industrial applications. When more semiconductors are included in the metal 

oxide, one of the options available is to change the electron gap energy of the metal 

oxide. The doped material should have better photocatalytic activity because it has less 

activation energy and a faster e-h+ pair recombination rate [Tojo et al., (2008); Kovács 

et al., (2015)]. As a result of these two factors, the material should be able to 

demonstrate improved photocatalytic activity. Cristante et al., (2007) reported that the 

production method significantly influences the photocatalytic capabilities of the active 

ingredient-doped material. Changing external factors can significantly alter the overall 

success of the photocatalytic process [Cheng et al., (2010); Anju et al., (2012)], 

necessitating precise calibration of the photon source's light intensity or wavelength, 

as well as the reaction mixture's temperature, to achieve the desired results. In the 

following section, we will look at various ways to improve the metal oxide's 

characteristics in order to guarantee increased catalytic activity.  

1.5.4 A method for selectively doping SnO2 to enhance photodegradation 

efficiency  

1.5.4.1 Combinations of SnO2 and other semiconductors 

According to Srinivasan and Bandyopadhyaya, (2016), doping SnO2 with 

semiconductors having either a short or large band gap greatly enhances the metal 
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oxide's photocatalytic activity. Xiong and Balkus, (2007) have frequently utilized 

SnO2 in combination with TiO2 semiconductors. With the help of doped SnO2, 

Vinodgopal and Kamat were able to photodegrade Acid Orange 7. Vinodgopal and 

Kamat, (1995) determined that the optimal SnO2/TiO2 ratio for the degradation process 

is 2:1. A study by Hou et al., (2007) found that SnO2/TiO2 nanotubes with different 

amounts of SnO2 increased the metal oxide's catalytic activity by making more surface 

area available for methylene blue absorption. Using this nanotube suspension 

containing 5% SnO2 produced the highest photocatalytic activity. Tu et al., (2009) 

found similar results for the contaminant methylene blue. Also, a comparable 

SnO2/TiO2 composite material efficiently decomposed rhodamine B [Abdel-Messih et 

al., (2013)]. 

1.5.4.2 SnO2 doped with transition metals 

According to research by Kim et al., in 2005, adding metal ions to 

semiconductors is a good way to increase the photocatalytic activity of visible light so 

that organic molecules can be broken down by oxidation. Researchers have extensively 

studied the electrical properties of SnO2 and investigated several transition metals, 

such as gold, silver, cobalt, iron, and manganese, for their potential to influence these 

properties. Utilising these metals can yield the following results like Self-doped SnO2-

x nanocrystals doped with Sn2+ work as strong photocatalysts that can break down 

organic pollutants when they are exposed to light. Using self-doped SnO2-x and 

exposed to visible light, degraded methyl orange [Xu et al., (2011)]. Exchanging Sn2+ 

ions for Sn4+ ions in the rutile structure forms oxygen vacancies, lowering the band 

gap energies and facilitating photocatalyst activation when exposed to visible light 

[Fan et al., (2013)]. Guang and colleagues found that the firing temperature 

significantly influences the photocatalytic activity of SnO2 nanocrystals doped with 

different amounts of Ag. As the temperature increased, the photocatalytic properties 

of the nanocrystals decreased, according to the researchers.  

Modest amounts of transition metal ions, such as cerium (Ce3+) or manganese 

(Mn2+), increase the number of oxygen vacancies in semiconductors [Anandan and 

Rajendran, (2015)]. As a result, the semiconductors' electrical characteristics and 
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luminescence activity are enhanced [Gu et al., (2004)]. Adding gold to SnO2 

significantly enhances its photocatalytic activity i.e., Mulvaney and his colleagues 

showed that gold-coated SnO2 particles function as efficient catalysts. This is because 

the dopant has the ability to attract electrons, resulting in a more efficient charge 

distribution. When Wu et al., (2013) and You et al., (2013) used gold-doped SnO2 to 

break down organic dyes, it had more surface area, better visible light absorption, and 

more photocatalytic activity. There are changes in particle size and surface area when 

metalloids or transition metals are added to SnO2 nanocomposites. This leads to lower 

band gap energies in the nanoscale region. In this case, nanoparticles of SnO2 doped 

with cobalt showed higher photocatalytic activity, while also showing a significant 

decrease in grain size. Entradas et al., (2014) elucidated the ability of cobalt-doped 

SnO2 nanocomposites to degrade 4-hydroxybenzoic acid upon exposure to ultraviolet 

light. According to Huang et al., (2012), using Zn-doped SnO2 nanorods to break down 

acid fuchsin worked better than using pure nanoparticles. 

1.5.4.3 Rare earth metals that have been doped into SnO2 

Semiconductors made of TiO2 or SnO2 with rare earth elements added greatly 

improved their photocatalytic capabilities. The metal oxide that has been doped 

demonstrates catalytic activity across the whole electromagnetic range, including the 

visible range [Reszczyńska et al., (2015)].  One possible explanation for the higher 

catalytic capabilities is that the BET technique revealed that doped SnO2 displayed an 

increase in surface area while simultaneously exhibiting a decrease in particle size. 

Furthermore, preventing the recombination of electron-hole pairs leads to an 

improvement in charge separation and a rise in the formation of reactive species on the 

surface of the photocatalyst [Reszczyńska et al., (2015)]. The creation of matrix 

defects decreases the effective energy of the optical band gap due to doping and 

increases the semiconductor's photocatalytic capabilities, which in turn enhances the 

effects indicated above [Hays et al., (2005)]. Their photocatalytic activity in 

decomposing organic pollutants is just one of their many uses; semiconductors doped 

with rare earth elements have found other practical uses.  
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Piguet et al., (1993) noted that rare earth metals' strong luminous qualities have 

led to their application in laser generation as well as in fluorescent displays and lamps. 

The acid/base characteristics of semiconductors are also strongly correlated with their 

catalytic properties [Carreño et al., (2004)]. The acidic oxide SnO2 has an isoelectronic 

point (iep) that ranges from 4 to 7, Y2O3 has an iep of about 11 while La2O3's iep is in 

the 10–12 range. When ethanol gas was detected using SnO2 doped with La2O3, the 

significance of the dopant's acid/base characteristics became clear. The change from 

ROx to R2Ox+1 (for example, from CeO2 to Ce2O3) can occur under both reducing and 

oxidising circumstances because of the redox pair (Ce3+/Ce4+), which is why cerium 

doping has garnered so much interest. Furthermore, the formation of oxygen 

vacancies, which are highly mobile and easily formed, enhances the photocatalytic 

capabilities [Li et al., (2005)].  

Moreover, according to Liu et al., (2008), e- h+ couples can be formed when 

incompletely occupied 4f orbitals are combined with vacant 5d orbitals. Singh et al., 

(2014) characterized the enhanced photocatalytic degradation of several dyes in SnO2 

doped with samarium by a smaller band gap and a larger surface area of the 

nanoparticles. Degradation experiments on organic contaminants were conducted 

using Ti/Sb/SnO2 electrodes with a variety of rare earth metals doped into them. The 

addition of gadolinium and europium as dopants for SnO2 led to an increase in the 

activity of the photocatalyst, which was another benefit of this method. The study was 

strange because it found that cerium had a small but noticeable effect on the activity 

of the catalyst [Cui et al., 2012]. Al-Hamdi and colleagues showed that lanthanum-

doped SnO2 broke down phenol very well when it was exposed to light. Two hours of 

UV-light irradiation were enough to oxidatively remove nearly 95% of the phenol in 

the water sample. Compared to an unadulterated SnO2 sample, the doped material 

demonstrated much higher efficiency [Al-Hamdi et al., (2014)]. Al-Hamdi et al., 

(2015) observed similar outcomes with gadolinium-doped SnO2. Lanthanum-doped 

SnO2 also exhibited greater photocatalytic phenol degradation. Sunlight exposure 

almost completely removed the contaminant from the sample in less than two and a 

half hours [Al-Hamdi et al., (2016)]. 
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1.5.4.4 Conditions influencing the photodegradation of organic contaminants in 

aqueous SnO2 solutions 

In order to determine the total efficiency of the process, it is essential to have a 

solid understanding of the quantity of catalysts necessary for a large-scale application. 

As a result, numerous organizations have discussed their thoughts on the ideal SnO2-

based photocatalyst concentration for organic pollutant breakdown. As the catalyst 

concentration increases, the photocatalytic degradation rate rises, but once the catalyst 

reaches its optimal loading, it begins to fall [Ibhadon and Fitzpatrick, (2013)]. Since 

the catalyst's active surface area in suspension increases, the first rise in photocatalytic 

activity makes perfect sense. Wei et al., (2009) found that turbidity and light 

transmission in the suspension decrease when catalyst concentration increases. 

According to Paradeshi and Patil, (2008), the catalyst particles exhibit limited 

photocatalytic activity at the surface, whose value falls as the amount of catalyst 

loading increases. Optimizing the reaction conditions with a 65 mg doped SnO2 

catalyst in a 50 mL solution confirmed this overall pattern in the photocatalytic 

degradation of phenol. As previously mentioned, increased catalyst loading led to 

decreased catalytic oxidation activity. We have noted a similar association for 

additional photocatalytically active nanoparticles. The optimal activity of TiO2 

declines as the catalyst loading increased and then leading to significantly decreased 

light penetration. Kashif and Ouyang, (2009) reported a steady decline in the phenol 

degradation rate once the catalyst concentration exceeded the optimal level. 

1.6 Contaminant concentration 

According to Khataee and Zarei, (2011), the photodegradation efficiency 

typically declines as the concentration of contaminants increases. Due to their light 

absorption, organic dyes reduce the amount of radiation that can activate the catalyst 

nanoparticles. Several factors contribute to this, such as a reduction in the reaction rate, 

which slows down the disintegration of pollutant molecules until the catalyst surface's 

active sites return. The reaction pace slows until active sites are again available on the 

catalyst's surface, and fewer pollutants are broken down. In our investigations, we 

examined a variety of initial concentrations for the photocatalytic degradation of 
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phenol, from 5 to 50 ppm. According to the results, phenol degraded quickly at 10 

ppm. Al-Hamdi et al., (2016) found that once the beginning concentration was greater 

than 15 ppm, the deterioration rate went through a gradual slowing period. 

1.7 pH effect 

The pH of the polluted solution affects the efficiency of the photocatalytic 

degradation of aromatic dyes. A critical factor in determining the oxidation potential 

is pH, which must be carefully considered. Because many organic pollutants have 

acidic functional groups, it regulates the pollutant's charge and the photocatalyst's 

surface charge. Performing the reaction within the photocatalyst's allowable stability 

range is paramount. According to numerous studies, organic contaminants degrade 

more quickly in environments with lower pH ranges. Researchers in this field have 

often noted that slightly acidic conditions enhance the breakdown of phenol [Anju et 

al., (2012)]. The pollutant is more attracted to the photocatalyst surface, and 

breakdown rates are guaranteed to be boosted at a slightly acidic pH range [Ahmed et 

al., (2011)]. However, the reaction rate decelerates dramatically when the reaction 

mixture's pH falls below a certain threshold. Maintaining a constant pH in the reaction 

mixture, slightly higher than the organic acid's pKa value but lower than the 

nanocomposite's surface charge (pHzpc), can speed up the photodegradation rate of 

chlorophenoxyacetic acid. According to Abdullah et al., (2013), this method 

guarantees that the deprotonated acid interacts with the photocatalyst favourably, 

leading to faster reactions. Each organic dye has a different pKa value, and the point 

of zero charge differs for each photocatalyst. Because pH is essential, the reaction must 

be carefully controlled, and the settings must be optimised [Trellu et al., (2016)].  

1.8 Surface effect 

According to Sarkar et al., (2016), the catalyst's crystallinity is a key factor in 

the overall efficiency. Because they can absorb more reactants, heterogeneous 

catalysts with large surface areas usually work better. Doping with SnO2 changes and 

disrupts the metal oxide's crystal structure, reducing crystal size and increasing active 

surface area. So, SnO2 doping serves a twofold purpose: it changes the semiconductor's 

electrical characteristics by reducing the band gap, and it increases the catalyst-
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pollutant contact area all at once [Alanko et al., (2012)]. This effect was visible in our 

group's experiments using SnO2 samples doped with various metals at different 

concentrations. The photocatalyst's surface area rose, enhancing catalytic activity in 

every case. There was a consistent rise up to a different threshold for every pollutant 

(based on things like ion size and charge). 

1.9 Objectives of study 

We utilise the co-precipitation and hydrothermal method to fabricate a hybrid 

heterojunction nanocomposite. The optimal components for this nanocomposite would 

consist of g-C3N4, melamine, and tin oxide (SnO2). This procedure will be carefully 

considered and our primary focus will be on nanoparticle development and research. 

The production of these nanoparticles will include utilising plant extracts derived from 

several plants, such as the stink bean (Parkia speciosa), jackfruit (Atocarpus 

heterophyllus), and lemon (Citrus x lemon). Sreeja et al. (2021) have reported that 

carbohydrates are the primary chemical constituents of both the stink bean (Parkia 

speciosa) and the jackfruit (Atocarpus heterophyllus L). Moreover, these substances 

encompass a wide array of constituents, including vitamin C, phenolic compounds, 

flavonoids, riboflavin, thiamine, beta-carotene, fatty acids, iron, and volatile oils, 

among numerous others. The flavonoids, phenolic content, and other components 

present in the plant extract facilitate the oxidation and reduction reactions that create 

nanoparticles. When visible light hits them, the g-C3N4 semiconductor with a small 

bandgap and the SnO2 semiconductor with a broad bandgap join to make a p-n 

heterojunction. This could create a lot of electron-hole pairs. Visible light effectively 

separates the electron-hole pairs generated by photons, leading to a substantially 

increased level of active photocatalyst.  

The composite, synthesised with the aid of Fe3O4, demonstrates magnetically 

active characteristics. Another advantage is that applying an external magnet will 

improve the retrieval of the nanocomposite photocatalyst. Magnetic separation offers 

more benefits than centrifuge or filter paper filtration methods. The latter process 

would not alter the photocatalyst's shape, size, or structure, which could potentially 

affect the former's photocatalytic activity. Reusing the catalyst could improve the 
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photocatalyst's efficiency in terms of cost. Using the green synthesis method, the 

objective is to generate oxides and their heterojunctions, or nanocomposite products. 

These plants are easily accessible in the north-east area of India and have therapeutic 

characteristics. Advanced analytical techniques and procedures, such as X-ray 

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), were used to examine 

the oxides and their heterojunction nanocomposites. These procedures yield essential 

data regarding the distinctive properties of the oxides, encompassing their structure, 

dimensions, and other attributes. A more in-depth look at the catalysts' magnetic 

properties was done using techniques like scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy 

(EDX), Fourier transform infrared spectroscopy (FT-IR), Ultraviolet-visible and 

photoluminescence spectroscopy, and Vibrational sample magnetometer (VSM). 
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CHAPTER 2 

METHODOLOGY 

 

2.1 MATERIALS AND APPARATUS 

Easily accessible plants in any Mizoram market were utilised to make the plant 

extract, including stink bean (Parkia speciosa), lemon (Citrus x lemon), and jackfruit 

(Atocarpus heterophyllus L). The following chemicals were sourced from India: 

Merck (ferric nitrate, ammonium ferrous sulphate, and tin dichloride pentahydrate), 

HiMedia (melamine), Alfa aesar (praseodymium chloride, and yttrium acetate). Sd 

fine, India supplied the sodium hydroxide (NaOH), Sigma Aldrich, India the 

rhodamine B and methylene blue, and SRL, India, the 2,4-DCP and TCAA and AgNO3 

reagents, all of which are of analytical quality.  

All of the studies were carried out using ion-free distilled water. In order to 

eliminate ions from the water, we employed the Millipore distillation system (Direct-

Q3). An electronic balance (Mettler Toledo, model:ME104E) was used to measure the 

weight of each compound. The pH measurement was done using a pH-meter 

(Microprocessor pH Meter LT-50). A standard pH4.0, 7.0, and 12.0 buffer solution 

was used to calibrate the pH meter.  

2.1.1 X-Ray diffraction (XRD) 

The synthesised photocatalysts undergo XRD pattern analysis to determine their 

crystal structures and phase purity by analysis of XRD patterns. We determined the 

XRD patterns of the nanocomposite using an XRD machine (XRD-Rigaku, Smartlab, 

IIT, Dhanbad) to determine the nanocomposite's XRD patterns. Before insertion into 

the machine, the desiccated nanocomposite is placed either on a glass slide or in a 

sample container; then, the material is introduced into the machine.  

In addition, the software in the machine was used to establish the operational 2θ 

ranges (0–80º) at 0.05º/minute (2θ) scan rate for the analysis of all nanocomposites 

synthesis in this study, and all measurements were conducted at room temperature. 
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2.1.2 UV-visible Spectroscopy 

UV-visible spectroscopy is a potent analytical method used extensively in 

chemistry to examine how matter interacts with ultraviolet (UV) and visible light. This 

approach is used in many different areas of chemistry and yields valuable information 

about the electronic structure of molecules.  

In chemistry, UV-visible spectroscopy is used in the following important ways: 

Quantitative examination of chemical substances is frequently performed using UV-

visible spectroscopy (Evolution 220, Thermo Scientific). Using existing calibration 

curves, the concentration of a material in a sample can be ascertained by measuring 

the absorbance of light at particular wavelengths. Because of this, UV-visible 

spectroscopy is a crucial technique in industries including biochemistry, 

pharmaceuticals, and environmental monitoring. Chemical reactions can be observed 

in real-time using UV-visible spectroscopy.  

By tracking variations in absorbance throughout the reaction, researchers can 

learn more about a reaction's kinetics, locate intermediates, and improve reaction 

conditions. This will be very helpful for studies on catalysis and organic synthesis. 

Environmental chemistry uses UV-visible spectroscopy to measure the concentration 

of various compounds in environmental samples, identify pollutants, and monitor 

water quality. The basic principle behind this method is the Beer-Lambert Law, which 

states that the absorbance (A) of a solution is directly proportional to the concentration 

(c) of the absorbing species and the path length (l) of the sample: 

A = ε. C. l 

Where A is the absorbance, ε is the molar absorptivity (also known as the extinction 

coefficient) of the absorbing species at a specific wavelength, l is the path length of 

the sample (typically measured in centimeters), C is the concentration of the absorbing 

species in solution (usually in molarity, M). The molar absorptivity (ε) is a constant 

for a given substance at a particular wavelength and is usually determined 
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experimentally. It depends on the chemical structure of the molecule and the 

wavelength of light being absorbed. 

2.1.3 FT-IR Spectrophotometer 

Fourier transform infrared spectroscopy (FT-IR) technique with the ATR 

method can be used to determine the vibrational spectra of a material. We can readily 

study the FT-IR spectra to determine whether the sample contains water molecules 

adsorbed throughout the manufacturing process. A conventional approach involves 

utilising a small amount of the powdered material to analyse FT-IR spectra, typically 

within the wavelength range of 400 to 4000 cm-1. In order to record the FT-IR spectra 

of all of the manufactured nanocomposites, a FT-IR spectrometer manufactured by 

Shimadzu (Iraffinity-1s) utilised the ATR technique. 

 

2.1.4 Scanning Electron Microscope (SEM) and (EDAX) 

The synthesised photocatalysts were examined using scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDAX) with a FE-

SEM-Zeiss Supra 55 instrument to ascertain their morphology and elemental 

composition. We applied the nanocomposite to carbon-coated tape and used a blower 

to expel it forcefully in order to streamline the process of obtaining measurements. 

After being inserted into the sample chamber of the scanning electron microscopy 

(SEM) machine, a high voltage is used to scan the tape. We recorded the image 

obtained from the scanning electron microscope (SEM). Further, we scanned a specific 

area of the scanning electron microscope (SEM) image to measure the EDAX bands. 

Subsequently, we presented the components inside that particular area as a visual 

representation resembling a spectrum and documented it for future reference. 

2.1.5 Transmission Electron Microscope (TEM) 

The size, shape, and crystallinity of the sample can be assessed by evaluating the 

TEM pictures, HRTEM patterns, and SAED patterns produced from the transmission 

electron microscopy (JEM-100CX II instrument) at IIT Dhanbad. Operating voltage 

of TEM analysis was at the range of 200-300 KeV. In order to capture the offered 

images, it was essential to dissolve the powder sample into a solvent and distribute it. 
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For example, methanol has undergone ultrasonic agitation for thirty minutes. After 

dispersing the particles, we extracted a small quantity and placed it on the surface of a 

carbon-covered copper grid. Subsequently, we allow the item to be desiccated in the 

immediate vicinity before inserting it into the apparatus to capture the required 

photographs. 

2.1.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is crucial in offering comprehensive 

insights into materials' composition, chemical state, and electronic structure. Further, 

X-ray photoelectron spectroscopy (XPS) is crucial in chemistry because it can analyse 

the surface of materials, making it highly valuable. It provides information on the 

elemental composition and chemical states of atoms within the sample's uppermost 

nanometers. Understanding surface reactions, catalysis, and the behaviour of thin 

coatings is crucial. It can differentiate between various chemical states of components 

in a sample. Precise information is essential for determining oxidation states, 

coordination environments, and chemical bonding, which provide a valuable 

understanding of the reactivity and stability of materials. It enables the measurement 

and evaluation of the precise amounts of elements present. We can estimate the 

concentration of each element on the surface by quantifying the intensity of 

photoelectron peaks. Precise composition management is crucial in sectors like 

materials research, as it has significant value. It is efficient in detecting and measuring 

surface pollutants. This is especially crucial in areas like electronics and 

manufacturing, where even small levels of contaminants can substantially affect the 

quality of materials. Catalysis research commonly uses it to examine the active sites 

and changes in the chemical states of catalysts during reactions. In this present 

investigation, XPS-PHI (5000 Versa Probe III) at IIT Dhanbad was used to determine 

the prepared nanocomposite's chemical composition and binding states. This 

information is essential for enhancing catalytic processes and developing catalysts 

with higher efficiency. It offers vital insights into the electrical configuration of 

materials, particularly the energies required to bind electrons.  
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2.1.7 Photoluminescence Spectrophotometer 

We used a photoluminescence spectrophotometer (F-7000, Hitachi) to determine 

the excitation and emission of the as-prepared nanocomposite. Photoluminescence 

spectroscopy often determines the wavelengths of excitation and emission of a sample. 

During this particular spectroscopy, it was necessary to determine an excitation 

wavelength (the wavelength that exhibited the highest absorption) in order to 

determine an emission wavelength and vice versa. In most instances, the 

photoluminescence spectra demonstrate the presence of second-order spectra as well; 

when the proper filters are not used, it is possible to eliminate them with an appropriate 

filter. 

2.1.8 BET (Brunauer-Emmett-Teller) 

The BET (Brunauer-Emmett-Teller) method is a crucial approach in surface 

chemistry and materials science. Materials primarily use it to determine their specific 

surface area and porosity. The significance of BET in chemistry is apparent in a variety 

of applications. Here are several essential elements that emphasize its importance: The 

fundamental objective of the BET method is to quantify the specific surface area of 

materials with pores. It is essential to comprehend the magnitude of the material's 

surface area, which is accessible for interactions, adsorption, and chemical reactions. 

The specific surface area is essential in catalyst design, adsorption study, and material 

development with pores. People commonly use it to evaluate the adsorption properties 

of materials such as zeolites, activated carbons, and metal-organic frameworks. 

Comprehending the surface area and pore structure assists in forecasting and 

enhancing the adsorption capacity for gases, liquids, or solutes. BET analysis is useful 

for determining the size and distribution of pores in materials with a porous structure, 

such as nanoporous solids and membranes. This knowledge is vital for gas separation, 

water purification, and drug delivery systems. The Brunauer-Emmett-Teller (BET) 

method is highly valuable in physisorption investigations, namely for the adsorption 

of gas molecules onto a solid surface without any accompanying chemical reactions. 

This is relevant for examining the interaction between gases and materials and 

predicting gas storage capabilities. Environmental chemistry uses BET to analyze soil 

and sediment samples. Comprehending the precise surface area of these materials is 
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essential for evaluating their ability to absorb and trap impurities and pollutants. 

Industries that manufacture materials with specified surface area requirements, such 

as catalysts or adsorbents, utilize the BET method for quality control. This method 

guarantees uniformity in the production process and the intended functionality of the 

end product. The Brunauer-Emmett-Teller (BET) (NOVA 1000E) at Tezpur 

University analyzes and describes the surface properties of nanoparticles in this study 

of ternary nanocomposites.  

2.1.9 Total Organic Carbon (TOC) 

TOC analysis is an essential chemistry approach for evaluating environmental, 

pharmaceutical, and water quality assessments. The underlying mechanism of Total 

Organic Carbon (TOC) analysis entails quantifying the aggregate quantity of carbon 

contained in organic components within a given sample. Various techniques are 

employed to ascertain the total organic carbon (TOC) content. However, the 

fundamental concept revolves around the oxidation of organic carbon into carbon 

dioxide (CO2) and subsequently quantifying the resulting CO2. It is commonly used to 

assess the quality of water, soils, sediments, and other environmental samples. The 

CO2 produced from the oxidation of organic carbon is measured using a detector, 

typically a non-dispersive infrared (NDIR) detector. The amount of CO2 is directly 

proportional to the TOC content in the sample and it is calculated based on the amount 

of CO2 detected. This is often done using calibration standards with known 

concentrations of organic carbon to ensure accuracy and precision. Determining total 

organic carbon (TOC) yields essential data regarding the amount of organic matter in 

a given sample. This information is particularly significant in a range of applications, 

including evaluating the effects of human activities on natural ecosystems in 

environmental studies. It aids in monitoring organic contaminants, comprehending the 

biodegradability of organic substances, and assessing the efficacy of remediation.  

2.1.10 Vibrating Sample Magnetometry (VSM) 

Vibrating Sample Magnetometry (VSM) is a commonly employed experimental 

method that measures the magnetic properties of different materials. VSM is an 

important tool in chemistry because it lets scientists study the magnetic properties of 

different materials, such as ferromagnetic, antiferromagnetic, and paramagnetic 
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compounds. This resource provides extensive information on magnetic properties, 

including magnetic moment, coercivity, and susceptibility. Materials science employs 

the VSM to examine and enhance the magnetic characteristics of materials. When 

developing magnetic materials used in data storage, sensors, and medicinal 

applications utilising magnetic nanoparticles, it is essential to evaluate this aspect 

carefully. The VSM (model 7400 series, at IIT Guwahati) is used to study the magnetic 

nanoparticles in photocatalysis. By utilising an external magnetic field, magnetic 

catalysts may be easily separated from reaction mixtures, allowing for their repeated 

usage and improving the overall efficiency of catalytic processes.  

2.1.11 Liquid Chromatography-Mass Spectrometry (LCMS) 

LC-MS, or Liquid Chromatography-Mass Spectrometry, is a highly effective 

analytical method employed for the purpose of separating, identifying, and quantifying 

the various constituents present in a combination. The working premise of this system 

integrates two primary methodologies: liquid chromatography and mass spectrometry. 

In LC-MS, the liquid chromatograph's effluent is directly fed into the mass 

spectrometer. The individual components that have been separated by the LC column 

enter the mass spectrometer sequentially.  

Mass spectra are obtained in a continuous manner as the components separate, 

giving information on the identity and amount of the chemicals in the sample. The 

substances can be identified by comparing the acquired mass spectra with databases 

or reference spectra. Moreover, the magnitude of the ions in the mass spectra can be 

utilised to measure the quantity of each component existing in the sample. 

The mass spectra acquired from LC-MS analysis are further processed and 

examined using dedicated software. This software facilitates the identification of 

chemicals in a sample by analyzing their mass-to-charge ratios and fragmentation 

patterns. Quantitative analysis can be conducted by comparing the intensities of 

specific ions to those of internal or external standards.  

Citrus x lemon, Parkia speciosa, and Artocarpus heterophyllus L leaves were 

gathered from Mizoram. The leaves underwent thorough shade-drying, followed by 

crushing into small fragments, and were thereafter stored in separate containers for 

future utilization. 
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2.2 Methods 

2.2.1 Plant extraction 

The Soxhlet extraction method is a conventional technique used to extract 

compounds from plant materials using a solvent. It allows for continuous extraction 

and can be particularly beneficial for extracting compounds from plants. In order to 

extract the desired components from the plant, a thorough dehydration process was 

carried out on the plant components. Subsequently, the dehydrated plant components 

were meticulously ground to obtain particles of an appropriate size for the extraction 

procedure. The measured amount of dehydrated plant material was used to determine 

the effectiveness of the extraction process and achieve the specified chemical 

concentration. The solvent used depends on the quantity of plant material and the 

desired concentration of extracted compounds. The Soxhlet extractor was assembled 

by placing the plant material into the thimble, or cellulose extraction thimble, which 

was then inserted into the Soxhlet extractor. Next, the Soxhlet extractor was connected 

to a round-bottom flask placed beneath it and a condenser positioned above it. The 

round-bottom flask was filled with 200 mL of ethyl acetate. Next, the solvent in the 

round bottom flask was heated to a temperature of 80ºC or until it reached its boiling 

point. The temperature was then maintained steadily using a heating mantle with 

temperature control. 

As the solvent evaporates, it rises through the Soxhlet extractor and extracts 

compounds from the plant material. The concentrated solvent is returned to the round-

bottom flask, therefore completing the extraction process. The continuous extraction 

method optimises the extraction efficiency to its total capacity. The Soxhlet device is 

operated for 3 days to extract compounds from the plant material thoroughly. After 

extraction, remove the Soxhlet apparatus from the heat source and let it cool down to 

the surrounding temperature. Obtain the round-bottom flask containing the extract 

from the Soxhlet apparatus and transfer the extract to a sterilised round-bottom flask. 

In order to concentrate the extract, a rotary evaporator was used to evaporate the 

solvent while applying low pressure and mild heating. This stage involves the removal 

of the ethyl acetate solvent, which leads to preserving the extracted compounds. To 
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retain the integrity of the concentrated extract, store it in an appropriate container, such 

as a vial or amber bottle, at a temperature of -40ºC until it is ready for further analysis 

or usage.  

2.2.2 Preparation of Fe3O4 magnetic Nanoparticles by using plant extract 

Synthesized Fe3O4 magnetic nanoparticles using a slightly modified version of 

the process described by Soto et al. [Soto-Robles et al., (2019)]. This was 

accomplished by mixing 7.80 g of ferric nitrate and 4.40 g of ammonium ferrous 

chloride in a 2:1 solution with 20 mL of deionized water. A 5 M sodium hydroxide 

solution was rapidly added to the previously described solution, or additional sodium 

hydroxide solution was added to reach a pH of 9 while violently stirring. 2 mL of plant 

extract (Parkia speciosa) was used as capping or reducing or oxidizing agent to 

decrease the aggregation of Fe3O4. Later on, the mixture was autoclaved under 

atmospheric pressure for 12 hours at 120°C. We gradually cooled the autoclave to 

room temperature after sealing it. We removed the precipitate with a magnet and 

cleaned it several times with a 1:1 mixture of ethanol and water until the pH reached 

7.0. After that, they were dried for 12 hours at 60°C in a hot air oven to produce more 

binary or ternary nanocomposites.  

 

2.2.3 Preparation of SnO2 

The initial steps in synthesising SnO2 involved mixing SnCl2.5H2O with a 4M 

NaOH solution. In a beaker, 2g of SnCl2 and 20 mL of water were mixed, and then, 

after that, they were set on a magnetic stirrer set to 60°C. We heated and stirred the 

SnCl2 beaker while slowly adding NaOH until the pH level reached 8. The precipitate 

formed immediately after NaOH was added. A 2 mL plant extract (Parkia speciosa) 

was then used as a capping agent to reduce the nanocomposite's excessive adherence. 

Autoclaving, which entails subjecting the solution to a temperature of 110°C for 10 

hours while maintaining high pressure, is followed by vigorous stirring on a magnetic 

stirrer for another 2-3 hours. After the autoclave cooled to ambient temperature, we 

spun the solid substance at 5500 rpm and repeatedly washed it with water and ethanol 

until the pH reached 7.0. The subsequent step was to dry the SnO2 in a hot air oven at 

60°C for 12 hours. After that, they were dried for 12 hours at 60°C in a hot air oven to 
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produce more binary or ternary nanocomposites which can be utilized in 

environmental applications such as water purification and air treatment by degrading 

organic pollutants and harmful gases under UV or LED light irradiation. 

 

2.2.4 Preparation of g-C3N4 

30 g of melamine were placed in an alumina crucible, which was covered with a 

lid, and calcined in a muffle furnace at 500ºC for 2 hours. We obtained the g-C3N4 

powder through a neat crusting process. We might then use it to make a binary or 

ternary photocatalyst. 

2.2.5 Preparation of Fe3O4/SnO2 nanocomposite 

The Fe3O4 magnetic nanoparticles were dispersed by sonicating 2g of the as-

prepared material with 20 mL of deionized water in a beaker for one hour. In order to 

create a binary nanocomposite of Fe3O4 and SnO2 at a ratio of 1:3, the chemical 

SnCl2.5H2O (6g) was added. The mixture was rapidly agitated after adding a 5 mL 

portion of a 5M sodium hydroxide solution, or more volumes were added until the pH 

reached 9. The nanocomposite aggregation was then minimised by using a 2 mL 

quantity of plant extract (Parkia speciosa) as a capping agent. Later on, the mixture 

was autoclaved under atmospheric pressure for 12 hours at 120°C. We used a magnet 

to draw out the residue after bringing the autoclave to room temperature and washed 

it with a 1:1 ethanol/water solution until the pH reached 7.0. 12 hours drying process 

was performed on the Fe3O4/SnO2 (FS) combination in a hot air oven set at 60°C to 

create ternary nanocomposites. 

2.2.6 Preparation of Fe3O4/g-C3N4 nanocomposite 

2g of Fe3O4 magnetic nanoparticles were sonicated in a beaker for an hour in 20 

mL of deionized water, to which 6g of g-C3N4 was added to get a 1:3 wt/wt Fe3O4/g-

C3N4 (FG) binary nanocomposite. After rapidly spinning, we added 5 M sodium 

hydroxide to reach pH ~9; then, we added 2 mL of plant extract (Parkia speciosa) to 

reduce nanocomposite agglomeration by acting as a capping agent. Autoclaving the 

solution at 120°C for 12 hours at atmospheric pressure was done. After the autoclave, 

we slowly and gently brought the solution down to room temperature. The precipitate 
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was retrieved using an external magnet and rinsed with a solution of ethanol and water 

in a 1:1 proportion until the pH level equalled 7.0. In order to increase the production 

of ternary nanocomposites, after being heated to 60°C for 12 hours, the material was 

air-dried in an oven with hot air. 

 

2.2.7 Preparation of Fe3O4/SnO2/g-C3N4 

20 mL of de-ionized water was added to a beaker containing 2g of Fe3O4/SnO2 

magnetic nanoparticles, and then the mixture was sonicated for an hour. In order to 

create this ternary nanocomposite Fe3O4/SnO2/g-C3N4, 2g of g-C3N4, which is 

melamine that has been calcinated at 500°C and 2 mL of plant extract (Parkia 

speciosa) was added and stirred for three hours at 70ºC. Afterwards, the solution was 

autoclaved under atmospheric pressure for 12 hours at 120°C. After gradually cooling 

the autoclave to room temperature, we extracted the magnetic precipitate. We then 

repeatedly washed the precipitate with a 1:1 mixture of ethanol and water until its pH 

reached 7.0. Following a 12 hour drying procedure in a hot air oven set at 60°C, the 

Fe3O4/SnO2/g-C3N4 composite having a 1:1 ratio of Fe3O4/SnO2 and g-C3N4 was 

obtained, named FSG1, was further dehydrated using acetone. In this manner, we have 

synthesized several nanocomposites, FSG2 and FSG3, consisting of Fe3O4/SnO2/g-

C3N4, with different amounts of g-C3N4 (specifically, 4g and 6g) and a fixed amount 

of 2g of Fe3O4/SnO2 respectively. The primary objective of this composite was to 

induce dye degradation. 

2.2.8 Preparation of Fe3O4/Ag-doped g-C3N4 

In a beaker filled with 20 mL of deionized water, 2 g of Fe3O4 magnetic 

nanoparticles were sonicated for an hour; following this, 6 g of g-C3N4 (calcinated 

melamine) was combined and sonicated for a further 2 hours. Subsequently, the 

aforementioned beaker was moved onto a magnetic stirrer, and 0.16g (or 1 wt.% of g-

C3N4) of silver nitrate was added. We then let it stir at room temperature for an 

additional hour. Following a quick spin, we added 5M sodium hydroxide to bring the 

pH down to about 9. Next, we added 2 mL of plant extract (Atocarpus heterophyllus 

L), which served as a capping agent to lessen the agglomeration of the nanocomposite. 

The autoclave was set at 120°C with air pressure for 12 hours to sterilise the solution. 
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After autoclaving, the temperature was lowered to room temperature. In order to clean 

it, we used a 1:1 mixture of ethanol and water until the pH hit 7.0, after which we used 

an external magnet to remove the precipitate. In order to facilitate the design of ternary 

nanocomposites, the material was heated to 60°C for 12 hours and then air-dried in an 

oven using hot air. We have designated the final dried Fe3O4/Ag (1 wt.%)-doped g-

C3N4 as FAG1. In this manner, we have synthesised several Fe3O4/Ag-doped g-C3N4 

nanocomposites, designated FAG2, FAG3, FAG4, and FAG5, with varying weights 

of silver nitrate (i.e., 3, 5, 7, and 9 wt.%) relative to the weight of g-C3N4 respectively. 

2.2.9 Preparation of Fe3O4/Ag-doped SnO2 

In a beaker, 20 mL of de-ionised water was used to sonicate 4 mg of Fe3O4 

magnetic nanoparticles for one hour, adding 12 mg of SnO2. The mixture was then 

mixed with a magnetic stirrer at 70°C for 2 hours after adding a precisely calculated 

amount of AgNO3 (12 mg). We heated and stirred the solution again, then added drops 

of sodium hydroxide until the pH reached 8. We then applied a coating agent 

consisting of 2 mL of Parkia speciosa plant extract to prevent excessive clumping of 

the nanocomposite. Magnets were used to remove the precipitate after the solution had 

cooled to room temperature after being autoclaved at 110°C for 10 hours. We used a 

solution of ethanol and water (1:1) for several washes until the pH reached 7.0. 

Fe3O4/Agx: SnyO2 (x:y = 1:1), named FAS1, which has been dried for 10 hours in a 

60°C hot air oven, was then further dehydrated with acetone. Then, various Fe3O4/Agx: 

SnyO2 nanocomposites were created with a different weight ratio of Ag (36, and 4 mg) 

relative to the weight of Fe3O4/SnO2 and these nanocomposites were named FAS2, 

and FAS3, respectively. We stored the precipitates of FAS1, FAS2, and FAS3 with 

extreme care to conduct thorough research into their characteristics and potential uses. 

2.2.10 Preparation of Fe3O4/Pr3+: SnO2 nanocomposite with plant extract 

(jackfruit leaves). 

The standard starting materials used were Fe3O4 and SnCl2, together with PrCl3 

and 4 M NaOH. A mixture of Fe3O4 (2mg), SnCl2.5H2O (6mg), i.e., in the ratio of 1:3 

(wt./wt.), and 20 ml of water was combined in a beaker. A precisely measured amount 

of PrCl3 (0.068mg) was incorporated into this blend, and then, at 70°C, the combined 
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ingredients were mixed for 2 hours using a magnetic stirrer. We heated and stirred the 

mixtures, adding sodium hydroxide drops until the pH reached 8. Following this, a 2 

mL quantity of plant extract (Artocarpus heterophyllus L) was utilised as a coating 

agent to prevent excessive agglomeration of the nanocomposite. Subsequently, the 

solution underwent autoclaving at 110°C for 10 hours, and after that, the autoclave 

was lowered to room temperature gradually, and a magnet was used to extract the 

precipitate. It was washed many times with a mixture of ethanol and water in a 1:1 

ratio until the pH reached 7.0. After a 10 hour drying process in a hot air oven at a 

temperature of 60°C, the Fe3O4/(1 at.%)Pr3+:SnO2, named FPS1, was further 

dehydrated using acetone. In this manner, we have synthesised several Fe3O4/Pr3+-

doped SnO2 nanocomposites, designated FPS2, FPS3, FPS4, and FPS5, with varying 

atomic percentages of praseodymium (i.e., 3, 5, 7, and 9 at.%) relative to the weight 

of Fe3O4/SnO2 respectively. We preserved the FPS1, FPS2, FPS3, FPS4, and FPS5 

precipitates with great care to conduct meticulous analysis and investigation of their 

properties and potential uses. 

2.2.11 Preparation of Pr3+,Y3+ co-doped tin dioxide with ferrous ferric oxide 

(Fe3O4/Pr3+,Y3+: SnO2) (FPYS with different at.%) 

The Fe3O4/Pr3+,Y3+:SnO2 samples were synthesised using the hydrothermal 

technique, in which SnCl2 (6mg), Y(NO3)3 (0.112mg), Pr (CH3CO2)3 (0.129mg), and 

prepared Fe3O4 (2mg) were dissolved in 20 mL of distilled water in a beaker. The 

mixture was subjected to magnetic stirring for 3 hours at a temperature of 70°C. 

Subsequently, the acidity level of the combination was assessed, and to neutralise the 

acidic solution, 4 M NaOH was gradually added until the pH approached 8. Upon 

adding and stirring the 2 mL of plant extract (Parkia speciosa) extract as a coating 

agent to prevent excessive agglomeration of the nanocomposite for a further 4 hours, 

we saw the formation of black-coloured precipitation. Next, the solution was 

autoclaved at 110°C for 10 hours. After gradually cooling the autoclave to room 

temperature, we separated the resulting precipitate using an external magnet and 

washed it several times with a solution containing equal proportions of water and 

ethanol until the pH level reached 7.0. Following a 10 hour drying period in a hot air 

oven set at 60°C, the material named FPYS1 (consisting of Fe3O4/(1 
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at.%)Pr3+,Y3+:SnO2 was further dehydrated using acetone. In this manner, we have 

synthesised several Fe3O4/Pr3+,Y3+-codoped SnO2 nanocomposites, designated 

FPYS2, FPYS3, FPYS4, and FPYS5, with varying atomic percentages of 

praseodymium and Yttrium ions (i.e., 3, 5, 7, and 9 at.%) relative to the weight of 

Fe3O4/SnO2 respectively. We preserved the FPYS1, FPYS2, FPYS3, FPYS4, and 

FPYS5 precipitates with great care to conduct meticulous analysis and investigation 

of their properties and potential uses. 

2.2.12 Characterization 

The nanoparticles underwent UV-visible spectrocopy, FT-IR, XRD, FESEM, 

HRTEM, XPS, PL, EPR, BET, TOC, VSM and other analyses after their hydrothermal 

production. The measurement of XRD verified the phase purity of the nanocomposite. 

2.2.13 Photocatalytic studies 

The irradiation solution's absorption intensity was assessed to examine the 

photocatalytic efficiency of the prepared ternary nanocomposite. For this, rhodamine 

B (RhB), methylene blue (MB), 2,4-dichlorophenol (2,4-DCP), and trichloroacetic 

acid (TCAA) were used as model pollutants. We sonicated the nanocomposite in an 8 

ppm pollutant solution for 30 min in the dark to complete the adsorption-desorption 

process. The suspension was then irradiated by an LED light at 15 cm above the 

solution for 30 min, which was kept on a magnetic stirrer. The nanocomposite's dyes 

or pesticides degradation efficiency was calculated from the starting and finishing 

concentrations, and absorption intensity was recorded by a thermoscientific UV-

visible spectrophotometer.                                       

2.2.14 pH effect 

The pH level can significantly impact the process of photodegradation reactions, 

particularly in water-based environments. The pH can impact the rate and mechanism 

of photodegradation processes through various means. Various chemicals can exist in 

different ionisation states based on the pH of the solution and can exhibit varied levels 

of vulnerability to photodegradation. For example, acidic or basic conditions can either 

facilitate or impede the creation of reactive intermediates that drive photodegradation. 

pH-dependent parameters, such as the presence of reactive species, the stability of 
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intermediates, and the effectiveness of light absorption, affect the rate of 

photodegradation reactions. Under some circumstances, particular pH conditions can 

either accelerate or impede the photodegradation rates and influence the stability of 

both the substrate and the photoproducts. For example, alterations in pH can result in 

the creation of either more stable or less stable intermediates, which can impact the 

overall effectiveness of photodegradation. Further, it influences the formation of 

reactive species, like free radicals or excited states, often involved in photodegradation 

processes. Changes in pH can alter the pathways leading to the production of these 

reactive species, thereby influencing the entire degradation process. This investigation 

used HCl or NaOH to create various pH solutions or ranges from 5 to 10. 

2.2.15 Dosage studies 

The dosage effect of a photocatalyst pertains to the impact of the quantity or 

concentration of the photocatalyst on the efficiency and outcome of a photocatalytic 

reaction. The photocatalytic process is generally maximised by finding the best 

concentration or dosage of photocatalyst. When dosages are lower than the ideal level, 

the reaction may occur slower because only a limited number of active sites are 

available for catalysis. On the other hand, when using greater dosages, an excessive 

amount of photocatalyst might cause the particles to clump together or form a 

protective layer, decreasing the amount of surface area accessible for the reaction. The 

dose of the photocatalyst can impact the reaction kinetics by influencing aspects such 

as the pace at which reactants are adsorbed onto the surface of the catalyst, the rate at 

which charge carriers are generated and migrate, and the rate at which surface reactions 

occur. The quantity of photocatalysts can affect mass transport phenomena, such as 

reactants and products moving to and from the catalyst's surface. Elevated 

concentrations of photocatalysts can result in heightened mass transport restrictions, 

especially if the catalyst particles coalesce or if the reaction takes place in a restricted 

area, which influences the light absorption characteristics of the reaction mixture. The 

presence of photocatalyst particles at elevated concentrations may scatter or absorb 

light, thereby reducing the penetration distance of light into the solution. Thus, the 

amount of photocatalyst required for a photocatalytic reaction directly impacts the 
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procedure's cost. Hence, optimising the dose to attain the desired reaction rate and 

product yield is crucial while simultaneously minimising the expense associated with 

catalyst usage. Furthermore, practical factors like the catalyst's availability, stability, 

and ease of separation may influence the selection of the most suitable dosage. 

2.2.16 Magnetic separation 

Magnetically active photocatalysts possess magnetic features that enable their 

effortless separation from reaction mixtures by applying an external magnetic field, 

facilitating their collection and reuse. The photocatalyst is permitted to facilitate the 

intended reaction when exposed to light until the reaction is fully completed or the 

necessary conversion level is attained. This may entail procedures such as the 

breakdown of pollutants, the production of hydrogen, or the creation of organic 

compounds. After the photocatalytic reaction is finished, administer an external 

magnetic field to the mixture of the reactions. Including magnetic nanoparticles in the 

photocatalyst enables it to be easily and efficiently separated from the solution by 

responding to a magnetic field. This can be accomplished by using either a magnet or 

a magnetic separator. This step is crucial for preserving the effectiveness and 

specificity of the photocatalyst for subsequent reactions. In order to eliminate any 

remaining solvent and moisture, it is necessary to subject the washed photocatalyst to 

a vacuum or an optimal temperature for drying. Thorough drying is crucial to avoid 

the clumping or breakdown of the photocatalyst when it is stored or used again. 
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CHAPTER 3 

RESULTS AND DISCUSSIONS 

 

3.1 Effect of g-C3N4 on SnO2 in Fe3O4/SnO2/g-C3N4 ternary nanocomposite for 

degradation of dyes and pesticides. 

Designing photocatalysts that degrade organic contaminants like dyes and 

pesticides is important for environmental cleanup. The synergistic effects of its 

elements make ternary nanocomposites promising photocatalytic materials. The 

ternary nanocomposite Fe3O4/SnO2/g-C3N4 contains magnetite, tin oxide, and 

graphitic carbon nitride. Due to its broad band gap energy of SnO2, alone is inefficient 

under visible light. When mixed with other materials, it transports electrons and slows 

electron-hole pair recombination. g-C3N4 is a polymer made of carbon and nitrogen 

atoms which has unique 2D layered structure makes it thermally and chemically stable. 

As a photocatalyst and support material in composites, g-C3N4 improves 

photocatalytic component dispersion and stability and it has high electron mobility and 

stability characterize it. Due to its magnetic characteristics, Fe3O4 makes photocatalyst 

recovery and recycling easier. It makes the composite magnetic, allowing an external 

magnetic field to separate the photocatalyst from the reaction mixture.  

The nanocomposite Fe3O4/SnO2/g-C3N4 (FSG2) (with a ratio of Fe3O4/SnO2 and 

g-C3N4=1:2) exhibited excellent photodegradation of RhB dye (Sigma Aldrich) dye in 

an aqueous solution, as depicted in Fig. 3.1.1.  

 

 

 

 

 

 

 

Fig. 3.1.1 Degradation efficiency of as-prepared catalyst by exposing to UV and LED 

light. 
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Based on these studies, we discovered that a ternary nanocomposite with 1:2 of 

Fe3O4/SnO2 and g-C3N4 exhibited remarkable efficiency in the degradation of RhB 

when exposed to LED light. Our focus is on characterizing and exploring the 

applications of Fe3O4/SnO2/g-C3N4 (FSG2), which has 1:2 ratio of Fe3O4/SnO2 and g-

C3N4. 

3.1.1 Powder XRD analysis 

XRD is based on the constructive interference of monochromatic X-rays 

scattered by a crystalline sample. When X-rays interact with a crystal, they are 

diffracted at specific angles depending on the spacing between the crystal planes. 

Nanocomposites made of Fe3O4, SnO2, and g-C3N4 were compared to single 

components of Fe3O4 and SnO2 in their diffraction patterns. The diffraction pattern of 

the cubic inverse spinel Fe3O4 was determined to be in agreement with JCPDS No. 82-

1533, and the points at which the peaks occurred were 30.077°, 35.426°, 37.057°, 

43.054°, and 62.57°, respectively. These angles correspond to the miller indices (220), 

(311), (222), (400), and (440). The lattice parameters were all equal to 8.395 Å, and 

the cell volume was 591.717 cubic units. In contrast, the tetragonal rutile crystal phase 

of SnO2 (JCPDS No. 41-1445) have a cell volume of 71.163. The hkl planes of (110), 

(101), (111), and (310) corresponded to the diffraction peaks at 2θ = 26.611°, 33.893°, 

38.969°, 51.781°, and 65.939°, respectively. This nanocomposite displayed three sets 

of diffraction patterns, each signifying a crystal structure: cubic for Fe3O4, tetragonal 

for SnO2, and hexagonal for g-C3N4. The X-ray diffraction (XRD) pattern confirmed 

the synthesis of Fe3O4/SnO2/g-C3N4 nanocomposites, revealing the absence of 

impurity peaks corresponding to specific phases. The tetragonal structure of SnO2 

remains unchanged when Fe3O4 and g-C3N4 are added. By examining the diffraction 

peaks of Fe3O4 (311), SnO2 (110), and g-C3N4 (101), the Debye-Scherrer formula was 

used to determine the crystallite size of ternary nanocomposites of Fe3O4/SnO2/g-C3N4 

while the lattice parameters and cell volume of these preaperd catalyst were calculated 

by using unit cell volume software. We examined the particle and composite structure, 

as well as the grain size, using powder X-ray diffraction (XRD). Fig. 3.1.2(a)-(e) 

presented the X-ray diffraction patterns of nanocomposites made of Fe3O4, SnO2, 

Fe3O4/SnO2, Fe3O4/g-C3N4, and Fe3O4/SnO2/g-C3N4. 
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Fig. 3.1.2 Powder XRD pattern of (a) Fe3O4 (b) SnO2 (c) Fe3O4/ SnO2 (d) Fe3O4/g-

C3N4 (e) Fe3O4/SnO2/g-C3N4 (FSG2). 

 

We estimated the sizes and morphologies of the crystal samples using the Scherrer 

equation and XRD data and given in Table 3.1.1. 

D =
Kλ

βCos θ
     (3.1) 

Where, the average size of crystallites, D, in nm. The component K (0.89) represents 

the grain form factor, X-ray wavelength (λ) in nm and θ is Bragg diffraction angle. 

which is measured in nm, also affects the average size of crystallites.  

Table 3.1.1 presented the mean grain size, lattice characteristics, and volume of 

prepared Fe3O4, SnO2, Fe3O4/ SnO2, Fe3O4/g-C3N4, Fe3O4/SnO2/g-C3N4 (FSG2) 

samples. 

 

Sample 

 

Crystallite Size 

(nm) 

Lattice Parameters Cell volume 

a (Å) b (Å) c (Å) 

Fe3O4 27.116  8.395 8.395 8.395 591.717 

SnO2 14.586  4.732 4.732 3.177 71.163 

Fe3O4/SnO2 31.921  8.438 8.438 8.438 600.805 
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20.103  4.730 4.730 3.178 71.125 

Fe3O4/g-C3N4 31.695  

63.453  

8.382 

6.286 

8.382 

6.286 

8.382 

4.368 

589.108 

81.073 

Fe3O4/SnO2/g-

C3N4 (FSG2) 

33.268  

25.171 

63.478  

8.408 

4.754 

6.281 

8.408 

4.754 

6.281 

8.408 

3.198 

4.369 

594.440 

72.294 

80.961 

 

3.1.2 FT-IR analysis 

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an 

infrared spectrum of absorption or emission of a solid, liquid, or gas. It is widely used 

for identifying organic, polymeric, and, in some cases, inorganic materials by detecting 

their vibrational modes. Fe3O4, SnO2, and Fe3O4/SnO2/g-C3N4 (FSG2) 

nanocomposites are depicted in Fig. 3.1.3((a)-(d)) with their FT-IR spectra. The 

intensity of peaks might change due to the presence of multiple phases and broadening 

of peaks can suggest the formation of a more amorphous structure or indicate particle 

size effects. 

In nanocomposites of Fe3O4, SnO2, and Fe3O4/SnO2, the stretching and bending 

vibrations of water molecules are responsible for the noticeable absorption band 

between 1620 and 1682 cm-1 and 3426 and 3375 cm-1. Because of bending vibrations, 

a transmittance band at 1635 cm-1 is produced when asymmetrical water molecules are 

present. The carboxylate anion in the plant extract forms COO-Fe bonds when it reacts 

with the hydroxyl radical groups on Fe3O4. According to Yasser and Abdel-Monem 

(2016), absorption peaks at 1103 cm-1 and 1357 cm-1 are produced by this process.  

The broad absorption peak seen between 400 and 600 cm-1 was caused by the 

metal-oxygen (M-O) stretching mode. Sn-O bond stretching vibrations at 432 and 524 

cm-1 were seen in the Fe-O bending spectra of Fe3O4 nanoparticles.  

The absorption peaks at 1219 and 1319 cm-1 for C-N stretching revealed the 

respiration pattern of S-triazine derivatives, particularly trigonal C-N or bridging C-

NH-C units made from g-C3N4. The 432–524 cm-1 range also contains the metal oxide 

vibrations of Sn–O and Fe–O. At 1543 cm-1, the absorption peak is stronger for the N-

H bond in g-C3N4. In most cases, the nanomaterial's characteristics are unaffected by 

the addition of Fe3O4 and g-C3N4 to SnO2. 
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Fig. 3.1.3 FT-IR of a) Fe3O4 b) SnO2 c) g-C3N4 d) Fe3O4/SnO2/g-C3N4 (FSG2)  

3.1.3 UV-Visible Spectroscopy 

Confirmation of the necessary substance(s), preparation, and analysis of the band 

gap energies of the produced material or photocatalyst were carried out using the 

thermoscientific UV-visible spectrophotometer. As seen in Fig. 3.1.4 (a) and (c), the 

baseline was adjusted by utilizing double-distilled water within the 200 to 1000 nm 

wavelength range. Data from the UV-visible spectra were used to calculate the band-

gap energies using the Tauc plot method [Abdel-Monem et al., (2017)]. 

(αhϑ)1 n⁄ = A(hϑ − Eg)   (3.2) 

The absorption coefficient is denoted by α, and Eg stands for a fixed energy value. 

Light frequency, measured in electron volts (eV), is denoted by the symbol hϑ. When 

we use prepared photocatalysts, the value of n remains 1/2, despite potential changes 

based on the photocatalyst's transition. If we plot the (αhϑ)^(1⁄n) against hϑ on a graph 
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and then extrapolate the linear regression, we can find, Eg. As shown in Fig. 3.1.4 (b) 

and (d), the band gap energy of the nanocomposite as it was made is 2.35 eV. The band 

gap energies of Fe3O4, SnO2, and g-C3N4 are 1.726, 3.02, and 2.80 eV, respectively. 

 

Fig. 3.1.4 (a) UV-visible spectroscopy spectrum of Fe3O4 (b) Band gap Energy 

calculation of Fe3O4 (c) UV-visible spectroscopy spectrum of Fe3O4/SnO2/g-C3N4 

(FSG2) (d) Band gap Energy calculation of Fe3O4/SnO2/g-C3N4 (FSG2). 

3.1.4 SEM analysis 

We observed a condensed layer, possibly the porous structure of g-C3N4, on 

the surface of SnO2 in the composite (Fig. 3.1.5(a)). We found the same thing as other 

studies that looked at g-C3N4 and SnO2 together [Wang et al., (2022)]. This 

nanocomposite showed particle clusters. Small, crystalline formations, sometimes 

rough or porous, appeared. Layered, flaky g-C3N4 is usual in which particles were 

evenly distributed across the g-C3N4 matrix, resulting in thin, flat sheets or plates, 

occasionally stacked. The average crystallite size was determined to be 30.49nm. 
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Effective composite formation requires uniform particle size distribution and efficient 

intermixing in the g-C3N4 matrix. Fig. 3.1.5(b) displayed the EDAX spectrum that 

verified the sample components.  

The EDAX spectrum detected iron, tin, carbon, nitrogen, oxygen, and possibly 

other components produced from plant extracts. The EDAX of the Fe3O4/SnO2/g-C3N4 

(FSG2) nanocomposite showed that the carbon, nitrogen, oxygen, iron, and tin 

elements were all clearly visible. Elements C, N, O, and Fe had their emission maxima 

at 0.5, 0.6, 1, and 6.5 keV, respectively, whereas Sn has its emissions at 3.5 keV. Fig. 

3.1.5(c) presented the estimated average size of the as-prepared nanocomposite, which 

is 30.49 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.5 (a) SEM (b) SEM-EDAX of Fe3O4/SnO2/g-C3N4 (FSG2) (c) Average 

crystallite size. 
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3.1.5 TEM analysis 

By using transmission electron microscopy, examined the nanocomposite in 

their native states, which is presented in Fig. 3.1.6; the transmission electron 

micrograph of the magnetic nanocomposite of FSG2 showed primarily spherical 

particles ranging in size from 200.4 to 250.5 nm. The SAED pattern, corresponding to 

the tetragonal phase, showed nanocrystalline features, such as scattered dots and rings. 

In TEM images, SnO2 nanoparticles appeared as many little spheres. Although the 

hydrothermal method lowered the average size of the nanocomposite, it did not affect 

the sample's shape. Fe3O4, SnO2, Fe3O4/SnO2, Fe3O4/g-C3N4, and FSG2 have mean 

diameters of approximately (26-34), (14-32), (20-32), (31-64), (24-64), and (24-64) 

nm, respectively. These numbers agree with the powder XRD result, which estimated 

the grain size.  

The HRTEM pictures of FSG2 in Fig. 3.1.6(c) showed that the SnO2 

nanoparticles were much bigger than the Fe3O4 nanoparticles. We have confirmed a 

nanoheterojunction between the components, and the g-C3N4 matrix contains Fe3O4 

nanoparticles encased in SnO2. In Fe3O4 nanoparticles, the (333) plane corresponds to 

an interplanar spacing of 0.161 nm. The 0.211 nm lattice fringe observations revealed 

the optimal development of SnO2 nanoparticle crystals in the (210) direction. In 

addition, SnO2 and g-C3N4 created a heterojunction with different energy, and it is 

easier for electrons and holes to migrate and separate when this heterojunction is 

present. Thus, not only increasing photocatalytic performance, the design of this 

heterojunction prevented electron-hole pair recombination. Finally, the efficient 

transport of electrons and holes between g-C3N4 and SnO2 is essential for 

photocatalytic activities.  

                 

  

(Fe3O4)

(SnO2)
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Fig. 3.1.6 (a-b) TEM Images, (c) HRTEM image and (d) SAED Image. 

 

3.1.6 XPS studies 

 We examined the surface chemical composition of the FSG2 magnetic 

nanocomposite using X-ray photoelectron spectroscopy (XPS). The XPS spectrum 

analysis confirmed the presence of carbon, tin, iron, nitrogen, and oxygen (Fig. 

3.1.7(a)), confirming the nanocomposite's composition as FSG2. The C1s spectra 

displayed two separate peaks at 285.18 and 287.4 electron volts (eV), as illustrated in 

Fig. 3.1.7(b). The adventitious carbon is created by the sp2 C-C interaction, which 

gives the g-C3N4 molecule energy of 285.18 eV. The signal at 287.4 eV is due to the 

nitrogen-carbon interaction in the carbon-containing hexagonal ring structure of g-

C3N4. Fig. 3.1.7(c) showed the N-atom of the carbon-nitrogen-carbon ring (at 398.78 

eV) and the carbon-nitrogen-hydrogen ring (at 403.12 eV) in the presence of tertiary 

N-bonded groups; this area was shown to be significant according to the inquiry 

[Sheng et al., (2014)]. Fig. 3.1.7(d) revealed the detection of two peaks in the high-

quality Sn3d XPS data, which correspond to SnO2. The Sn's 3d5/2 and 3d3/2 electronic 

states corresponded to the peaks observed at 485.96 eV and 496.41 eV, 

respectively. Fig. 3.1.7(e) [Zhijie et al., (2018)] shown that the peak at 531.94 eV in 

the O1s spectra, which is caused by oxygen vacancies and strongly adsorbed oxygen 

species, is due to the existence of lattice oxygen in SnO2 and Fe3O4. The XPS analyses 

showed that the Fe2+ and Fe3+ oxidation states of the Fe3O4 phase were responsible for 

the two peaks seen in the Fe2p spectra. After the restructuring, the peaks at 716.41. 
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Fig. 3.1.7((a)-(e)) XPS of Fe3O4/SnO2/g-C3N4 (FSG2). 

3.1.7 BET surface analysis 

The surface area and pore size of the Fe3O4/SnO2/g-C3N4 (FSG2) nanocomposite 

were computed using nitrogen adsorption-desorption experiments, as seen in Fig. 

3.1.8. The produced materials with percentages of Fe3O4/SnO2, Fe3O4/g-C3N4, and 

Fe3O4/SnO2/g-C3N4 had BJH pore diameters of 2.163, 2.446, and 2.863 nm, 

respectively. Summative mesopore volume for Fe3O4/SnO2, Fe3O4/g-C3N4, and 

Fe3O4/SnO2/g-C3N4 was 0.001, 0.032, and 0.061 cm3/g, respectively. Table 3.1.2 
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displays the properties of the BET surfaces, volumes, and diameters of the 

Fe3O4/SnO2, Fe3O4/g-C3N4, and Fe3O4/SnO2/g-C3N4 combinations. 

 

 

 

 

 

 

 

 

 

 

  Fig. 3.1.8 Brunauer-Emmett-Teller (BET) for Fe3O4/SnO2/g-C3N4 (FSG2). 

Table 3.1.2 presented the characteristics of BET surface area, pore volume, and pore 

diameter for Fe3O4/SnO2, Fe3O4/g-C3N4 and Fe3O4/SnO2/g-C3N4 (FSG2).  

Sample SBet (m
2/g) Pore Volume (cm3/g) Pore size (nm) 

Fe3O4/SnO2 0.356 0.001 2.163 

Fe3O4/g-C3N4 10.957 0.032 2.446 

Fe3O4/SnO2/ g-C3N4 (FSG2) 22.261 0.061 2.863 

 

3.1.8 Photoluminescence study 

The use of photoluminescence measurements to learn about the effectiveness of 

carrier separation and the length of photoexcited charge pairs is shown in Fig. 3.1.9. 

We obtained the photoluminescence spectra of pure Fe3O4, g-C3N4, Fe3O4/SnO2, and 

Fe3O4/SnO2/g-C3N4 (FSG2) using 365 nm excitation light. It was easy to discern the 

broad range of wavelengths in the g-C3N4 emission spectra, which fell between 400 

and 550 nm. In contrast to pure g-C3N4, the photoluminescence (PL) intensity of 

Fe3O4/SnO2/g-C3N4 composites was noticeably lower. According to Ong et al. (2014), 

reducing the peak intensity of photoluminescence (PL) slowed down the 

recombination of photoexcited charge pairs. Adding SnO2 to Fe3O4/SnO2/g-C3N4 

composites dramatically reduced the recombination rate of charge pairs (e-h+). This 
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was because SnO2 have a strong affinity for the g-C3N4 surface. The improved 

segregation efficiency of photogenerated carriers causes the increased involvement of 

electrons (e-) and holes (h+) in the photocatalytic system, including Fe3O4/SnO2/g-

C3N4. The PL intensity of the Fe3O4/SnO2/g-C3N4 nanocomposite was lower than that 

of g-C3N4 alone because it was better at separating charges and stopping electron-hole 

recombination. When exposed to light, g-C3N4 have to capture the electrons generated 

by SnO2 to facilitate charge separation. The photoluminescence (PL) emission showed 

that the Fe3O4/SnO2/g-C3N4 system had better light transmission, which made it easier 

for the generated electron-hole pairs to separate. 

 

 

 

 

 

 

 

 

 

 

      Fig. 3.1.9 PL for Fe3O4, g-C3N4, Fe3O4/SnO2, Fe3O4/SnO2/g-C3N4 (FSG2). 

3.1.9 Photocatalytic Studies 

The efficiency of various catalysts, including Fe3O4, SnO2, g-C3N4, and 

Fe3O4/SnO2/g-C3N4 nanocomposite, was evaluated for their ability to degrade a typical 

organic pollutant, specifically rhodamine B (RhB), methylene blue (MB), 2,4-DCP, 

and TCAA. A volume of 20 mL of treated water, with a concentration of 8 ppm of dye 

or pesticide, was combined with 1mg of a nanocomposite photocatalyst in each 

solution. The mixture was then allowed to sit in the dark for 30 min to establish 

equilibrium between the adsorption and desorption of the dye or pesticide. The light 

absorption of dye or pesticide decreased as the illumination time increased (from 0 to 

180 min, at intervals of 30 min), indicating that the pollutant was decomposing on the 
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magnetic nanocomposite photocatalyst. We exposed the catalyst samples to visible 

light at various time intervals to assess the temporal disintegration of the pollutant. 

 Degradation Efficiency =
Co−Ct

Co
x100   (3.3) 

The photocatalytic reaction involves visible light excitation of electrons in the 

Fe3O4/SnO2/g-C3N4 nanocomposite valence band through the S-Scheme mechanism. 

Upon light absorption, the photocatalyst undergoes a process in which electrons are 

elevated from the valence band (VB) to the conduction band (CB), forming charge 

pairs. As a result, electron-hole pairs (e-/h+) are formed. Adsorption caused the 

adhesion between the photocatalyst and the pollutant molecules, with the catalyst's 

active sites facilitating this connection. 

The redox processes occurred. 

Oxidation:  

When photoexcitation generates holes in the conduction band, these holes might react 

with water molecules or hydroxide ions (OH−) in the vicinity, resulting in the 

formation of hydroxyl radicals (ȮH). 

h+ + H2O or OH− → ȮH   (3.4) 

a) Reduction:  

Superoxide radicals (Ȯ2
−) are formed when electrons in the conduction band interact 

with oxygen molecules (O₂) that were deposited on the surface of the photocatalyst. 

e− + O₂ → Ȯ2
−     (3.5) 

The degradation occurred due to the reactivity of hydroxyl and superoxide radicals 

(generated during a redox reaction). Dyes or pesticide molecules adsorbed on the 

photocatalyst can undergo oxidation by highly reactive species and decomposition, 

forming smaller and less hazardous constituents. The desorption and release of 

byproducts can effectively separate and degrade RhB byproducts from the 

photocatalyst. These leftovers can be used to produce non-toxic chemicals through 

additional reactions. The ability of the photocatalyst to produce reactive species like 

hydroxyl radicals (ȮH) and superoxide radicals (Ȯ2
−), has been found to be crucial in 
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breaking down dyes or molecules. The photocatalyst selection, surface quality, and 

reaction conditions can compromise the process efficiency. The degradation products 

and intermediates can differ depending on the reaction conditions and the 

photocatalyst's features. 

g − C3N4(e
− + h+)/SnO2(e

− + h+) →  g − C3N4(e
− + e−)/SnO2(h

+ + h+)

h+ + OH−     →  OH (Oxidation)

e− + O2  →   Ȯ2
− (Reduction)

H2O + Ȯ2
−   →  OȮH + OH−  

2OȮH → Ȯ2
− + H2O2

H2O2 + Ȯ2
−  → ȮH + OH− + O2

H2O2 + e
−  → ȮH + OH−

Fe3+ + H2O2  → Fe2+ + OȮH + H+

Fe2+ + H2O2  → Fe3+ + OH− + ȮH 

 ȮH + dyes/pesticides →   Decomposition products }
 
 
 
 
 

 
 
 
 
 

 (3.6) 

When subjected to visible light such as LED, H2O2 generates two hydroxyl radicals 

(ȮH), which break down RhB. Hydroxyl radical (ȮH) is a potent oxidizing agent that 

break down organic contaminants. The degradation of dyes or pesticides was tracked 

using UV-visible spectroscopy. The catalyst effectively reduced the peak intensity at 

λmax, indicating that it degraded a significant amount of dyes or pesticides within a 

time frame of around 180 min under LED light.  

3.1.9.1 RhB photodegradation  

As shown in Fig. 3.1.10(a) and (b), Fe3O4/SnO2 (FS) and Fe3O4/g-C3N4 (FG) 

nanoparticles may photocatalytically removed the Rhodamine B (RhB) dye when 

exposed to LED light, while Fig. 3.1.10(c) for RhB degradation with an FSG2 

nanocomposite photocatalyst. In the degradation of RhB, as described in studies by 

Soltani, (2013), He, (2009), and Diao, (2017), the hydroxyl radicals of the 

nanoparticles accelerated N-de-ethylation and chromophore modification (as depicted 

in Fig. 3.1.10(d)) and mass spectrum is shown in Fig. 3.3.10(e), and bond cleavage 

was induced by this mechanism, which opens molecular rings, generates oxidation 

products, and forms smaller RhB molecules. Mineralizing the smaller molecules is the 

last step in the process, producing CO2 and H2O. 
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Fig. 3.1.10 RhB decomposition (a) Fe3O4/SnO2 (b) Fe3O4/g-C3N4 (c) Fe3O4/SnO2/g-

C3N4 (FSG2) (d) Mineralization of RhB (e) Mass Spectrum. 

The Langmuir-Hinshelwood model determined the order of rate constant (k). 

kt=ln(Co/Ct), where Co and Ct are RhB dye concentrations at 0 and t min illumination, 

respectively. The sample's pseudo first-order rate constant (k) from the graph of the 

line connecting the absorption time and the natural logarithm of Ct/Co while for 

pseudo-second order rate constant (k) from the graph of the line connecting the 

absorption time and the natural logarithm of 1/Ct-1/Co, depicted in Fig. 3.1.11 (a) ,(b). 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.11. Graph of absorption time Vs Ct/Co (b) absorption time Vs 1/Ct-1/Co . 

 

(a) 
(b) 
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Order of Reaction Intercept Slope R2 

Pseudo First order 0.88665 -0.00568 0.92882 

Pseudo Second order 2.17856 0.49036 0.69403 

R² values indicated the goodness of fit of the experimental data to these models. R², or 

the coefficient of determination, indicates how well the data fits a particular model, 

with values closer to 1 representing a better fit. Since the R² value is higher for the 

pseudo-first-order model (0.928) compared to the pseudo-second-order model (0.694) 

when RhB is treated with FSG under LED light, this suggested that the experimental 

data fits the pseudo-first-order kinetic model better. Therefore, we can conclude that 

the reaction likely follows pseudo-first-order kinetics. 

3.1.9.2 MB Degradation  

Fig. 3.1.12(a) illustrated the analysis results on the degradation of methylene 

Blue (MB) under LED light exposure. Fig. 3.1.12(b) demonstrated that the breakdown 

of MB occurs when the hydroxyl groups of the FSG2 nanocomposite come into contact 

with the MB molecules, and this interaction results in the dissociation of chemical 

bonds, such as sulfur-chlorine, nitrogen-methyl, carbon-sulfur, carbon-nitrogen, and 

carbon-oxygen.  As a result, a series of reactions occurred, leading to the breakdown 

of intermediate substances and the opening of MB rings, ultimately producing smaller 

organic compounds.  
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           Fig. 3.1.12 (a) Degradation of MB with FSG2 (b) Mineralization of MB 

3.1.9.3 MB and rhodamine (mixture) Degradation  

Under LED circumstances, a mixture of 10 mL of each methylene blue (8 ppm) 

and rhodamine B (8 ppm) dye was analysed for degradation, as shown in Fig. 3.1.13. 

When combining rhodamine B (RhB) with methylene blue (MB) in water, several 

things could reduce their solubility, and there were several possible explanations for 

the observed decrease in solubility. RhB and MB molecules could vie for adsorption 

sites at the solvent-water interface. Combining two colours with low water solubilities 

might cause competing adsorption, lowering the mixture's solubility. When exposed 

to water, RhB and MB molecules have the potential to aggregate, and this phenomenon 

can also occur as a result of interactions between other dyes. Because of this 

aggregation, the individual colours in the combination may have less effective 

solubility, due to development of complexes between RhB and MB molecules.  

 

 

 

 

 

 

 

 

  

                    Fig. 3.1.13 Degradation of MB and RhB mixtures with FSG2. 

(b)
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3.1.9.4 Degradation of 2, 4-DCP  

Fig. 3.1.14(a) shows the proportion of 2, 4-DCP removed by FSG 

nanocomposites exposed to LED irradiation. After 180 min of LED light irradiation, 

the FSG2 nanocomposite has the highest clearance compared to FS and FG. Fig. 

3.1.14(b) shows about how the nanocomposite changed composition in a 20 mL 2,4-

DCP solution. When 2, 4-DCP was started at a lower concentration, the end 

concentration-to-initial concentration ratio increased. A Langmuir–Hinshelwood 

relationship can illustrate how 2, 4-DCP degradation depends on its initial 

concentration [Chen and Ray, (1999)] and the reaction's surface locations may also 

inhibit 2, 4-DCP breakdown. At 8 ppm, 2,4-DCP degrades in 2.30 hours, and the 

results revealed that photocatalytic oxidation works even at low pollutant 

concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.14 (a) Degradation of 2,4-DCP with FSG2 (b) Mineralization of 2,4-DCP. 

(b )



54 

 

3.1.9.5 TCAA degradation 

The effectiveness of FSG in mineralizing trichloroacetic acid (TCAA) was 

evaluated over a range of pH values (from 5 to 10) by investigating the total organic 

carbon (TOC) removal percentage. The resulting breakdown intermediates, designated 

as acetic acid, formic acid, and hydroxyacetic acids (Fig. 3.1.15 (a) and (b)), 

demonstrated lower toxicity than the original TCAA. Mass chromatograms indicated 

different intermediates such as formic acid (CH2O2, m/z 46, Rt=4.48 min), 

hydroxyacetic acid (C2H4O3, m/z 93, Rt=4.57 min), and acetic acid (C2H4O2, m/z 62, 

Rt=3.56 min). According to LCMS analysis, an intermediate with m/z 46 was 

identified from an intermediate with m/z 62. The data revealed that acetic acid and 

hydroxyacetic acid were the principal breakdown phases of TCAA, even though only 

formic acid was found in the LCMS analysis. Possible breakdown pathway for TCAA 

in the FSG process, leveraging molecular characteristics revealed from LCMS analysis 

and associated investigations. 

Fig. 3.1.15 (a)Standard TCAA (8ppm) (b) Degradation of TCAA with FS  
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(c) Degradation of TCAA with FG (d) Degradation of TCAA with FSG2. 

3.1.10 TOC (total organic carbon) determination  

The objective of the total carbon study was to determine RhB dye mineralization. 

The dye's absolute total organic carbon (TOC) value decreased by 8 ppm when 1 mg 

of Fe3O4/SnO2/g-C3N4 (FSG2) was used, as shown in Fig. 3.1.16. This resulted in a 

photomineralization efficacy of 70%; however, when using Fe3O4/SnO2 with the same 

amount of photocatalyst, there was only a slight decrease in photomineralization 

efficiency, reaching 48%. The limited number of active sites on the catalyst surface 

was responsible for impeding the desired reaction, resulting in a decrease in the 

absolute TOC value from 41.74 to 28.62 mg/L. Furthermore, these data provide insight 

into the potential presence of residual Total Organic Carbon (TOC) in each of these 

samples, which may be attributable to the reaction in intermediate stages before their 

total mineralization. We used the equation to calculate the demineralization of dyes 

and pesticides. 

   α =
TOC(init)−TOC(eq)

TOC(init)
x100    (3.7) 

Here, α is the proportion of mineralization, and the initial amount of organic carbon is 

represented by the abbreviation TOC (init), while the amount of carbon in equilibrium 

is represented by TOC (eq). 

 

 

 

 

 

 

 

 

Fig. 3.1.16 TOC removal % of RhB dye with Fe3O4/SnO2/g-C3N4 (FSG2). 

3.1.11 Turnover number and turnover frequency  

Analysing the Turnover Number (TON) and Turnover Frequency (TOF) was a 
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significant benchmark evaluation for establishing a catalyst's immediate 

effectiveness.  TON is the number of substrate molecules converted into a product for 

every photocatalyst molecule processed in a given time interval. One way to find out 

is to use the following equation: 

TON =
(% Conversion)(Number of moles of substrate)

Number of moles of Catalyst
   (3.8) 

The percentage conversion indicates the degree of degradation achieved by the 

photocatalyst. On the other hand, the following equation defines Turnover Frequency 

(TOF) as the maximum number of catalytic cycles achieved by each active site within 

a given unit of time: 

TOF =
TON

Time
         (3.9) 

The results obtained from the TON and TOF analyses performed during the 

photocatalytic degradation processes of MB, RhB, 2,4-DCP, and TCAA under the 

influence of LED irradiation are shown in Table 3.1.3. In the deterioration of dyes and 

pesticides (MB, RhB, 2,4-DCP, and TCAA) under LED radiation, the FSG 

nanocomposite has the most excellent TON and TOF values.  

This was an awe-inspiring result, and the size reduction, which led to an increase 

in surface area and the number of active sites, was responsible for this improved 

performance, which may be linked to the previous sentence. As a consequence of this, 

there was an increase in the efficiency of the breakdown of organic pollutants [Kundu 

et al., (2020); Salavati et al., (2009)]. 

                 Table 3.1.3 Estimation of TOF and TON 

Dyes sample TOF (min-1) TON (min-1) 

MB FSG2 30.119 0.201 

RhB FSG2 22.705 0.151 

2,4-DCP FSG2 9.168 0.016 

TCA FSG2 10.189 0.067 
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3.1.12 Reusability 

The dye or pesticide degradation efficiency of Fe3O4/SnO2, Fe3O4/g-C3N4, and 

Fe3O4/SnO2/g-C3N4 (FSG2) was assessed after 150 min of LED light exposure. The 

stability and recyclability of the photocatalyst were critical for practical application. 

The recycling observation demonstrated the long-lasting and reusable nature of the 

magnetic nanocomposite photocatalyst in its original state. Fig. 3.1.17 illustrated 

studies on the recycling of a nanocomposite photocatalyst for RhB, MB, 2,4-DCP, and 

TCAA decomposition. Following five iterations, nanocomposite photocatalysts were 

retrieved from the solution mixture using an external magnet. Subsequently, dye 

solutions were applied to nanocomposite photocatalysts. The investigation revealed 

that dye or pesticide degradation efficiency decreased from 96 to 85% after 150 min. 

We discovered a slight alteration in decomposition efficiency. The photocatalyst's 

adsorption capacity and decomposition performance may diminish after each usage 

due to the accumulation of intermediate products from the decomposition of dyes or 

pesticides that remain attached to its surface. As per the agreement, the nanocomposite 

photocatalyst efficiently decomposes dyes or pesticides through photocatalysis upon 

light exposure while maintaining stability and reusability. As part of a study on the 

factors affecting the breakdown process, the initial concentration of pollutants, the pH 

of the dye water, and the dosage of photocatalysts in the solution or system will be 

examined. 

 

 

 

 

 

 

 

 

 

            Fig. 3.1.17 Number of times of reusing of FSG2 for photodegradation 
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3.1.13 Dosage effect 

The degradation of the dye solution necessitates the precise amount of catalyst. 

Fig. 3.1.18(a) and (b) illustrated the degradation of dye in a 20 mL solution containing 

8 ppm of RhB, and Different amounts of photocatalyst, ranging from 0.5 to 11mg, 

were used in the experiment. The pH of the solution was maintained at 7.0, and 

examining the adsorption-desorption capacity in systems with varying catalyst dosages 

has verified that augmenting the catalyst dosage enhances the photocatalytic activity. 

This suggested that photocatalysts with a higher quantity of active sites can absorb 

more significant amount of RhB prior to the process of photocatalysis [Yan et al., 

(2012); Wei et al., (2009)]. An excessive amount of photocatalyst leads to a decrease 

in irradiance caused by light scattering, reducing the effectiveness of photocatalytic 

degradation [Jia et al., (2020)]. The phenomenon of cumulative effects elucidates why 

increasing the dose of photocatalyst does not significantly improve degradation 

efficiency. This method also assessed the photocatalytic degradation of the dye 

solution under LED illumination, which proved to be inefficient at a concentration of 

8 ppm. By augmenting the quantity of photocatalyst in the system from 0.5 to 1mg, 

the decomposition efficiency increased from 16% to 19%. However, gradually raising 

the catalyst dose from 1 to 11mg only resulted in a slight alteration in the 

decomposition rate 30 min. After considering all of these criteria, it was concluded 

that the ideal quantity of nanocomposite photocatalyst to utilize was 1mg. 

 

Fig. 3.1.18 ((a)-(b)) RhB degradation efficiency at various amount of prepared 



59 

 

photocatalyst. 

3.1.14 pH effect studies 

The experiment used a constant initial concentration of 8 ppm and a catalyst dose 

of 1mg in 20 mL of each solution. The degradation processes exhibited similarities, 

particularly at pH levels of 6; both very low and high pH values increase the 

photocatalytic degradation efficiency of dyes and pesticides, possibly due to the 

significant presence of hydroxyl radicals in the solution. The synthesised 

nanocomposite photocatalyst demonstrated the highest efficiency at a pH level 

between 6 and 8, as indicated by the previously mentioned.  

Under acidic conditions, positive holes played a crucial role, while alkaline and 

neutral conditions oxidised hydroxyl radicals. The chemical composition of the 

environment often accelerates or retards the degradation of dyes and pesticides. 

Furthermore, both can undergo accelerated degradation at elevated pH values, such as 

pH 10, through the hydrolysis process. This phenomenon occurred when both were 

exposed to an alkaline environment, leading to the disassembly of the molecule. As a 

result, different degradation products with unique chemical properties may arise. In 

addition, it had a reaction with hydroxide ions, which are present in greater quantities 

in a solution with a higher pH. Thus, molecules can undergo degradation by the action 

of these ions. Increasing the pH levels generally accelerated these reactions; hence, it 

was crucial to regulate the pH of the surroundings. In addition, it was plausible that at 

elevated pH levels, the reactivity of some chemical species may undergo alterations, 

rendering them more prone to interacting with them. This heightened responsiveness 

could accelerate the demise of dyes and pesticides.  

The Langmuir-Hinshelwood model ascertained the value of the first-order rate 

constant (K), and the equation kt=ln (Co/Ct) represents the relationship between the 

rate constant K, the initial concentration Co, the concentration Ct at time t min, and the 

natural logarithm function (ln). This equation is supported by references [Madkour et 

al., (2016)]. The experiment has been repeated three times to verify precision and 

dependability. The pseudo-first-order rate constant (K) and kinetic energy of the 

sample were determined by calculating the slope of the line connecting the absorption 

time and the natural logarithm of CtCo. The nanocomposite Fe3O4, SnO2, g-C3N4, and 
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Fe3O4/SnO2/g-C3N4 have a higher rate constant than other materials. This is because it 

has more surface area, and its parts worked together to make it stronger. 

3.1.14.1 RhB degradation 

Fig. 3.1.19((a)-(c)) displayed the UV-visible spectroscopy spectra of RhB 

photodecomposition at different pH levels and a graph of ln (Co/Ct) Vs time in Fig. 

3.1.18(d). As a result of RhB's cationic properties, studies on FSG2 adsorption at pH 

values between 5 and 10 have shown percentages of 80, 78, 72, 74, 78, and 81%, 

respectively. The degradation of RhB dye under LED was a modest 2% when FSG 

nanocomposite was not present. Similar to previous photocatalysis, the LED-RhB-

FSG sample degraded 81% of the RhB after 150 min, making it the most promising of 

the samples. 

Fig. 3.1.19 (a) RhB degradation at different pH by using 1mg of prepared photocatalyst 
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(b) Kinetics of photodegradation. 

3.1.14.2 MB degradation 

Fig. 3.1.20(a)-(c) presented the UV-visible spectroscopy spectra of MB 

photodecomposition at various pH levels. Fig. 3.1.19(d) shown the graph of the natural 

logarithm of the ratio of initial concentration to current concentration (ln (Co/Ct)) 

plotted against time. After 150 min, the FSG solutions at pH 5–10 showed absorptions 

of 85, 82, 75, 78, 82, and 88%, respectively. The positive charges inherent in the dye 

enhanced the absorption on the FSG surface. Significantly, the pure MB dye undergoes 

a 3% deterioration when subjected to LED light. The LED-MB-FSG solution exhibited 

the most significant deterioration, with an approximate degradation rate of 88% after 

150 min of exposure to LED radiation, specifically at pH 10. The intensified 

deterioration was ascribed to the amplified surface area and boosted photocatalytic 

capability of FSG nanoparticles owing to their reduced dimensions and narrower band 

gap energy. 

 

Fig. 3.1.20 (a)-(c) MB degradation at different pH by using 1mg of prepared 

photocatalyst (d) Kinetics of photodegradation 
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3.1.14.3 MB and RhB mixture degradation 

The ultraviolet-visible spectroscopic spectra of MB and RhB mixture 

photodecomposition at a range of pH values are displayed in Fig. 3.1.21((a)-(c)). 

Absorption of both dyes occurred in 150 min, and at pH 7, degradation efficiencies for 

solutions containing FSG are 82% and 88%, respectively. The FSG surface is more 

easily absorbed due to the dye's positive charges. However, the MB and RhB mixture 

breaks down by a mere 1% under LED illumination. The LED-MB-FSG solution 

stands out with the most significant degradation percentage of around 88% at pH 7 

after 150 min of exposure. 

 

 

 

 

 

 

 

Fig. 3.1.21 ((a)-(c)) MB and RhB mixture, degradation at different pH by using 1 mg 

of prepared photocatalyst. 
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3.1.14.4 2,4-DCP and TCAA degradation 

Under certain conditions, such as a catalyst concentration of 8 ppm and a contact 

time of 150 min, UV-visible spectroscopy spectra of the photodecomposition of 2,4-

DCP at different pH levels are shown in Fig. 3.1.22((a)-(c)). As seen in Fig. 3.1.22(d)-

(e), the natural logarithm of the ratio of initial to current concentrations (ln (Co/Ct)) is 

shown as a function of time for 2,4-DCP and TCAA, respectively. Under these 

conditions, 2,4-DCP degraded at a rate of around 72%, while TCAA degraded at a rate 

of about 55%. Moreover, over the 150 min reaction period, the mineralization rates for 

2,4-DCP varied between 8.14 and 54.78%, whereas for TCAA, the rates varied 

between 7.14 and 50%. This indicated a significant degradation of 2,4-DCP and TCAA 

into CO2 and H2O as the end products of mineralization. A significant discovery 

revealed a positive correlation between the mineralization rate and the reaction time, 

suggesting that a longer reaction time is essential for complete TCAA mineralization. 
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Fig. 3.1.22 (a)-(c) 2,4-DCP degradation efficiency at different pH by using 1mg of 

prepared photocatalyst (d) Kinetics of photodegradation of 2,4-DCP (e) Kinetics of 

photodegradation of TCAA. 

3.1.15 Comparison  

The degradation constants for this solution are shown in Table 3.1.4, which 

follow the same trend as the photocatalytic activity. Specifically, at pH 7, the 

degradation constant of the LED-MB-FSG2 sample was larger than that of the LED-

RhB-FSG2 sample. In addition, the LED-MB-FSG2 (pH 7) solution deteriorated more 

rapidly than the LED-RhB-FSG2 solution due to the larger and more complex 

molecular structure of rhodamine B. Based on the findings, it appeared that the FSG2 

was more efficient with 2,4-DCP than that of TCAA in mineralization, which is shown 

in Fig. 3.1.23. 

 

 

 

 

 

                                Fig. 3.1.23 Degradation efficiency with FSG2 photocatalyst. 
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Table 3.1.4 Estimation of rate constant for photodegradation 

pH MB  RhB  DCP  TCA  

 k   

(min-1) 

R2 k   

(min-1) 

R2 k   

(min-1) 

R2 k   

(min-1) 

R2 

pH 5 0.0257 0.979 0.0317 0.956 0.0125 0.968 0.0132 0.978 

pH 6 0.0225 0.979 0.0286 0.974 0.0095 0.956 0.0109 0.952 

pH 7 0.0192 0.981 0.0205 0.962 0.0095 0.978 0.0068 0.954 

pH 8 0.0206 0.976 0.0264 0.986 0.0178 0.958 0.0082 0.960 

pH 9 0.0236 0.958 0.0308 0.952 0.0108 0.972 0.0128 0.958 

pH 10 0.0278 0.962 0.0325 0.958 0.0189 0.968 0.0139 0.972 

 

Given that the R² value for the pseudo-first-order model (0.974,0.948, 0.902) is greater 

than that for the pseudo-second-order model (0.876,0.910,0.864) when MB, 24-DCP 

and TCAA respectively are treated with FSG under LED light, it indicates that the 

experimental data aligns more closely with the pseudo-first-order kinetic model. 

Consequently, it can be inferred that the reaction probably follows pseudo-first-order 

kinetics. The process concluded with mineralization, resulting in the production of 

CO2 and H2O as the final molecules. 

3.1.16 Magnetic Property 

Fig. 3.1.24 depicts the magnetic response properties of Fe3O4 magnetic 

nanoparticles and Fe3O4/SnO2/g-C3N4 (FSG2) ternary nanocomposite using coercivity 

magnitudes (MH). All Fe3O4 magnetic nanoparticle nanocomposites showed 

symmetrical hysteresis and saturation magnetization when made in their original state. 

The saturation magnetization values for Fe3O4 (F), Fe3O4/SnO2 (FS), Fe3O4/g-C3N4 

(FG), and Fe3O4/SnO2/g-C3N4 were 20.70, 17.2603, 2.3087, and 1.10 emu/g, 

respectively. The magnetic moment of Fe3O4 nanoparticles may decrease as a result of 

their small particle size [Nurul et al., (2014); Ding et al., (2006)] and due to a spin 

configuration, that was not collinear at proximity to the surface. Contrary to solely 

SnO2, g-C3N4 lacked magnetism due to the presence of a tri-S-triazine unit that could 

attract Fe3O4 components, resulting in a significant decrease in its magnetic properties. 

When the magnetic nanoparticles form, the saturation magnetization of the 
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Fe3O4/SnO2 sample decreases compared to pure Fe3O4. The uniformly synthesized 

nanocomposite's magnetic properties effectively eliminated hysteresis, remanence, 

and coercivity in Fe3O4/SnO2/g-C3N4. The saturation magnetization results showed 

that pure Fe3O4 has the highest value, while the Fe3O4/SnO2/g-C3N4 composite has a 

lower value because it contained parts that were not magnetic. The sample exhibited 

superparamagnetic properties, and the photocatalyst's elevated saturation 

magnetization facilitated the process of recovery and recycling. This was made 

possible because an external magnetic field could separate it from the solution. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.24 VSM of Fe3O4, Fe3O4/SnO2/g-C3N4 (FSG2), Fe3O4 /g-C3N4, Fe3O4/SnO2. 

 

3.1.17 Pathway of dyes and pesticides degradation with prepared photocatalyst 

We have presented a technique for degrading RhB dye using a nanocomposite 

photocatalyst, as seen in Fig. 3.1.25. The energy levels of heterojunction conduction 

bands (CBs) in the Fe3O4/SnO2/g-C3N4 system exhibited variation. Electrons undergo 

migration between the conduction bands of different materials. SnO2, possessing a 

reduced conduction band energy, can transfer electrons to g-C3N4. The electrons in the 

conduction band of g-C3N4 catalyse the reduction of oxygen and other compounds. 

The interaction of dyes or pesticides with photoexcited electron-hole pairs in the 

conduction and valence bands is a complex process that involves different 

mechanisms. This interaction can lead to the degradation or modification of these 

molecules, which can have important implications for various industries such as 

agriculture or textiles. Understanding this process is crucial for developing more 
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efficient and sustainable approaches to these fields. This enhanced the chemical 

reaction between the dye and the pre-existing nanocomposite photocatalyst. The 

nanocomposite photocatalyst's enhanced photocatalytic efficiency stems from its 

increased absorption of visible light, reduced rate of charge pair recombination, and 

sustained adsorption of dye or pesticide molecules. Additionally, it can be employed 

as a photocatalyst due to its efficient degradation of dyes or pesticides. Further, 

incorporating Fe₃O₄ (magnetite) into nanocomposites enhances material recovery and 

reuse by adding magnetic properties, allowing easy separation from mixtures with a 

magnet. This simplifies the recuperation process, making it cost-effective and 

environmentally friendly. The nanocomposite can be reused multiple times without 

losing performance, reducing the need for continuous production. After catalytic 

reactions, it can be magnetically separated and reused with minimal purification, 

ensuring thorough purification of treated water. Magnetic recovery is simple and labor-

efficient, reducing replacement frequency and saving materials and costs. Overall, 

reusing the nanocomposite promotes sustainability and efficiency in catalytic 

processes and environmental remediation. 

 

 

 

 

 

 

 

 

         Fig. 3.1.25 Pathway of RhB degradation with prepared photocatalyst. 

LED Light

RhB + Catalyst
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3.2 Effect of Silver on g-C3N4 in Fe3O4/Ag-doped g-C3N4 ternary nanocomposite 

for degradation of dyes and pesticides. 

The durability and toxicity of organic dyes and pesticides pose a huge 

environmental threat. Environmental treatment requires photocatalysts that degrade 

these contaminants. Fe3O4/Ag-doped g-C3N4 nanocomposite, which contains 

magnetite, silver, and graphitic carbon nitride.  

 

Silver greatly improves this composite's photocatalytic properties. Silver is a 

noble metal with exceptional electrical conductivity, antibacterial capabilities, and 

distinctive optical qualities. Localized surface plasmon resonance (LSPR) 

nanoparticles improve light absorption. Silver can trap electrons to reduce electron-

hole pair recombination in photocatalysis and improve light absorption due to LSPR. 

g-C3N4 is a polymer made of carbon and nitrogen atoms. It has a 2D layered 

structure and great thermal and chemical stability. Photocatalytic applications use its 

visible light absorption and electron-hole pair generation. g-C3N4 supports 

photocatalytic components well due to its stability, wide surface area, and visible light 

absorption. Silver sinks photogenerated electrons from g-C3N4. This lowers electron-

hole pair recombination, enhancing photocatalytic charge carriers.  

Magnetic Fe3O4 readily separates the photocatalyst from the reaction mixture 

using a magnetic field. Magnetic photocatalysts are a type of photocatalyst that can be 

separated from a reaction mixture using a magnetic field. These materials combine the 

photocatalytic properties of a semiconductor with the magnetic properties of materials 

like iron oxides (e.g., Fe3O4), offering several advantages in environmental and 

chemical applications. 

 

The Fe3O4/Ag-doped g-C3N4 (FAG3) (5 wt.%) nanocomposites achieved the 

photodegradation of the RhB dye, as illustrated in Fig. 3.2.1. The intensity of 

absorption was assessed to assess the photocatalytic activity of the as-prepared ternary 

nanocomposite in degrading the RhB (Sigma Aldrich) dye in water.  
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Fig. 3.2.1 The efficiency of the catalyst developed is enhanced by exposure to UV 

and LED light, leading to increased deterioration. 

 

According to these experiments, the most effective ternary nanocomposite for 

degrading RhB under LED light having 5 wt.%. For this reason, we studied further on 

Fe3O4/Ag doped g-C3N4 (FAG3), which has Ag (5 wt.%). 

3.2.1 X-ray Diffraction 

Fig. 3.2.2 exhibited powder X-ray diffraction (XRD) patterns of the produced 

Fe3O4, g-C3N4 nanoparticles, and FAG3 nanocomposites from the XRD data sample 

crystallite size and structure using the Scherrer equation. Nanocomposite FAG3 

produced a distinct diffraction pattern from pure Fe3O4 and g-C3N4.  

Fe3O4 has a cubic inverse spinel structure with 602.101 cell volumes and lattice 

parameters of 8.246 Å. Diffraction peaks at 2Ө=29.101°, 34.983°, 36.164°, 44.112°, 

and 61.04° correlated to miller indices (220), (311), (222), (400), and (440), which 

matched this design with JCPDS no. 82-1533.  

When g-C3N4 was in its hexagonal crystalline form, as described in JCPDS No. 

87-1526, diffraction peaks at 2Ө=27.444° corresponded to hkl planes (002), lattice 

parameters of a=b=7.134Å, c=1.994Å, and cell volume of 93.112. The diffraction 

peaks observed at 2θ=38.304° in the cubic crystalline phase of Ag (JCPDS no. 87-

0720) can be attributed to the hkl planes of 200. The lattice parameters for this phase 

were determined to be a=b=c=4.754Å, with a corresponding cell volume of 72.294. 

FAG3 diffraction patterns showed a cubic structure of Fe3O4, whereas Ag and g-C3N4 
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had cubic and hexagonal structures, respectively. None of the impurity peaks had 

phases. Ag and Fe3O4 in the matrix did not alter g-C3N4's hexagonal structure.  

We used the Debye-Scherrer formula (as given in equation 3.1 under section 

3.1.1) for the diffraction of Fe3O4 (311), g-C3N4 (002), and Ag (200) to determine the 

crystallite size of FAG3 ternary nanocomposites. Table 3.2.1 displays the sizes of the 

crystallites based on the full width at half maximum (FWHM) of the sharp peaks. 

Several factors contribute to the larger grain size change in Fe3O4/Ag-doped g-C3N4 

(FAG3) composites compared to single grains of Fe3O4.  

This variation depends on the specifics of the synthesis method and the 

composite's makeup. We have advanced several hypotheses to explain the observed 

change. Composites underwent a transformation in their overall composition upon the 

incorporation of Ag-doped g-C3N4 that could influence crystallisation and subsequent 

grain development. The interfaces between components of the composite, including 

Fe3O4, Ag-doped g-C3N4 have the potential to generate novel interactions. These 

interactions may affect the nucleation and development of grains, resulting in a 

different grain size compared to solo Fe3O4. 

 

Table 3.2.1. Demonstrates the volume, lattice characteristics, and average particle size 

of the prepared Fe3O4, Fe3O4/g-C3N4, Fe3O4/(5 wt.%) Ag-doped g-C3N4 (FAG3) 

nanomaterials.  

As-prepared photocatalyst Crystallite 

Size(nm) 

Lattice Parameters Cell volume 

a (Å) b (Å) c (Å) 

Fe3O4 26.234  8.246 8.246 8.246 602.101 

Fe3O4/g-C3N4 (FG) 46.241  

46.268  

8.415 

7.134 

8.415 

7.134 

8.415 

1.994 

576.212 

93.112 

Fe3O4/(5 wt.%) Ag-doped g-

C3N4 (FAG3) 

73.268  

50.293  

63.478  

8.408 

4.754 

6.281 

8.408 

4.754 

6.281 

8.408 

4.754 

2.369 

594.440 

72.294 

80.961 
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Fig. 3.2.2 Powder XRD of Fe3O4, g-C3N4 and Fe3O4/Ag-g-C3N4 (FAG1 and FAG3) 

3.2.2 FT-IR studies 

 The FT-IR spectra of Fe3O4, g-C3N4, AgNO3, and FAG3 nanocomposites are 

displayed in Fig. 3.2.3 (a)-(d), with each spectrum labelled as Fe3O4, g-C3N4, AgNO3, 

and Fe3O4/Ag-g-C3N4 (FAG3), respectively. The significant absorption peaks seen in 

the 400 to 524 cm-1 spectral range were due to metal-oxygen (M-O) bond stretching. 

The g-C3N4 nanoparticles displayed characteristic peak frequencies ranging from 800 

to 1200 cm-1, while the 432 and 524 cm-1 peaks explained the Fe-O bonds in the Fe3O4 

nanomaterial. The silver (Ag) peaks were observed at wavenumbers of 786 and 1255 

cm-1. The presence of hydroxyl radical groups in Fe3O4, which react with carboxylate 

ions in plant extract, was confirmed by the absorption of COO-Fe bonds at 1103 and 

1357 cm-1. The high absorption peaks at 1219 and 1319 cm-1 in g-C3N4 indicate the 

presence of different vibrations from trigonal C-N (-C)-C and bridging C-NH-C units, 

respectively, as observed about the chemical formula. Additionally, the presence of 

the N-H coupling can be determined by examining the peak at 1543 cm-1. The broad 
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peak bands 1627–1635 cm-1 and 3355–3375 cm-1 are used to measure the water 

molecules' O-H bending and stretching. Results showed that the g-C3N4 matrix's 

nanomaterial characteristics were unaffected by the addition of Fe3O4 and Ag. 

 

Fig. 3.2.3 FT-IR of (a) Fe3O4 (b) g-C3N4 (c) AgNO3 (d) Fe3O4/Ag-g-C3N4 (FAG3) 

 

3.2.3 UV-visible Spectroscopy 

UV-Visible spectra from Thermo Scientific UV-Visible spectroscopy have been 

used to investigate whether the intended substance(s) were produced or not, and this 

analysis approximated the band-gap energy (Eg) of the prepared nanocomposite. 

Between 200 and 1000 nm, baseline correction was performed using double-distilled 

water. In order to estimate band-gap energies, the Tauc plot approach was used using 

data from the UV-visible spectra [Abdel-Monem et al., (2017)], using the same 

equation (3.2), as explained in Section 3.1.9.It is estimated that the as-prepared 
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nanocomposite (FAG3) is a band gap energy of 3.42 eV, which has lower than the 

band gap energy of 3.64 eV for Ag and 2.80 eV for g-C3N4 as shown in Fig. 3.2.4(a)-

(b). 

 

Fig. 3.2.4 (a) UV-visible spectroscopy (b) The determination of the band gap energy 

for Fe3O4/Ag-doped g-C3N4. 

A method for separating photo-induced electrons and holes in FG and FAG was 

determined using the valence band spectra. In order to assess the charge transfer 

mechanism, this experiment aimed to synchronise the electric potentials at the EVB and 

ECB boundaries. To evaluate the ECB and EVB's potential energy levels, the relationship 

suggested by (Hunge et al., (2023) was used [Hunge et al., (2023)]. 

EVB = χ− Ee + 0.5Eg     (3.10)     

ECB = EVB − Eg     (3.11)     

The electronegativity coefficient of g-C3N4 is 4.64 eV; Eg is the energy of the 

semiconductor's band gap; and "Ee" stands for the energy of unbound electrons on the 

hydrogen scale, which is 4.9 eV. When measuring Ag-doped g-C3N4 at 1, 3, 5, 7, and 

9 wt.% concentrations, the EVB values were 2.18, 1.79, 1.64, 2.32, and 2.37 eV relative 

to each concentration. The ECB values for the sets of identical samples were -2.30, -

1.91, -1.76, -2.44, and -2.49 eV, respectively. Exposure to LED light causes the excited 

electron to readily transition from the ECB of g-C3N4 to the ECB of Ag. 
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3.2.4 Scanning electron microscope (SEM) and Tanning electron Microscope 

(TEM) analysis. 

 The generated nanocomposite was examined using scanning electron 

microscopy (SEM). The resulting image is shown in Fig. 3.2.5(a), and the image also 

shows that the particles were evenly dispersed. The average size of the nanocomposite 

was calculated to be 22.54 nm, which is shown in Fig. 3.2.5(b). 

  

 

Fig. 3.2.5 (a) SEM of Fe3O4/Ag doped g-C3N4 (FAG3) (b) Average size calculation 

TEM imaging measured nanoparticles, nanocomposite sizes, and morphologies, 

Fig. 3.2.6(a) showed the FAG3 magnetic nanoparticles through transmission electron 

microscopy, which revealed that they contained Fe3O4 and Ag nanoparticles with a 

mean diameter of 45–65 nm in the g-C3N4 matrix, which was correlated with the XRD 

report. The SAED pattern confirmed the nanocrystalline and tetragonal phases with 

diffuse patches and rings. Fe3O4, Fe3O4/g-C3N4, and FAG3 showed typical diameters 

of 26–74, 45–64, and 46–75 nm, respectively. The powder XRD study determined that 

the grain size was approximately within these numerical values.  

Fig. 3.2.6(b) displayed an HR-TEM image of FAG3, and it showed that Fe3O4 

nanoparticles enveloped Ag nanoparticles and dispersed in the g-C3N4 matrix, creating 

heterojunctions between particles of various components. Fe3O4 nanoparticles have 

(311) planes, g-C3N4 have (002) planes, and the lattice fringe crystal of Ag 

nanoparticle formation prefers (200) planes, as shown in Fig. 3.2.6(c). The 

(a) 
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heterojunction formed by Ag and g-C3N4 has distinct energy levels. With this 

heterojunction, electrons and holes can migrate and separate. In addition to increasing 

photocatalysis efficiency, this heterojunction configuration stops electron-hole pair 

recombination. Overall, photocatalytic reactions involved the effectively transferring 

of electrons and holes between g-C3N4 and Ag. This composite material, when exposed 

to light, possesses a photocatalytic potential that enables water purification and the 

destruction of contaminants through the generation, separation, and participation in 

redox processes of electron-hole pairs. 

    

                          

   

 

 

 

 

 

Fig. 3.2.6 Fe3O4/Ag-doped g-C3N4 (FAG3) image (a) TEM, (b) HR-TEM and (c) 

SAED. 

3.2.5 XPS studies 

 The compositional components of the samples were verified using an XPS 

analysis of the spectra in Fig. 3.2.7. An investigation into the surface chemistry was 

carried out with the use of X-ray photoelectron spectroscopy (XPS) to determine the 

to determine the makeup of the Fe3O4/Ag-doped g-C3N4 magnetic nanocomposite that 

was made. Carbon, iron, silver, nitrogen, and oxygen were detected using XPS, as 

Ag (0.225nm) 
(200)

Fe3O4 (0.161nm) 
(311)

(b)

g-C3N4

(0.135nm) (002)

(002) (g-C3N4)

(200) (Ag)

(311) (Fe3O4)
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depicted in Fig. 3.2.7(a). These revealed that Fe3O4, Ag, and g-C3N4 comprised the 

nanocomposite. Fig. 3.2.7(b) depicted that Ag 3d was studied with high-resolution 

XPS, and the binding energies connected with the Ag 3d5/2 and Ag 3d3/2 orbitals were 

responsible for the two separate peaks at 367.5 and 373.6 eV of Ag0, respectively [Xu 

et al., (2006)].  

Two distinct peaks in the C1s spectra were seen at 286.2 and 289.4 eV, which 

are shown in Fig. 3.2.7(c). Because of the sp2 C-C interaction, extra carbon was added 

to the g-C3N4 molecule, which gave it a measured energy of 286.2 eV. The Fe 2p3/2 

peak with excellent resolution may be separated into three separate peaks at binding 

energies of around 711, 717, and 724 eV, as shown in Fig. 3.2.7(d). The peaks 

observed at 711 eV and 717 eV can be attributed to the presence of Fe2+ and Fe3+ ions, 

respectively, at the octahedral sites of the spinel Fe3O4. On the other hand, the peak at 

724 eV corresponds to Fe3+ ions located at the tetrahedral sites [Poulin et al., (2023)]. 

The peak at an energy level of 289.4 eV was caused by the interaction between 

nitrogen, carbon, and nitrogen atoms in the hexagonal ring structure of g-C3N4.  

In particular, the N-atom held at 396.23 eV within the carbon-nitrogen-carbon 

ring was significant in the N1s region, as shown in Fig. 3.2.7(e). Sheng et al. found 

this especially true for tertiary N-bonded groups [Sheng et al., (2014)]. The O1s 

spectral peak at 530.34 eV was caused by lattice oxygen in Fe3O4 as shown in Fig. 

3.2.7(f) [Brojendro Singh Shagolsem, Nongmaithem Mohondas Singh, 2024]. 

. 
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      Fig. 3.2.7 XPS of (a) Fe3O4/Ag doped g-C3N4 and (b) Ag 3d (c) C 1s (d) Fe 2p  

      (e) N 1s (f) O 1s in Fe3O4/Ag doped g-C3N4 (FAG3). 

 

3.2.6 BET surface analysis 

The surface area and pore size of the FAG3 nanocomposite were determined 

using nitrogen adsorption-desorption experiments, depicted in Fig. 3.2.8, and the 

isotherm shown in Figure is classified as type IV according to the IUPAC system. This 

form of isotherm is typical of materials with pores that allow gases to pass through 

them [Qi et al., (2009)]. The generated Fe3O4/g-C3N4 and FAG3 had cumulative 

mesopore volumes of 0.032 and 0.042 cm3/g with BJH pore diameters of 2.446 and 

2.923 nm, respectively, which are given in Table 3.2.2. The enhanced surface area and 

mesoporous properties of the FAG3 ternary nanocomposite facilitated 

photodegradation. Therefore, the addition of Ag nanoparticles to the top of the 2D g-

C3N4 support matrix resulted in an improved photodegradation process. This 

improvement can be attributed to the enhanced surface area and mesoporous properties 



78 

 

of the FAG3 ternary nanocomposite, as discussed earlier. The results of the nitrogen 

adsorption-desorption experiments further support this claim, showing that the FAG3 

nanocomposite has a higher cumulative mesopore volume and larger BJH pore 

diameter than the Fe3O4/g-C3N4 nanocomposite. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.8 Brunauer-Emmett-Teller (BET) for the compound Fe3O4/Ag-g-C3N4 

(FAG3). 

 

Table 3.2.2 gives information about the surface areas, volumes, and diameters of 

the pores in the Fe3O4/g-C3N4 and Fe3O4/Ag-g-C3N4 (FAG3).  

 

As-prepared 

nanomaterials 

SBET (m2/g) Pore Volume (cm3/g) Pore Diameter (nm) 

Fe3O4/g-C3N4 10.957 0.032 2.446 

FAG3 13.857 0.042 2.923 

 

3.2.7 Photoluminescence analysis. 

The application of photoluminescence measurements to understand the rate of 

separation and the length of photoexcited charge pairs is depicted in Fig. 3.2.9. By 

utilising a light source with a wavelength of 375 nm excitation, it was feasible to get 

the photoluminescence spectra of g-C3N4, Fe3O4/g-C3N4, and Fe3O4/Ag-doped g-
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C3N4. A wide variety of wavelengths were displayed by the emission spectra of g-

C3N4, notably from 400 to 550nm, and these wavelengths were readily apparent. 

Compared with g-C3N4, the photoluminescence (PL) intensity of composites made of 

Fe3O4 and Ag-doped g-C3N4 was much lower. According to Premjit et al. and 

Ramanada et al., the study revealed that a reduction in the maximum intensity of 

photoluminescence (PL) results in a slowdown in the recombination of charge pairs 

obtained through photoexcitation [Premjit et al., (2020); Ramananda et al., (2022)]. 

Therefore, incorporation of silver into Fe3O4/g-C3N4 composites results in a 

considerable decrease in the e-/h+ charge-recombination rate. This was because of the 

strong attraction between silver and the surface of g-C3N4. Consequently, due to the 

due increased separation efficiency of photoexcited charge pairs, the photocatalytic 

system of Fe3O4/Ag-doped g-C3N4 experiences a greater involvement of electrons (e) 

and holes (h+).  

In comparison to g-C3N4, the FAG3 nanocomposite exhibited the lowest PL 

intensity; this was attributed to the nanocomposite's competence in efficiently isolating 

charges and decreasing electron-hole recombination processes. Ag's capture of the 

electrons created by g-C3N4 when exposed to light was crucial for improving the 

separation of charges. This improvement in the light transmittance of the FAG3 system 

was one of the factors that led to the strengthened capacity of the system, such that 

light in the visible spectrum can be transmitted. The synthesized nanocomposite's 

photoluminescence (PL) light confirmed the successful separation of electron and hole 

pairs. 

  

 

 

 

                Fig. 3.2.9 PL of g-C3N4, Fe3O4/g-C3N4, Fe3O4/Ag doped g-C3N4. 
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3.2.8 Radical studies 

The photocatalytic activity of many scavengers was assessed by exposing them 

to visible light to determine the reactive radicals accountable for the degradation of 

RhB using a FAG3 nanocomposite. Fig. 3.2.10(a) illustrated incorporating of 

scavengers and without scavengers (No S) into the photocatalytic process to neutralise 

the reactive radicals. This variation in scavengers resulted in a change in the Ct/Co of 

the RhB dye. Scavengers like isopropyl alcohol (IPA), benzoquinone (BQ) 

[Bhuvaneswari et al., (2020)], benzoic acid (BA) [Prakash et al., (2016)], and ethylene 

diamine tetraacetic acid disodium (EDTA) [Keerthana et al., (2021)] were used in the 

catalytic process to catch superoxide radical (Ȯ2
−), holes (h+), and hydroxyl radical 

(ȮH). Fig. 3.2.10(b) showed how various scavengers affect FAG3's radiation 

efficiency. The degradation of RhB dye decreased from 64 to 57% and 62% when IPA 

and BA were present as scavengers, respectively. The data on degradation efficiency 

indicated that hydroxyl radicals play a crucial role in decomposing the RhB dye into 

water and carbon dioxide. We observed a slight degradation efficiency alteration when 

EDTA and BQ were added to the reaction system. Visual irradiation triggered the 

catalytic process of RhB, primarily engaging superoxide radicals and holes as the 

principal reactive species. The results indicated that FAG3 was capable of effectively 

expanding the LED light absorption range into the visible region due to its ability to 

degrade RhB dye. 

 

 

 

 

 

 

 

 

 

Fig. 3.2.10(a) Ct/Co Vs Irradiation time (b) Efficiency of various Scavengers. 
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3.2.9 EPR studies 

An EPR spectroscopy investigation determined the presence of individual 

captured electrons carrying oxygen vacancies. The EPR measurement revealed the 

presence of oxygen vacancy defects in the g-C3N4 system and provided a better 

understanding of these defects. The studies conducted by Kumar et al., (2018) and Shi 

et al., (2014) unequivocally showed that the maximum intensity of the Electron 

Paramagnetic Resonance (EPR) was closely correlated with the quantity of oxygen 

vacancies present in the nanocomposite system [Kumar et al., (2018); Shi et al., 

(2014)]. According to Kumar et al., we can determine the g-value using the following 

relation. 

The equation  𝑔 = ℎ𝜗 𝜇𝐵𝐵
⁄   (3.12) 

 

The electron's g factor, the Bohr magneton, the resonance frequency, and the 

electromagnetic pulse resonance's (EPR) resonance field are all represented by the 

variables µB, ℎ𝜗, and B, respectively. Even at room temperature, FAG3 showed EPR 

resonances at 2.258 mT, according to the results of the present study (Fig. 3.2.11). The 

high-intensity peak seen in the FAG3 nanocomposite was due, in part, to the presence 

of several oxygen vacancies. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.11 Analysis of Fe3O4/Ag doped g-C3N4 (FAG3) through EPR 
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3.2.10 Photocatalytic Studies 

The degradation of MB, RhB, 2,4-DCP, and TCAA identified the optimal 

catalysts among the nanocomposite catalysts consisting of Fe3O4/g-C3N4 and FAG3. 

The equilibrium between adsorption and desorption was assessed by exposing 20 mL 

of contaminated water (containing an aqueous dye or pesticide solution) to a 

nanocomposite photocatalyst at a concentration of 1mg for 30 min in the absence of 

light. The degree of degradation was evaluated by capturing spectra using UV-visible 

spectroscopy for RhB, MB, and 2,4-DCP, but not TCAA, by using HPLC. The dye or 

pesticide absorption intensity decreased as the irradiation period increased from 0 to 

150 min, with measurements taken every half an hour. This suggested that the dye 

decomposes on the surface of the created magnetic nanocomposite photocatalyst. 

Visual light is used to stimulate valence band electrons that have gathered in the 

narrow band of the g-C3N4 nanocomposite. Due to the closure of the conduction bands 

of Ag and g-C3N4, the electrons were transferred to the conduction band of Ag. As a 

result, the reverse reaction of the photogenerated charge carriers was delayed. To 

determine the breakdown of RhB, the initial dye concentration (Co) was divided by the 

final dye concentration (Ct) [Madkour et al., (2016)]. The majority of photocatalytic 

redox reactions took place on the surfaces of catalysts. Specifically, the characteristics 

of the surfaces influenced the efficiency of the catalysts. The efficacy of dye or 

pesticide breakdown was determined using the formula mentioned in equation 3.3 

under Section 3.1.9. 

The Z-scheme arises from the transfer of electrons from the valence band to the 

conduction band upon light absorption by the photocatalyst. The active sites on the 

catalyst facilitated the efficient adsorption of dye or pesticide molecules, forming a 

chemical bond. When oxygen molecules (O2) came into contact with the surface of the 

photocatalyst, the electrons in the conduction band interacted, leading to redox 

reactions and the formation of superoxide radicals (Ȯ2
−) as shown in eqn. no 3.5 under 

the section 3.1.9 

The degradation of dyes or pesticides occurs due to the generation of hydroxyl 

and superoxide radicals (ȮH and Ȯ2
−) that takes place during the redox reaction. Using 
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a photocatalyst, producing these highly reactive entities through the oxidation of 

contaminant molecules was possible. They undergo degradation, resulting in a 

reduction in size and a decrease in toxicity. The desorption and release of the 

byproducts of degraded contaminants, which were generated by the photocatalyst, 

were achievable. Non-toxic compounds can trigger other reactions by utilizing the 

resulting substances. Substituting light sources were introduced to reinstate the 

photocatalyst's participation in specific degradation reactions. The photocatalyst 

played a crucial role in generating reactive species such as hydroxyl radicals (ȮH) and 

superoxide radicals (Ȯ2
−), among others [Lallianmawii, N. Mohondas Singh, (2023)], 

which were necessary for the decomposition of dye molecules. Under the influence of 

visible light emitted by an LED, two hydroxyl radicals (ȮH) produced from hydrogen 

peroxide break down pesticides or dyes. The oxidant ȮH showed efficacy against 

organic contaminants, while H2O2 decomposed the colour. 

g − C3N4(e
− + h+)/Ag(e− + h+) →  g − C3N4(h

+ + h+)/Ag(e− + e−)

h+ + OH−     →  OH (Oxidation)

e− + O2  →   Ȯ2
− (Reduction)

H2O + Ȯ2
−   →  OȮH + OH−  

2OȮH → Ȯ2
− + H2O2

H2O2 + Ȯ2
−  → ȮH + OH− + O2

H2O2 + e
−  → ȮH + OH−

Fe3+ + H2O2  → Fe2+ + OȮH + H+

Fe2+ + H2O2  → Fe3+ + OH− + ȮH 

 ȮH + dyes/pesticides →   Decomposition products }
 
 
 
 
 

 
 
 
 
 

 (3.13) 

3.2.10.1 RhB photodegradation 

The photocatalytic removal of the Rhodamine B (RhB) dye by FG and FAG3 

nanocomposite in the presence of LED light is demonstrated in Fig. 3.2.12(a) and (b), 

which illustrated the time-dependent optical absorption spectra of RhB's LED light, 

respectively. The nanocomposites' hydroxyl radicals expedite N-de-ethylation and 

chromophore alteration during RhB degradation, which opens molecular rings, creates 

smaller RhB molecules, and generates oxidation products by inducing bond cleavage. 

The final phase in the process, which yielded CO2 and H2O, is the mineralization of 

the smaller molecules, as explained in the previous section 
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Fig. 3.2.12 RhB decomposition (a) Fe3O4/g-C3N4 (FG) (b) Fe3O4/Ag-g-C3N4 (FAG3). 

3.2.11 Dosage effect 

Choosing an appropriate catalyst for the dye solution decomposition was of the 

utmost importance. Fig. 3.2.13(a) illustrated the variation in dosage from 1 to 11mg in 

a 20 mL solution containing 8 ppm of RhB at a pH of 7.00±0.38. We examined various 

systems to assess their adsorption-desorption performance at varied catalyst dosages 

before activating the light. It was found that extra photocatalysts made there be more 

active sites, and more RhB could be absorbed before the photocatalytic process. This 

implies that employing more catalysts would enhance the degradation process 

[Brojendro Singh Shagolsem, N. Mohondas Singh, (2024)]. Increased concentrations 

of photocatalysts resulted in the deflection of light and decreased penetration of 

irradiation, hence restricting the efficiency of degradation [Huang et al., (2020); 

Farzaneh et al., (2016)]. The results elucidated the reason behind the lack of 

improvement in degradation efficiency with an increase in photocatalyst dose. 

Surprisingly, augmenting the quantity of photocatalyst from 0.5 to 1mg led to 

enhanced system breakdown efficiencies, rising from 16 to 19%. Fig. 3.2.13(b) 

demonstrated that the breakdown rate was modified when the catalyst dosage was 

raised from 1 to 11mg, resulting in a decrease. We evaluated all these factors and 

determined that precisely 1 mg was the ideal amount of nanocomposite photocatalyst 

to use in the procedure. The experiment was replicated three times to ensure its 

precision and reliability.  
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Fig. 3.2.13((a)-(b)) The effectiveness of RhB degradation at different concentrations 

of the photocatalyst in its various forms. 

3.2.12 pH effect 

Dye or pesticides exhibited greater absorption at high pH levels compared to low 

pH levels due to the presence of a higher concentration of hydroxyl radicals in the 

solution. The solubility and photocatalytic degradation of the substance exhibited an 

upward trend when the pH level rose from 5 to 10. These radicals were the 

predominant oxidative species at neutral or alkaline pH levels. However, the positive 

holes took precedence at acidic or basic pH levels. The chemical makeup of the 

surroundings often hastened or slowed down the degradation of dyes and pesticides. 

They can experience an expedited breakdown at higher pH levels, such as pH 10, via 

hydrolysis. The phenomenon occurred when a dye or pesticide was exposed to an 

alkaline environment, causing the molecule to break apart.  

Consequently, many decomposition byproducts with distinct chemical 

characteristics can be generated.   In addition, it reacted with hydroxide ions, which 

increase in concentration as the pH increases. The dye or pesticide molecules undergo 

degradation due to the influence of these ions, resulting in an overall acceleration of 

these reactions when the pH levels increase. Therefore, it was imperative to control 

the pH of the environment. Furthermore, the responsiveness of particular chemical 

species is expected to change when the pH level increases, hence enhancing the 



86 

 

likelihood of their interaction with dye or pesticide. This heightened sensitivity could 

accelerate the rapid deterioration of RhB. Upon evaluating the aforementioned impacts 

at a pH range of 6–8, it was inferred that the nanocomposite photocatalyst exhibited 

exceptional performance. Langmuir-Hinshelwood derived the first-order rate constant, 

k, using the following equation: kt = ln(Co/Ct), where Co and Ct represent the 

concentrations of RhB dye at 0 and t minutes of irradiation, respectively. We can 

obtain the value of k by dividing the logarithm of the ratio of Co to Ct by t min. As a 

result, we successfully determined both the sample's kinetic energy and the first order 

rate constant. We performed a linear regression using the logarithm of the ratio Ct/Co 

to estimate the rate constant k and find the slope of the line for fitting absorption time. 

In order to guarantee the accuracy and reliability of the experiment, we conducted it 

on three separate occasions. The nanocomposite of Fe3O4 and Ag-g-C3N4 has a much 

higher rate constant than other materials. This is because it has a lot of surface area 

and the Fe3O4, Ag, and g-C3N4 worked well together. 

3.2.12.1 RhB degradation 

UV-visible spectra of RhB photodecomposition at various pH levels, using 

specific experimental parameters, and the adsorption studies for FAG3 at pH values 

ranging from 5 to 10 reveal percentages of 77.30, 75.28, 68.52, 70.87, 74.34, and 

78.56%, respectively. When FAG3 nanocomposite was absent, the degradation of RhB 

dye under LED was very small, about 2%. The most promising sample was the LED-

RhB-FAG3, which, like prior photocatalysis, degraded 78.56% of the RhB after 150 

min. In order to estimate the rate constant k for fitting absorption time, a linear 

regression was performed using the logarithm of the ratio Co/Ct to find the slope of the 

line, as shown in Fig. 3.2.14(a). After the removal of the ethyl groups, the resultant 

products have the potential to undergo subsequent reactions, ultimately culminating in 

the creation of less complex molecules, such as m/z (terephthalic acid) = 166.12, m/z 

(3-hydroxybenzoic acid) =122.11, m/z (benzoic acid) =122.11, m/z (succinic acid) 

=118.08, m/z (adipic acid) = 146.13, and carbon dioxide. The process described is 

known as mineralization, in which organic substances are decomposed into their most 

basic inorganic forms, including CO2, water, and mineral ions, as shown in Fig. 

3.2.14(b). 
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Fig. 3.2.14 (a) Kinetics of photodegradation (b) Mineralization of RhB. 

3.2.12.2 MB degradation 

After 150 min, the FAG solutions with pH values ranging from 5 to 10 showed 

respective absorption rates of 81.84, 79.04, 71.32, 74.83, 78.78, and 85.09%. The pure 

MB dye degrades by 3% when exposed to LED light, which is a significant decrease. 

At pH 10, the LED-MB-FAG3 solution degrades at an estimated rate of 85.09% after 

150 min of exposure to LED radiation, making it the most severely degraded. Since 

FAG nanocomposite is smaller and has a shorter energy gap, its increased surface area 

and photocatalytic capacity are thought to be responsible for the accelerated 

degradation. Fig. 3.2.15(a) showed the linear regression results that used the logarithm 

of the ratio Co/Ct ratio to determine the line's slope. As a result, we could estimate the 

(b)
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rate constant k for fitting absorption time. Due to this interaction, chemical bonds like 

sulfur-chlorine, nitrogen-methyl, carbon-sulfur, carbon-nitrogen, and carbon-oxygen 

dissociate. Ultimately, a chain reaction breaks down intermediate components and 

opens MB rings, producing smaller organic molecules. The process is complete at 

mineralisation, and the end molecules are CO2 and H2O, as shown in Fig. 3.2.15(b). 

  

 

 

 

 

 

             Fig. 3.2.15 (a) Kinetics of photodegradation (b) Mineralization of MB. 

3.2.12.3 MB and RhB Mixture degradation 

MB and RhB dyes are absorbed after 150 min, and at pH 7, FAG3 containing 

solutions degrade with a rate of 74.08 and 70.36% efficiency, respectively, which are 

shown in Fig. 3.2.16(a) and (b). This was because the dye's positive charges made the 

FAG surface more absorbent. With LED light, however, the MB and RhB combination 

degrades by only 1%. After 150 min of exposure, the LED-MB-FAG3 solution 

exhibited the highest degradation percentage of around 74.08% at pH 7. The decreased 

size and band gap of FAG3 nanoparticles lead to an increase in surface area and an 

(b)
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improvement in photocatalytic activity. Many things could decrease the solubility of 

rhodamine B (RhB) and methylene blue (MB) when combined in water. The observed 

drop in solubility could be due to several things, like the solvent-water interface being 

a potential adsorption location where RhB and MB molecules may compete. If we 

blended two colours that were not very water-soluble, we run the risk of competing 

adsorption, which would make the mixture less water-soluble. RhB and MB molecules 

can cluster when exposed to water; this can also happen when other colours interact. 

This aggregation reduced the effective solubility of the individual colours in the 

mixture. Their solubility can influence complex formation between RhB and MB 

molecules. The creation of complexes might reduce solubility because the species that 

are complexed with them may precipitate out of the solution. Electrostatic interactions 

or hydrogen bonding between RhB and MB molecules can reduce RhB's solubility. 

These interactions may induce complex or cluster formation, leading to a decrease in 

dye solubility in water. 

 

 

Fig.3.2.16 (a)-(b)MB and RhB mixture degradation at different pH. 

3.2.12.4 Degradation of 2, 4-DCP under LED irradiation  

The UV-visible spectra of 2,4-DCP photodecomposition at different pH levels, 

employing specified experimental conditions and studies on FAG3 adsorption at pH 

levels between 5 and 10, yielded percentages of 67, 65, 59, 61, 65, and 69%, in that 

order. A linear regression was performed, and the logarithm of the ratio Co/Ct was used 
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to calculate the slope of the line for 2,4-DCP. The regressions are displayed in Fig. 

3.2.17(a). Because of this, we could calculate an estimate of the rate constant k for the 

absorption rate. In addition, throughout the 150 min response time, the mineralization 

rates for 2,4-DCP ranged from 5 to 52%, and this indicated that the final products of 

mineralization include the considerable degradation of 2,4-DCP and TCAA into CO2 

and H2O, which is shown in Fig. 3.2.17(b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.17 (a) Kinetics of photodegradation of 2,4-DCP (b) Mineralization of 2,4-DCP  

 

3.2.12.5 TCAA degradation 

 The UV-visible spectra of 2,4-DCP photodecomposition were analyzed at 

various pH levels using specific experimental settings. Additionally, we studied the 

adsorption of FAG3 at pH levels ranging from 5 to 10. The results showed 29, 33, 35, 

39, 45, and 52% percentages in sequential sequence. A chromatogram of 8 ppm TCAA 

(b)
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analysis through HPLC is shown in Fig. 3.2.18(a). TCAA mineralization and 

degradation by FAG under specific circumstances, such as an 8 ppm catalyst 

concentration and 150 min contact duration, which were analyzed through HPLC, are 

shown in Fig. 3.2.18(b). A linear regression was conducted using the logarithm of the 

ratio Co/Ct to determine the slope of the line for 2,4-DCP, and the results of the 

regression can be seen in Fig. 3.2.18(c). Consequently, we could compute an 

approximation of the rate constant k for the absorption rate. The breakdown 

intermediates of TCAA, namely hydroxyacetic, formic, and acetic acids, are less 

hazardous than the initial TCAA. The mass chromatograms showed that the mixtures 

included formic acid (CH2O2, m/z 46, Rt 4.36 min), hydroxyacetic acid (C2H4O3, m/z 

93, Rt 4.52 min), and acetic acid (C2H4O2, m/z 62, Rt 3.42 min). An intermediate with 

m/z 46 was found by LCMS analysis. This intermediate was produced from an 

intermediate with m/z 62. Although LCMS analysis only detected formic acid, the data 

showed that acetic acid and hydroxyacetic acid were the primary breakdown phases of 

TCAA, Fig. 3.2.18(d). 
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Fig. 3.2.18(a) Standard TCAA (8ppm) (b)TCAA decomposition with 1mg of FAG3 

(c) Kinetics of photodegradation of TCAA (d) Mineralization of TCAA. 

 

3.2.13 TOC (total organic carbon) determination  

The primary goal of the carbon investigation was to identify mineralization 

resulting from dyes and pesticides. The percentage of total organic carbon (TOC) 

removal for MB, RhB, 2,4-DCP, and TCAA using 1mg of FAG3 was 6, 5.5, 5, and 

4.5%, respectively, after incubation. The exposure to LED light for 150 min improved 

the TOC removal percentages to 65, 59.034, 52, and 47%, respectively. Fig. 3.2.19 

shows a decrease in the dye's absolute total organic carbon (TOC) value after adding 

1mg of Fe3O4/Ag-g-C3N4 (FAG3). The photomineralization efficacy was 59.034%. 

However, when we used the same amount of photocatalyst with Fe3O4/g-C3N4, the 

efficacy dropped to 40.128%. This indicates a slight decrease in photomineralization 

efficiency due to insufficient active sites on the catalyst's surface, which hindered the 

desired reaction. Moreover, these findings provide insight into the presence of Total 

Organic Carbon (TOC) in both samples, potentially originating from a chemical 

process occurring prior to mineralization. We computed the demineralisation of dye 

or pesticide degradation by employing the same equation (3.7 under Section 3.1.10). 

We replicated the experiment three times to confirm its correctness and dependability. 

 

(d)
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Fig. 3.2.19 RhB dye's total organic carbon removal percentage using Fe3O4/Ag doped 

g-C3N4 (FAG3)  

 

3.2.14 Turnover number and turnover frequency  

Analysing the Turnover Number (TON) and Turnover Frequency (TOF) is a big 

deal for determining the immediate efficacy of a catalyst. The "TON" value represents 

the product conversion rate from substrate molecules per photocatalyst molecule 

processed within a specific time frame. A possible approach to determining this is by 

applying the same equation 3.8 presented in Section 3.1.11, while the percentage 

conversion shows how much deterioration the photocatalyst accomplished. 

Conversely, Turnover Frequency (TOF) is defined as the maximum number of 

catalytic cycles executed by each active site within a given time unit according to 

equation 3.9, as given in Section 3.1.11. Table 3.2.3 presents the outcomes of the TON 

and TOF investigations conducted on methylene blue (MB), rhodamine B (RhB), 2,4-

DCP, and TCAA during their photocatalytic degradation processes in the presence of 

LED light.  

When exposed to LED radiation, the FAG nanocomposites exhibited the highest 

TON and TOF values in the degradation of both MB and RhB colourants. This 

enhanced performance, likely related to the preceding statement, is the result of the 

shrinkage, which increased the surface area and quantity of active sites. As a result, 

organic contaminants are degraded more efficiently. 
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                     Table 3.2.3 Estimation of TOF and TON 

Dye sample TOF (min-1) TON (min-1) 

MB FAG3 58.339 0.388 

RhB FAG3 34.662 0.231 

2,4-DCP FAG3 10.504 0.07 

TCA FAG3 6.434 0.042 

 

3.2.15 Reusability 

The breakdown efficiencies of MB, RhB, 2,4-DCP, and TCAA for FG and FAG 

were determined following exposure to visible light for 150 min. Stability and 

recyclability were essential requirements for practical photocatalysts. We investigated 

the photocatalytic stability and reusability of the magnetic nanocomposite following 

recycling. The process of recycling the dyes or pesticides that break down 

nanocomposite photocatalysts is illustrated in Fig 3.2.20.  

The investigative study showed that RhB decreased from 83% to 75% over 150 

minutes. We found a modest variation in the decomposition efficiency. We can 

attribute the poor performance of the used-by-used nanocomposite photocatalysts to 

the presence of intermediate RhB compounds, which remain adsorbed on the surface 

after a partial breakdown. This leads to a reduction in both photocatalyst adsorption 

and degradation. Therefore, the process of degrading RhB using nanocomposite 

photocatalysts under visible light was both consistent and repeatable. 

 

 

 

 

 

 

                                                        

 

                                        

                       Fig. 3.2.20 Number of recycles for reusing FAG3.  
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3.2.16 Comparison  

As with the photocatalytic activity, Table 3.2.4 displays the degradation 

constants for these materials. Under more basic solution conditions, with a higher 

concentration of hydroxyl ions, the degradation rate constants of both dyes increase. 

The degradation constant of the LED-MB-FAG3 solution was higher than that of the 

LED-MB-FG solution at pH 7. Moreover, the LED-MB-FAG3 (pH 7) solution 

degrades faster than the LED-RhB-FAG3 sample. Chemical structure was the primary 

differentiator between the two chemicals; more significantly, Rhodamine B's more 

prominent and more intricate molecular structure was the cause of its distinctiveness.  

We measured the degradation percentage for both the MB and RhB solutions 

exposed to LED radiation after 150 min. Thus, FAG3 nanocomposite has been 

proven to be a highly efficient photocatalyst for the fast degradation of pollutants. 

Among them, the FAG3 containing solution with a pH of 10 works the best, as 

depicted in Fig. 3.2.21. This was because smaller diameters result in a higher surface 

area and a higher concentration of hydroxy ions.  

This study verified that FAG3 nanocomposites biosynthesized with Atocarpus 

heterophyllus L effectively aid in the photocatalytic degradation of MB. The chemical 

differences between rhodamine B and methylene blue are the root cause of this 

incongruity.  

 

 

 

 

 

 

 

 

Fig. 3.2.21 Degradation efficiency of dyes and pesticides with FAG3 photocatalyst at 

different pH. 
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Depending on their structural properties, dye molecules are photocatalytically 

degradable to different degrees. Our results show that FAG3 nanocomposite 

manufactured utilising an environmentally safe method using Atocarpus heterophyllus 

extract outperforms results published in earlier literature and performs better overall. 

This technology is particularly effective in water pollutant degradation. 

Table 3.2.4 Determination of rate constant at different pH 

pH 
MB 

k (min-1) 
R2 

RhB 

k (min-1) 
R2 

DCP 

k (min-1) 
R2 

TCAA 

k (min-1) R2 

pH 5 0.038 0.966 0.044 0.943 0.024 0.955 0.025 0.965 

pH 6 0.034 0.966 0.040 0.961 0.021 0.943 0.023 0.939 

pH 7 0.031 0.968 0.032 0.949 0.021 0.965 0.019 0.941 

pH 8 0.032 0.963 0.038 0.973 0.030 0.945 0.020 0.947 

pH 9 0.035 0.945 0.043 0.939 0.023 0.959 0.025 0.945 

pH 10 0.040 0.949 0.044 0.945 0.031 0.955 0.026 0.959 

 

The pseudo-first-order model (R²=0.916, 0.966,0.884, 0.842) shows greater agreement 

with experimental data than the pseudo-second-order model (0.714, 0.862, 0.768, 

0.744) for RhB, MB, 24-DCP, and TCAA treated with FAG under LED light. The 

reaction likely follows pseudo-first-order kinetics.  

3.2.17 Property of magnetism 

The coercivity magnitudes (MH) were employed to evaluate the magnetic 

response characteristics of magnetic nanoparticles made of Fe3O4 and a magnetically 

active nanocomposite made of FAG3 (Fig. 23). All Fe3O4 nanocomposites have 

ferrimagnetic properties and demonstrated symmetric hysteresis. The magnetic 

saturation magnetization of Fe3O4, FG, and FAG3 was measured to be 20.72, 8.63, 

and 4.59 emu/g, respectively. The magnetic moment of Fe3O4 nanoparticles was 

reduced by a noncollinear spin arrangement near the surface, accounting for the little 

impact of particle size. Due to the lack of magnetism in Ag and the presence of tri-S-

triazine units as basic components in g-C3N4, Fe3O4 elements became contaminated, 
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which made them less magnetic. Therefore, FG exhibited a lower saturation 

magnetization compared to Fe3O4. In addition, FAG3 exhibited no hysteresis, 

remanence, or coercivity and this nanocomposite photocatalyst exhibited high 

saturation magnetization, enabling its magnetic separation from the solution, hence 

enhancing recovery and recycling efficiency.  

 

  

 

 

 

                     

 

                          Fig. 3.2.22 VSM of Fe3O4 (F), Fe3O4/g-C3N4 (FG), FAG3. 

3.2.18 Degradation pathway utilizing a photocatalyst  

Fig. 3.2.23 illustrates our proposed approach for decomposing RhB dye using 

nanocomposite photocatalysts. Heterojunctions, like the Ag/g-C3N4 system, can 

exhibit diverse energy levels in their conduction bands (CBs). Electrons traverse the 

conduction bands of various materials. Silver (Ag) could acquire electrons from 

graphene-like carbon nitride (g-C3N4), which possessed a lower energy level in its 

conduction band. The electrons underwent a reduction of oxygen and other molecules 

in the conduction band of Ag. The dyes or pesticides reacted with photoexcited 

electron and hole pairs in the conduction and valence bands.  

These substances enhanced the chemical interaction of the dye with the pre-made 

nanocomposite photocatalyst. The nanocomposite photocatalyst's enhanced 

photocatalytic efficacy stems from its increased absorption of visible light, reduced 

rate of charge pair recombination, and continuous adsorption of dye or pesticide 

molecules. Its efficacy in decomposing dyes implies its potential application as a 

photocatalyst. 
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Fig. 3.2.23 RhB degradation pathway utilizing a photocatalyst 
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3.3 Effect of Silver on SnO2 in Fe3O4/SnO2 ternary nanocomposite for 

degradation of dyes and pesticides. 

Photocatalysts that degrade organic contaminants like dyes and insecticides is 

crucial to environmental remediation research. Fe3O4/Agx-SnyO2 is a nanocomposite 

of magnetite, silver, and tin oxide. Silver improves this composite's photocatalytic 

activity since silver is a noble metal with exceptional electrical conductivity, and 

distinctive optical qualities. However, its broad band gap hinders visible light 

absorption. Under UV light, SnO2 generates electron-hole pairs, and its high electron 

mobility aids photocatalytic processes. It creates nanoparticles with high surface areas 

and localized surface plasmon resonance (LSPR), which improves light absorption. In 

photocatalysis, silver has many uses like as an electron sink, it traps electrons to 

minimize electron-hole pair recombination and improves composite light absorption 

due to LSPR.  Magnetic Fe3O4 readily separates the photocatalyst from the reaction 

mixture using a magnetic field, which is easy recovery and photocatalytic. Thus, Ag 

absorbs photogenerated electrons from SnO2.  

The photocatalytic process has more charge carriers because electron-hole pair 

recombination is reduced. A Schottky barrier separates charge carriers at the Ag-SnO2 

contact in which holes persist in SnO2, electrons can move to Ag, improving 

photocatalytic efficiency.  

The study investigates the photodegradation of Rhodamine B using the 

Fe3O4/Agx-SnyO2 (FAS3) (x:y = 1:1, 1:3, 3:1) nanocomposite. The experiment 

maintains a consistent reaction temperature, agitation, distance from the LED light, 

and pollutant solution. A concentration of 8 parts per million (ppm) of RhB was 

subjected to a 150 min exposure to examine the durability of the dye under LED light. 

The examination of the structural stability of the dye revealed that only 5% of the dye 

had undergone degradation after 150 min. When the LED light is on, the transition of 

electrical charge from the valence band to the conduction band in the two 

semiconductors results in energy absorption. Electrons emitted by LEDs generate 

positive holes and negative electrons within semiconductors. The nanocomposite 

Fe3O4/Agx-SnyO2 (FAS3) (with a ratio of x:y = 3:1) exhibited effective 
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photodegradation of RhB dye, as demonstrated in Fig. 3.3.1. The absorption intensity 

was evaluated to assess the photocatalytic efficiency of the produced ternary 

nanocomposite for degrading RhB (Sigma Aldrich) dye in an aqueous solution. Before 

radiation exposure, 5 mg of the Fe3O4/Agx-SnyO2 (FAS3) magnetic ternary 

nanocomposite was introduced into a solution containing 20 mL of rhodamine B with 

a concentration of 8 ppm.  

 

 

 

 

 

 

 

 

 

Fig. 3.3.1 Degradation efficiency of as-prepared catalyst by exposing to UV and LED 

light. 

The findings showed that the ternary nanocomposite FAS3 with x:y=3:1 was very 

good at breaking down RhB when it came in contact with LED light, as seen in Fig. 

3.3.1. Therefore, we will focus on characterising and investigating the potential 

applications of Fe3O4/Agx-SnyO2 (FAS3) with a ratio of x:y = 3:1. 

3.3.1 X-ray diffraction 

Powder XRD was used to characterise the grain size and structure of Fe3O4, 

Fe3O4/SnO2, and Fe3O4/Agx-SnyO2 (FAS3, having 3:1 ratio of Ag:SnO2) nanoparticles 

and nanocomposites. Fig. 3.3.2(a)–(c) displays the X-ray diffraction patterns of Fe3O4, 

SnO2, and Fe3O4/Ag-SnO2 nanocomposite, respectively. The size and structure of the 

crystallites were determined using the Scherrer equation. diffraction pattern of a 

nanocomposite of Fe3O4, Ag, and SnO2 (FAS3) was compared to that of pure Fe3O4 

and SnO2. With lattice parameters a, b, and c equal to 8.184Å, the cubic and inverse 

spinel structure of the Fe3O4 compound was observed. The cell volume, which could 
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be calculated using Miller indices (220), (311), (222), (400), and (440), was 582.438. 

The pattern was matched by JCPDS No. 82-1533. Diffraction peaks at 2θ angles of 

25.522°, 32.124°, 37.232°, 52.532°, and 64.121° were observed in the tetragonal rutile 

phase, which was found to be a crystal phase of SnO2 according to JCPDS No. 41-

1445. The hkl planes (110), (101), (111), and (310), in that order, were corresponding 

to these peaks. In the cubic crystalline phase of Ag (JCPDS 87-0720), the diffraction 

peaks observed at an angle of 2θ=38.304° may be caused by the hkl planes (111). The 

lattice constants for this phase were found to be 4.582 Å, with a cell volume of 75.384 

matching this. Table 3.3.1 shows that although Ag and Fe3O4 were cubic, SnO2 was 

tetragonal. The XRD pattern of the Fe3O4/Ag-SnO2 nanocomposites shows that the 

tetragonal structure of SnO2 was unaffected by the presence of Fe3O4 and Ag in the 

matrix, as shown by their (311) and (110) diffraction peaks. The Debye-Scherrer 

formula was used to determine how big the crystallites were in Fe3O4/Agx-SnyO2 

ternary nanocomposites. The Debye-Scherrer equation (equation 3.1 in the section 

3.1.1) was used to forecast the average crystallite sizes of purified Fe3O4, SnO2, and 

ternary nanocomposite Fe3O4/Agx-SnyO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Fig. 3.3.2 X-ray diffraction of (a) Fe3O4 (b) SnO2 (c) Fe3O4/Agx-SnyO2 (FAS3) 
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Table 3.3.1 The generated Fe3O4, SnO2, Fe3O4/SnO2, and Fe3O4/Agx-SnyO2 

nanocomposite was examined to determine its average grain size, lattice 

characteristics, and volume. 

 

As-prepared Average  

crystallite Size (nm) 

Lattice Parameters Cell volume 

a (Å) b (Å) c (Å) 

Fe3O4 26.232  8.184 8.184 8.184 582.438 

SnO2 15.621  5.354 5.354 3.203 69.251 

Fe3O4/ SnO2 (FS) 61.921  

25.103  

8.438 

4.730 

8.438 

4.730 

8.438 

3.178 

600.805 

81.125 

Fe3O4/Agx-SnyO2 

(x:y=3:1) 

42.153  

18.247  

24.126  

8.325 

4.582 

7.344 

8.325 

4.582 

7.344 

8.325 

4.582 

2.452 

602.210 

75.384 

83.568 

 

3.3.2 FT-IR analysis 

Performing Fourier-transform infrared spectroscopy (FTIR) analysis on a composite 

material like Fe3O4/Agx-SnyO2 can provide valuable information about the chemical 

bonds and interactions within the material. This type of composite typically combines 

magnetic Fe₃O₄ (magnetite), silver (Ag), and tin oxide (SnO2), each of which has 

characteristic infrared absorption features 

As-prepared nanomaterials Fe3O4, SnO2, AgNO3, and Fe3O4/Agx-SnyO2 (FAS3) 

were shown in Fig. 3.3.3((a)-(d) FT-IR spectra, respectively. The absorption peak 

between 400 and 524 cm-1 was caused by this type of M-O stretching [Brojendro Singh 

Shagolsem, Nongmaithem Mohondas Singh, (2024)].  

Nanomaterials made of Fe3O4 and SnO2 exhibited corresponding peaks at 786 

and 462 cm-1, for the light absorption peaks caused by the Fe-O link. Absorption bands 

at 1103 cm-1 and 1357 cm-1 suggest that the COO-Fe bond may be created when the 

carboxylate anion of the plant extract reacts with hydroxyl radical groups [Soto-Robles 

et al., (2019)]. Water molecule stretching in Fe3O4, SnO2, and FAS3 nanocomposites 

led to large absorption bands at 1633–1670 cm-1 and 3364–3424 cm-1, respectively. 
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Evidence from this experiment suggests that adding Fe3O4 and Ag to the SnO2 matrix 

did not alter the nanomaterial's properties. 

 

Fig. 3.3.3 FT-IR of a) Fe3O4 b) SnO2 c) AgNO3 d) Fe3O4/Ag-SnO2 (FAS3). 

 

3.3.3 Optical Properties 

We evaluated the necessary material(s) synthesis using UV-visible spectroscopy 

(Thermo Scientific). Fig. 3.3.4(a) presented the results for Fe3O4/Agx-SnyO2, using 

these data, we are able to determine their band gap energy using the same equation 

provided in 3.1 under Section 3.11, which is depicted in Fig. 3.3.4(b). The band gap 

energies of nanocomposites having ratios of Ag and SnO2, x:y = 1:1, 1:3, 3:1  were 

determined to be 3.2, 3.4, and 3.7 eV respectively. 
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Fig. 3.3.4 (a) UV-Visible spectrum (b) the calculation of the band gap energy for 

Fe3O4/Agx-SnyO2 (FAS3). 

 

3.3.4 SEM and TEM analysis 

 Fig. 3 .3.5 (a) displays the scanning electron microscopy (SEM) imaging 

findings of the Fe3O4/Ag-SnO2 nanoparticles. The scanning electron micrographs 

revealed that the particles formed a well-organised nanostructure. The particles 

seemed almost spherical in the images, and their size was determined to be 25.44 nm, 

comparable to that of a normal crystal (Fig. 3.3.5(b)). 

 

Fig. 3.3.5 (a) SEM image of Fe3O4/Agx-SnyO2 (b) Average crystallite size 

Magnetic nanoparticles made of Fe3O4/Agx-SnyO2 are displayed in TEM images 

in Fig. 3.3.6(a). The difference in concentrations of Fe3O4 and SnO2 nanoparticles 

identifies these particles. Regarding size, both Fe3O4 and SnO2 nanoparticles were 

almost rounding, with SnO2 being somewhat more extensive and smaller than Fe3O4 -

(
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the difference in density of Fe3O4/Ag nanoparticles allowed for their identification. 

SnO2 contained dispersed Fe3O4 and Ag nanoparticles that were nearly round in shape. 

Additionally, it had a large collected zone of particles averaging 17–35 nm in diameter 

and was primarily spherical.  

Powder XRD's grain size computation was in agreement with the average 

crystallite size of Fe3O4/Agx-SnyO2 (FAS3), which was 25.44 nm. Figure 3.3.6(b) 

displays HRTEM images of FAS3. High-resolution transmission electron microscopy 

revealed that the Fe3O4 nanoparticles were dispersed across the matrix and formed a 

heterojunction with the SnO2 nanoparticles. Ag nanoparticles exhibited (111) planes, 

SnO2 nanoparticles had (110), and Fe3O4 nanoparticles had (333) planes, all of which 

pointed to crystal growth in the same direction.  

Combining Ag with SnO2 resulted in an energy-varying heterojunction. This 

heterojunction allowed for the separation and movement of electrons and holes. The 

heterojunction structure enhanced the photocatalytic effectiveness by inhibiting the 

recombination of electron-hole pairs. The ability to efficiently transmit electrons and 

holes between SnO2 and Ag allows for photocatalytic reactions. Because it produces, 

separates, and is involved in redox reactions involving electron-hole pairs, this 

composite material could purify water and destroy pollutants by light absorption. As 

diffuse patches and rings, SAED's tetragonal phase and nanocrystalline structure were 

visible in Fig. 3.3.6(c). 

 

Ag (0.225nm) 
(200)

Fe3O4 (0.161nm) 
(333)

(b)

g-C3N4

(0.135nm) (002)

(a) 
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Fig. 3.3.6 Fe3O4/Agx-SnyO2 (FAS3) (a) TEM Images, (b) HRTEM image and (c) 

SAED Image. 

3.3.5 XPS studies 

X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental 

composition and oxidation state of the materials in their as-synthesized condition. 

According to Fig. 3.3.7(a), in the survey spectrum, the nanocomposite was composed 

of the components Sn, Fe, O, and Ag. The Ag 3d region was analysed using X-ray 

photoelectron spectroscopy (XPS), and the findings were presented in Fig. 3.3.7(b). 

The spectral data analysis indicated the existence of two separate peaks at energy levels 

of 366 and 372 electron volts (eV), respectively. The peaks observed may be attributed 

to the binding energies of the 3d5/2 and 3d3/2 orbitals in the silver (Ag) atom. Fig. 

3.3.7(c) displayed the Sn 3d spectrum with high resolution, showing two distinct spin-

orbit doublet peaks. The electronic states of Sn 3d5/2 and 3d3/2 were represented by 

peaks at 484 and 494 eV, respectively. According to Chen et al. (2020), the presence 

of oxygen from the air caused a rise in the binding energy of tin (Sn), as indicated by 

the appearance of peaks at 485.0 and 493eV for Sn2+. According to reference [Zhang 

et al., (2011)], it was verified that the 2p3/2 state have a peak energy of 716 eV for Fe 

ions, while the 2p1/2 state have a high energy of 723 eV, depicted in Fig. 3.3.7(d). The 

presence of lattice oxygen in SnO2 and Fe3O4 was responsible for the peak in the O1s 

spectra that occurred at 527 eV, whereas the peaks at 531.94 and 533.0 eV were created 

by oxygen vacancies and heavily adsorbed oxygen species, as can be seen in Fig. 

3.3.7(e) [Zhijie et al., (2018)]. 

(002) (g-C3N4)

(200) (Ag)

(333) (Fe3O4)

(c) 
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Fig.  3.3.7 XPS of (a) Fe3O4/Agx-SnyO2 (FAS3) and (b) Ag 3d (c) Sn 3d (d) Fe 2p  

(e) O 1s in Fe3O4/Agx-SnyO2. 

3.3.6 Photoluminescence analysis  

Fig. 3.3.8 displays the photoluminescence spectra of metallic SnO2 and 

ferroelectric FAS3. Comprehensive and robust emission peaks in the visible area (454 

nm and 468 nm) were typically associated with SnO2's luminous properties in its 

photoluminescence spectra. These peaks may be attributed to a variety of factors, 

including material flaws and the unique crystal structure of SnO2. Crystallographic 

defects in Sn-O-Sn, which occurred during expansion, were the cause of this emission. 
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Oxygen vacancies or dense tin interstitials contaminated the band gap of SnO2, 

generating a fault level. The presence of O vacancies or Sn interstitials created an 

abundance of trapped states or metastable energy levels, leading to a notable release 

of photoluminescence [Bouras et al., (2014)]. 

 

 

  

 

 

 

 

                      Fig. 3.3.8 PL spectra of SnO2, Fe3O4/SnO2, FAS3. 

According to Xu et al., (2011), photogenerated carrier recombination can happen very 

efficiently close to the numerous minute grain boundaries. Compared to the prepared 

SnO2, the FAS3 nanocomposite had a lower PL intensity, which showed that the 

charges were separated successfully and that electron-hole recombination was 

stopped. The collection of photogenerated electrons from SnO2 was an essential step 

in permitting charge separation, and Ag played a key role in this process. This led to 

an enhancement in the visible light performance of the FAS3 system. The 

photoluminescence (PL) output of the FAS3 material demonstrated the effective 

separation of the produced electron-hole pairs. 

3.3.7 Radical studies 

It was possible to identify the reactive radicals in the FAS3 nanocomposite that 

degraded the dye or pesticide by studying the photocatalytic activity of several 

scavengers when exposed to visible light. It is shown in Fig. 3.3.9(a) that the reactive 

radicals can be neutralised by either one or more scavengers in the photocatalytic 

process. These modifications to scavengers caused changes to the RhB dye's Ct/Co. 

We employed scavengers such as isopropyl alcohol (IPA), benzoquinone (BQ), 
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benzoic acid (BA), and ethylene diamine tetraacetic acid disodium (EDTA) in the 

catalytic procedure to capture the superoxide radical (Ȯ2
−), holes (h+), and the hydroxyl 

radical (ȮH) [Bhuvaneswari et al., (2020); Prakash et al., (2016); Keerthana et al., 

(2012)]. Various scavengers affect FAS radiation efficiency differently, as shown in 

Fig. 3.3.9(b). The catalytic reaction degraded the RhB dye material by 57% in BA and 

54% in IPA, a scavenger. According to the data on degradation efficiency, H2O2 and 

water were the end products of the RhB dye's breakdown. The addition of EDTA and 

BQ slightly altered the degradation efficiency of the reaction system. For the most part, 

holes and superoxide radicals were involved in the catalytic activity that RhB started 

when exposed to light. Evidence showed that by degrading RhB dye, FAS3 

successfully expanded the visible light absorption range of the LED. 

Fig. 3.3.9 (a) Ct/Co Vs Irradiation time (b) Efficiency of different Scavengers. 

3.3.8  EPR studies 

The presence of solitary electrons bearing oxygen vacancies was investigated 

using the EPR spectroscopy technique. The EPR measurement improved our 

understanding of oxygen vacancy defects, and we discovered that the SnO2 system 

included. This was in contrast to the lattice oxygen vacancies in Fig. 3.3.7 (XPS) and 

the surface oxygen vacancies in Fig. 3.3.8 (PL). Research by Kumar et al., (2018) and 

Shi et al., (2014) established a clear correlation between the peak intensity of the EPR 

and the presence of oxygen vacancies in the SnO2 nanoparticle. The present study's 

results reveal resonances at 312.45 mT in the EPR spectra of FAS3 at ambient 

temperature (Fig. 3.3.10). The g-value of 2.160 was determined for FAS3 by the 

following equation, 3.12, which is presented in Section 3.2.9. In this case, the resonant 
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magnetic field proved it. Free electrons have a g-value of 2.099, which is nearly 

identical. The high-intensity peak found in the reported Fe3O4/Agx-SnyO2 (FAS3) 

nanocomposite occurred for multiple reasons, and an abundance of oxygen vacancies 

was one of these causes. 

  

 

 

 

 

 

 

 

 

 

 

                     Fig. 3.3.10 EPR spectrum of FAS3, Ct/Co Vs magnetic field (G) 

 

3.3.9  Brunauer-Emmett-Teller (BET) 

In the adsorption-desorption isotherms of FAS3, shown in Fig. 3.3.11, a 

monolayer of N2 was adsorbed onto the mesoporous structure walls when the relative 

pressure was less than 0.4. The adsorption plot showed considerable variation due to 

the strong upward slope between 0.4 and 0.98. These variations are due to the tin 

mesoporous material's high capillary density. Particles outside surfaces undergo 

adsorption by many layers, which accounts for the upper part of the 0.48 value. Based 

on the results from the BET approach [Tao et al., (2013); Chen et al., (2014)], Table 

3.3.2 records the particular surface area, dimensions, and volume of the cavities. FAS3 

exhibited a higher specific surface area (5.877 m2/g) compared to Fe3O4/SnO2 (0.356 

m2/g). One possible explanation for this variation is that the metal nanoparticle 

structure effectively reduced the buildup of Fe3O4/SnO2. According to the BJH pore 

size distribution plot, the aperture's more exceleent radius distribution was between 1 

and 4 nm. 
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 Fig. 3.3.11 Analysis of Brunauer-Emmett-Teller (BET) for Fe3O4/Agx-SnyO2 (FAS3). 

 

Table 3.3.2 lists the properties of the BET surfaces, volumes, and diameters for 

Fe3O4/SnO2 and FAS3.  

As-prepared SBet (m
2/g) Pore Volume (cm3/g) Pore Size (nm) 

Fe3O4/SnO2 2.142 0.132 2.058 

Fe3O4/Agx-SnyO2 (FAS3) 5.877 0.890 2.723 

 

3.3.10 Photocatalytic Studies 

Each experiment involved using 20 mL of wastewater containing an aqueous 

RhB solution with a concentration of 8 ppm. Additionally, 5mg of the prepared 

nanocomposite photocatalyst was subjected to sonication in complete darkness for 30 

min to establish equilibrium between adsorption and desorption. In order to evaluate 

the extent of degradation, we obtained absorption spectra at different time intervals 

while exposing it to visible light. During this study, it was seen that as the duration of 

illumination grew from 0 to 150 min at intervals of 30 min, there was a decrease in the 

level of dye or pesticide absorption. This indicates that the pollutant was degraded by 

the photocatalyst composed of magnetic nanocomposite materials. Extended exposure 

to LED lights can cause organic colours to fade naturally.  

The degradation of colourants was more pronounced when exposed to LED light 

than other types of light, mostly because of the substantial band gap energy and wide 

range of wavelengths emitted by LEDs. Following 150 min, we evaluated the extent 
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of deterioration expressed as a percentage for dyes and pesticide solutions that were 

exposed to LED radiation. We estimated it using the same formula that is mentioned 

in equation 3.3 under Section 3.1.9. Photocatalytic light absorption caused electron 

migration from the valence band (VB) to the conduction band (CB), resulting in the 

Z-Scheme. Active areas on the catalyst triggered the attachment of dye or pesticide 

molecules to the photocatalyst during adsorption. Below are the details of Fe3O4/Ag-

SnO2 photocatalysis.         

Ag(e− + h+)/SnO2(e
− + h+) →  g − C3N4(e

− + e−)/SnO2(h
+ + h+)

h+ + OH−     →  OH (Oxidation)

e− + O2  →   Ȯ2
− (Reduction)

H2O + Ȯ2
−   →  OȮH + OH−  

2OȮH → Ȯ2
− + H2O2

H2O2 + Ȯ2
−  → ȮH + OH− + O2

H2O2 + e
−  → ȮH + OH−

Fe3+ + H2O2  → Fe2+ + OȮH + H+

Fe2+ + H2O2  → Fe3+ + OH− + ȮH 

 ȮH + RhB →   Decomposition products }
 
 
 
 
 

 
 
 
 
 

 (3.14) 

Fig. 3.3.12(a) and (b) illustrated the utilization of Fe3O4/SnO2 (FS) and FAS3 

nanocomposite respectively to eliminate the rhodamine B (RhB) dye through 

photocatalysis under LED. 

 

Fig. 3.3.12 Degradation RhB with (a) FS (b) FAS3. 
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3.3.11 Dosage effect 

Determining the right amount of catalyst to degrade the dye solution was of 

utmost importance. We added 0.5–11mg of a manufactured catalyst to a 20 ml solution 

with 8 ppm of RhB and a pH of 7.38 before we turned on the light. Next, we examined 

the adsorption-desorption properties of the catalyst. More photocatalysts allowed for 

better absorption of RhB before the photocatalytic process since there were more 

active sites. This clarifies why increasing the dosage of the catalyst resulted in an 

increase in photocatalytic activity [Chen et al., (2016)]. According to An et al., (2013) 

and Yan et al., (2012), degradation efficiency is reduced when there is an excess of 

photocatalyst, which leads to more light scattering and less irradiation penetration. 

Even with larger quantities of photocatalysts, the efficiency of photocatalytic 

degradation has not increased noticeably. This is because of cumulative effects. Under 

LED light, the 8 ppm dye solution photocatalytically degraded without any effect from 

the device. We increased the catalyst quantity from 0.5 to 5 mg, which surprisingly 

positively affected decomposition efficiency from 4.6% to 10.6%. We observed this 

improvement across different systems. We observed this improvement across different 

systems. After increasing the catalyst dosage to 11 mg, the decomposition rate in 30 

min changed, becoming slower, as shown in Fig. 3.3.13(a) and (b). After taking all of 

these factors into account, the best dosage of nanocomposite photocatalyst was 

found to be 5 mg.    

Fig. 3.3.13 ((a)-(b)) Different amounts of produced photocatalyst were used to 

determine the effectiveness of RhB degradation. 
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3.3.12 pH effect 

In 20 mL of dye or pesticide solution, the initial concentration was 8 ppm, and 

the catalyst dose was 5mg. We determined that the breakdown mechanisms remained 

consistent across pH values ranging from 6 to 8. As the pH rose from 5 to 9, dyes and 

pesticides' solubility and photocatalytic degradation declined. The instability of the 

nanocomposite photocatalyst in an acidic solution may have distorted the 

heterojunction and diminished photocatalytic activity. The pH-dependent redox 

species similarly affected catalytic pollutant adsorption. According to Wei et al., 

(2009) and Pouretedal et al., (2009), hydroxyl radicals were more prevalent at neutral 

and alkaline pHs, while positive holes were more prevalent at lower pHs. It was typical 

for the chemical makeup of the surrounding environment to either hasten or slow down 

the degradation of pollutants. Rapid hydrolysis can accelerate the decomposition of 

dyes or pesticides at high pH values, such as pH 10. Exposure to an acidic environment 

causes the dye or insecticide to break down into its component elements. New 

degradation products with unique chemical properties might be formed due to this. 

Another solution with a higher pH likewise showed an interaction with hydroxide ions, 

although in much smaller amounts. When exposed to these ions, the pollutant 

molecules could degrade; hence, raising pH levels usually quickens these processes. 

Therefore, controlling the environmental pH was of utmost importance. The results 

thus far indicate that a pH of 6–8 was optimal for the nanocomposite photocatalyst. At 

irradiation times of 0 and t min, the concentration of RhB dye was determined using 

the equation kt=ln (Co/Ct), which is based on the Langmuir-Hinshelwood model. So 

that we could be sure it was accurate and trustworthy, we ran the experiment three 

times. 

 

3.3.12.1 MB Degradation  

Following 150 min of exposure to LED light, the respective degradation 

efficiencies of 72.56, 70.42, 62.07, 66.04, 69.30, and 75.06% were observed in the 

FAS3 solutions with pH values ranging from 5 to 10. The pure MB dye degrades by 

3% when exposed to LED light, a negligible decrease. At pH 10, the LED-MB-FAS3 

solution degrades at an estimated rate of 75.06% after 150 min of exposure to LED 

radiation, making it the most severely degraded. Taking the logarithm of the ratio Co/Ct 
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allowed us to do a linear regression and estimate the rate constant (k) for fitting 

absorption time, and Fig. 3.3.14(a) shows the line's resultant slope. Due to this 

interaction, chemical bonds like sulphur-chlorine, nitrogen-methyl, carbon-sulphur, 

carbon-nitrogen, and carbon-oxygen dissociate. In the end, smaller organic 

molecules were produced after a chain reaction broke down intermediate components 

and opened MB rings. The process is complete at mineralisation, and the end 

molecules are CO2 and H2O, presented in Fig. 3.3.14(b). 

 

  

  

 

 

 

 

Fig. 3.3.14 (a) Kinetics of photodegradation (b) Mineralization of MB. 

 

3.3.12.2 RhB Degradation  

The adsorption investigation for FAS3 at pH values ranging from 5 to 10 

demonstrates the cationic character of RhB, with degradation efficiencies of 67.83, 

65.86, 59.85, 61.82, 65.86, and 70.07%, respectively. In the absence of FAS3 

nanocomposite, RhB dye degradation under LED illumination is only 2%, which is 

considered minimal. Confirming prior research, these rates of degradation have been 

(b)
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established, and the LED-RhB-FAS3 sample showed the most potential, as it 

successfully decomposed 70.07% of the RhB compound during a duration of 150 min, 

similar to previous photocatalysis experiments. We performed a linear regression and 

calculated the slope of the line using the logarithm of the ratio Co/Ct. The results of 

this regression are displayed in Fig. 3.3.15 (a). Because of this, we were able to 

calculate an estimate of the rate constant k for the absorption rate. Upon the elimination 

of the ethyl groups, the resulting products possess the capability to undergo subsequent 

reactions, ultimately leading to the formation of simpler molecules, including m/z 

(terephthalic acid) =166.12, m/z (3-hydroxybenzoic acid) =122.11, m/z (benzoic acid) 

=122.11, m/z (succinic acid) =118.08, m/z (adipic acid) =146.13, and carbon dioxide. 

The abovementioned process is referred to as mineralization, when organic 

compounds undergo decomposition into their fundamental inorganic forms, such as 

CO2, water, and mineral ions, as seen in Fig. 3.3.15 (b). 

 

 

  

 

 

 

 

 

Fig. 3.3.15 (a)) Kinetics of photodegradation (b) Mineralization of RhB. 

(b)
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3.3.12.3 MB and rhodamine (mixture) Degradation  

At pH 7, both colours are absorbed within 150 min under LED light solutions 

containing FAG degradation, with an efficiency rate of 62.46 and 59.08%, 

respectively. This occurred because of the electrostatic attraction between the 

positively charged dye molecules and the FAS3 surface, resulting in 

increased absorbency. However, only 1% of the MB and RhB mixture is 

degraded when using LED light.  

The LED-MB-FAS3 solution showed a maximum degradation percentage of 

around 62.46% after being exposed for 150 min at a pH of 7, as shown in Fig. 

3.3.16((a)-(c)). The reduction in size and band gap of FAS3 nanoparticles results in an 

augmentation of surface area and an enhancement of photocatalytic performance. 

When mixed in water, several factors can diminish the solubility of rhodamine B 

(RhB) and methylene blue (MB).  

Possible factors contributing to the observed decrease in solubility, such as the 

interface between the dyes and water, were a possible area for adsorption where RhB 

and MB molecules may compete. Blending two colours with low water solubility may 

result in competitive adsorption, reducing the overall water solubility of the mixture. 

RhB and MB molecules can form clusters in water. This phenomenon can also occur 

when different hues come into contact. The aggregation process decreases the overall 

solubility of each particular hue in the combination. The development of complexes 

between RhB and MB molecules can affect their solubility.  
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                    Fig. 3.3.16 Degradation of MB and RhB mixtures with FAS3 

 

3.3.12.4 Degradation of 2, 4-DCP under LED irradiation 

The UV-visible spectra of 2,4-DCP photodecomposition under the condition 

specified for the experiment were obtained at various pH values. Studies conducted on 

the adsorption of FAS3 at pH values ranging from 5 to 10 produced degradation 

efficiency percentages of 86.40, 83.56, 77.44, 72.98, and 70.86%, respectively with 5 

mg of FAS3. We carried out a linear regression and used the logarithm of the ratio 

Co/Ct in the regression analysis to determine the slope of the line for 2,4-DCP. The 

outcomes of these regressions are presented in Fig. 3.3.17 (a) with the respective 

results. As a result, we were able to compute an estimate of the rate constant k when it 

comes to the rate of absorption. Furthermore, the mineralization rates for 2,4-DCP 

varied between 3% and 43% over the course of 150 min. As shown in Fig. 3.3.17(b), 

this suggests that one of the final effects of mineralization is the breakdown of 2,4-

DCP into CO2 and H2O. 
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Fig. 3.3.17 (a) Kinetics of photodegradation of 2,4-DCP (b) Mineralization of 2,4-DCP 

 

3.3.12.5 TCAA degradation 

The study aimed to determine how well FAS mineralized trichloroacetic acid 

(TCAA) within a pH range of 5 to 10, emphasizing total organic carbon (TOC) 

removal. The analysis of 8 ppm standard TCAA was done through HPLC; the 

chromatograph is shown in Fig. 3.3.18(a). Using an 8 ppm concentration of TCAA 

and 5mg of FAS3, which have a 150 min contact duration, was evaluated using HPLC 

and revealed the mineralization and degradation of TCAA by FAS3, as depicted in 

Fig. 3.3.18(b). At the same time, Fig. 3.3.18(c) displayed the results of a linear 

regression that was performed to ascertain the slope of the line for TCAA, the 

logarithm of the ratio Co/Ct was used in this process. Using numerical calculations, 

this allowed us to approximate the absorption rate's rate constant, k.  

We discovered that the breakdown intermediates of hydroxyacetic acids, formic 

acid, and acetic acid were not as dangerous as the initial TCAA. Mass chromatograms 

showed the breakdown of TCAA to include formic acid (CH2O2, m/z 46, Rt 4.53 min), 

hydroxyacetic acid (C2H4O3, m/z 93, Rt 4.57 min), and acetic acid (C2H4O2, m/z 62, 

Rt 3.43 min). LCMS studies confirmed these acids. LCMS analysis detected formic 

acid as the primary compound, even though it formed from an intermediate with m/z 

62. According to the findings, acetic acid and hydroxyacetic acid were the primary 

byproducts of TCAA degradation. Fig. 3.3.18(d) shows a possible route for TCAA 

(b)
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degradation in the FAS process based on molecular characteristics determined by 

LCMS and related studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.18 (a)Standard TCAA (8ppm) (b)TCAA decomposition with 5mg of FAS3  

(c) Kinetics of photodegradation of TCAA (d) Mineralization of TCAA. 

 

3.3.13 TOC (total organic carbon) determination  

The rhodamine B mineralization method was determined by measuring the total 

carbon content. According to Fig. 3.3.19, the addition of 5mg of FAS3 to the dye 

resulted in a decrease in its absolute total organic carbon (TOC) value when the 

(d)
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concentration was 8 ppm. The efficacy of photomineralization was 53%. The efficacy 

of photomineralization was 61%. The photomineralization efficiency decreased to 

43% when using Fe3O4/SnO2 with an equivalent amount of photocatalyst. The 

restricted number of operational sites on the catalyst surface hindered the predicted 

reaction, decreasing the absolute total organic carbon (TOC) removal value from 53 

to 43%.  

Moreover, these findings offer a valuable understanding of the possibility of 

connecting the residual total organic carbon (TOC) in these samples to the reaction 

that took place between complete mineralization and the intermediate stages. The RhB 

degradation due to demineralization was precisely determined using equation 3.7, 

mentioned under Section 3.1.10. In order to ensure the accuracy and reliability of the 

experiment, we conducted it three times separately. 

 

 

 

 

 

 

 

 

Fig. 3.3.19 TOC removal% of MB, RhB, 2,4-DCP and TCAA with Fe3O4/Agx-SnyO2 

(FAS3). 

3.3.14 Turnover number and turnover frequency 

Evaluating the Turnover Number (TON) and Turnover frequency (TOF) is 

crucial in assessing the immediate effectiveness of a catalyst. The TON value 

quantifies the efficiency of converting substrate molecules into product molecules per 

photocatalyst molecule during a given period. One potential method for finding this is 

by utilizing the formula given in 3.8 in Section 3.1.11, while the percentage conversion 

quantifies the extent of degradation achieved by the photocatalyst. On the other hand, 

Turnover Frequency (TOF) is determined as the highest number of catalytic cycles 
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performed by each active site within a specified period, as expressed by equation 3.9, 

section 3.1.11. Table 3.3.3 presents the results of the TON and TOF experiments 

carried out on methylene blue (MB) and rhodamine B (RhB) during their degradation 

processes using sunlight and UV light as catalysts.  

When subjected to LED radiation, the FAS3 nanocomposite demonstrated the 

highest TON (Turnover Number) and TOF (Turnover Frequency) values in the 

degradation of both the MB (methylene blue) and RhB (rhodamine blue) colourants. 

We were impressed by this result for the improved performance, presumably attributed 

to the previous statement, as a consequence of the reduction in size, which has led to 

an increase in both the surface area and the number of active sites. This phenomenon 

leads to an enhanced breakdown of organic pollutants. 

                    Table 3.3.3 Determination of TOF and TON 

Dyes Photocatalyst TOF (min-1) TON (min-1) 

MB FAS3 28.374 0.189 

RhB FAS3 48.378 0.322 

2,4-DCP FAS3 8.769 0.058 

TCAA FAS3 4.492 0.029 

 

3.3.15 Reusability 

Fe3O4/SnO2 and FAS3 broke down dyes and pesticides after 150 min of 

irradiation under LED light. The most important photocatalyst qualities were stability 

and recyclability, and we learned how stable and reusable the magnetic nanocomposite 

photocatalyst was by watching it in action during recycling. Nanocomposite 

photocatalyst recycling for RhB breakdown is shown in Fig. 3.3.20, and an external 

magnet separates the nanocomposite photocatalyst from a mixed solution every five 

cycles. Reused nanocomposite photocatalysts were mixed with a new dye solution, 

and RhB's breakdown efficiency dropped from 70 to 63% in 150 min. Decomposition 

efficiency varied slightly because used-by-used nanocomposite photocatalyst 

performance might diminish due to intermediate products from degraded RhB 
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adhering to the surface and not breaking down completely. However, the 

nanocomposite photocatalyst decomposed RhB under visible light with outstanding 

stability and reusability.  

 

 

 

 

 

 

                        

 

                              

 

Fig. 3.3.20 Number of recycles for reusing of FAS3. 

3.3.16 Magnetic Quality 

Fig. 3.3.21 shows the results of a study into the magnetic response of Fe3O4 

nanoparticles and the magnetically active ternary nanocomposite FAS3, which was 

conducted by assessing the magnitudes of coercivity (MH). All magnetic Fe3O4 

nanocomposites had symmetric hysteresis and saturation magnetization. Pure Fe3O4, 

Fe3O4/SnO2, and FAS3 showed saturation magnetizations of 20.70, 17.23, and 8.34 

emu/g, respectively. The surface noncollinear spin arrangement might decrease 

magnetic moment in Fe3O4 nanoparticles with small particle size [Farzaneh et al., 

(2016); Mohammed, (2021)]. Fe3O4 might have reduced its magnetic properties since 

SnO2 and Ag were non-magnetic. From this study, it was revealed that the ternary 

nanocomposite composite photocatalyst exhibited high saturation magnetization in 

order to improve recovery and recyclability by isolating it from the solution using an 

external magnetic field.  
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                Fig. 3.3.21 VSM of Fe3O4, Fe3O4/SnO2, Fe3O4/Agx-SnyO2 (FAS3) 

 

3.3.17 Developing a Photocatalyst for the Degradation of RhB 

Fig. 3.3.22 shows that we developed a strategy for RhB dye degradation using 

nanocomposite photocatalysts. The conduction band (CB) energy levels in 

heterojunctions, like the Ag/SnO2 system, can be varied. An electron moving through 

a material would traverse its conduction band. SnO2 has lower conduction band 

energy, making it a potential electron donor for Ag. Dyes could react with electrons 

located in the conduction band of silver. This expedited the dye-to-nanocomposite 

photocatalyst chemical process. The nanocomposite photocatalyst's higher 

photocatalytic efficacy was due to several factors, including increased visible light 

absorption, slowing down the rate of charge pair recombination, and keeping RhB dye 

molecules adsorbed. 

 

 

 

 

 

 

 

 

                      Fig. 3.3.22 Photocatalyst for the Degradation of RhB 
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3.3.18 Comparison 

Table 3.3.4 presents the degradation constants for various materials, which 

indicate their photocatalytic activity. Under conditions of greater alkalinity, 

characterized by a higher concentration of hydroxyl ions, both dyes' degradation rate 

constants increased. The degradation constant of the LED-MB-FAS3 solution 

exhibited a more excellent value than that of the LED-RhB-FAS3 solution, specifically 

at pH 7. Furthermore, the LED-MB-FAS3 (pH 7) solution undergoes degradation more 

rapidly than the LED-RhB-FAS3 solution.  

The key distinguishing factor between the two compounds is their chemical 

structure. Specifically, Rhodamine B's more extensive and complex molecular 

structure was responsible for its uniqueness. Photocatalysis can degrade dye molecules 

to varying extents depending on their structural features. The outcomes of our study 

demonstrate that FAS nanocomposite produced using an ecologically benign process 

employing Parkia speciosaextract not only surpasses the findings reported in previous 

literature but also exhibits superior overall performance. This method is highly 

efficient in the breakdown of water pollutants. The study looked at how well FAS3 

broke down 2,4-dichlorophenol (2,4-DCP) and trichloroacetic acid (TCAA) by 

checking how much total organic carbon (TOC) was removed over a pH range of 5 to 

10. Fig. 3.3.23 shows a direct comparison of the degradation of 2,4-DCP and TCAA 

by FAS3 under particular conditions, including an 8 ppm catalyst concentration and a 

150 min contact period. Given these conditions, the rates at which 2,4-DCP and TCAA 

degraded were approximately 63 and 47%, respectively. 

Furthermore, throughout the 150 min period, the rates of mineralization for 2,4-

DCP varied between 3 and 43%, whereas for TCAA, the rates ranged from 2.5 to 33%. 

This suggested that the mineralization end products involve the significant breakdown 

of 2,4-DCP and TCAA into carbon dioxide (CO2) and water (H2O). The observed 

positive association between the rate of mineralization and the duration of the reaction 

is a noteworthy finding, as it implies that a longer reaction time is necessary for the 

complete mineralization of TCAA. The findings indicate that the FAS3 nanocomposite 

outperformed the degradation of RhB, MB, 2,4-DCP, and TCAA. 
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                 Fig. 3.3.23 Degradation efficiency with FAS3 photacatalyst 

 

Table 3.3.4 Estimation of Rate constant for photodegradation 

pH MB  RhB  DCP  TCA 
 

 
k  

(min-1) 
R2 

k  

 (min-1) 
R2 

k  

(min-1) 
R2 

k   

(min-1) R2 

pH 5 0.0498 0.9549 0.0558 0.9319 0.0366 0.9439 0.0373 0.9539 

pH 6 0.0466 0.9549 0.0527 0.9499 0.0336 0.9319 0.035 0.9279 

pH 7 0.0433 0.9569 0.0446 0.9379 0.0336 0.9539 0.0309 0.9299 

pH 8 0.0447 0.9519 0.0505 0.9619 0.0419 0.9339 0.0323 0.9359 

pH 9 0.0477 0.9339 0.0549 0.9279 0.0349 0.9479 0.0369 0.9339 

pH 10 0.0519 0.9379 0.0566 0.9339 0.043 0.9439 0.038 0.9479 

 

For RhB, MB, 24-DCP, and TCAA treated with FAS under LED light, the pseudo-

first-order model (R² = 0.936, 0.952, 0.916, 0.876) aligns better with experimental data 

than the pseudo-second-order model (0.766, 0.824, 0.882, 0.764), This reaction may 

follow pseudo-first-order kinetics. 
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3.4 Effect of Pr3+ on SnO2 in Fe3O4/Pr3+-doped SnO2 ternary nanocomposite for 

degradation of dyes and pesticides. 

Pr3+ doping introduces intermediate energy levels in SnO2's band gap, improving 

visible light absorption. This makes the Fe3O4/Pr3+-doped SnO2 nanocomposite more 

effective in visible light than pure SnO2, which absorbs UV light. Pr3+ ions trap 

electrons, slowing electron-hole pair recombination. More charge carriers are available 

for photocatalytic processes. Pr3+ enhances charge carrier mobility, boosting 

composite electron transfer. Fe3O4 and Pr3+-doped SnO2 synergistically boost 

photocatalytic activity. Fe3O4 adds magnetic characteristics and photocatalytic activity 

to SnO2, while Pr3+ doping improves light absorption and charge separation. Pr3+ 

broadens the composite's absorption spectrum, allowing it to use more solar spectrum. 

Fe3O4 makes the nanocomposite magnetic, making photocatalyst recovery and reuse 

easier using a magnetic field. 

The nanocomposite Fe3O4/Pr3+: SnO2 (FPS1) (with Pr3+ 1 at.%) exhibited 

excellent photodegradation of RhB dye, as depicted in Fig. 3.4.1. We evaluated 

absorption intensity as a means of assessing the photocatalytic efficiency of the ternary 

nanocomposite we prepared, with the aim of degrading RhB (Sigma Aldrich) dye in 

an aqueous solution.  

 

 

 

 

 

 

 

 

Fig. 3.4.1 The efficiency of the catalyst developed is enhanced by exposure to UV 

and LED light, leading to increased deterioration. 
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Based on these investigations, we found that ternary nanocomposite containing 

Fe3O4/(1 at.%) Pr3+:SnO2 (FPS1) is highly effective in degrading RhB when exposed 

to LED light. We focused on characterising and exploring the applications of FPS1, 

which has 1 at.% of Pr3+. 

3.4.1 X-ray Diffraction analysis 

Nanocomposite was created by combining Fe3O4, SnO2, and praseodymium 

ions. The X-ray diffraction patterns of Fe3O4/ Pr3+: SnO2 nanocomposite with 1, 5, and 

9 at.% Pr3+ are depicted in Fig. 3.4.2. The catalyst exhibited diffraction peaks at 

specific angles, namely 18.27°, 26.32°, 29.80°, 33.43°, 36.74°, 50.34°,57.29°, 62.65° 

and 65.01° among others. The 2θ values of 18.27°, 29.80°, 36.74°, 57.29° and 62.65° 

for Fe3O4 correspond to the hkl planes (111), (220), (311), (330), and (440), 

respectively, and this alignment has been confirmed by JCPDS 41-1445.  

Further, SnO2 was described by looking at its hkl planes (110), (101), (211), and 

(310), and finding that their 2θ¸ values are 26.32°, 33.43°,50.34° and 65.01° 

respectively. These values were then compared with the JCPDS 82-1533 database for 

matching purposes. Incorporating praseodymium into SnO2 will have an effect on the 

crystal structure of the material, as seen by the XRD patterns of 1%, 5%, and 9% Pr-

doped tin dioxide. As the doping levels increased, we noticed a shift in peak positions 

towards a lower 2θ value, changes in peak strength, and broadening of peaks. These 

observations suggest that there were changes in lattice characteristics, crystallite size, 

and strain inside the crystal structure.  

The leftward shift of the 2θ angle in X-ray Diffraction (XRD) patterns for 

praseodymium (Pr)-doped SnO2 can be attributed to the following factors like 

Praseodymium ions (Pr³⁺) ion replace some of the tin ions (Sn⁴⁺) in the SnO2 lattice 

when integrated. The higher ionic radius of Pr³⁺ ions (about 0.99 Å) compared to Sn⁴⁺ 

ions (0.71 Å) lead to an expansion of the SnO2 lattice when Pr³⁺ ions are incorporated 

into it. This expansion causes an increase in the distance between the crystal planes 

(interplanar spacing or d-spacing) in the crystal structure. As a result, the peaks 

observed for (110), (101), (211), and (310) in X-ray diffraction (XRD) shift towards 

lower 2θ values, in accordance with Bragg's law. In addition, the addition of Pr3+ to 

SnO2 might result in the presence of imperfections, such as oxygen vacancies or 
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interstitials, inside the crystal structure and these imperfections can cause the lattice to 

become distorted and expand. The existence of these imperfections alters the lattice 

parameters, resulting in a displacement of the diffraction peaks towards the left (lower 

2θ values). The effective preparation of nanocomposites FPS was confirmed by XRD 

analysis, and the addition of Fe3O4, Pr3+ to SnO2 did not alter the tetragonal structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

Fig. 3.4.2 XRD pattern of Fe3O4/Pr3+: SnO2 (1, 5 and 9 at.%). 

The Scherrer formula (3.1 under Section 3.1.1) was utilised to ascertain the 

average particle size (D). Table 3.4.1 presented about the details of average grain size 

that was estimated using Scherrer's method. 

Table 3.4.1 The synthesized nanocomposite(s) were measured for their average       

crystallite size, parameters, and cell volume.  

Sample 

 

Crystallite 

Size(nm) 

Lattice Parameters Cell 

volume a (Å) b (Å) c (Å) 

Fe3O4 76.708  8.284 8.284 8.284 582.325 

SnO2 53.066  4.564 4.564 3.023 69.924 
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Praseodymium 32.489  3.562 3.562 10.744 140.42 

Fe3O4/SnO2(FS) 54.224  4.826 4.826 3.266 73.468 

Fe3O4/Pr3+:SnO2(FPS1) 30.310  3.604 3.604 11.220 142.08 

 

3.4.2 FT-IR Spectroscopy analysis 

Fig.3.4.3 displayed the X-ray diffraction patterns of Fe3O4/Pr3+:SnO2 

nanocomposite, where the SnO2 was doped with 1, 3, 5, 7, and 9 at.% of Pr3+ ions. An 

extensive absorption band ranging from 400 to 600 cm-1 was detected, corresponding 

to the stretching vibration mode of the metal-oxygen (Fe-O) connection. The stretching 

and vibration band corresponding to the metal in the octahedral or tetrahedral oxide 

structure revealed the crystalline lattice of the Fe3O4 molecule in the (Fe-O) link. At 

the same time, the peak at 771.52 cm-1 indicated the presence of irregular SnO2. 

Conversely, the subtle peak observed at wavelengths ranging from 1219.01 to 1519.90 

cm-1 can be attributed to the vibrations caused by the bending of OH groups [Brojendro 

Singh Shagolsem, Nongmaithem Mohondas Singh, (2024)]. SnO2 can be synthesised 

to yield several types of hydroxyl hybrid groups, as shown by the absorption bands 

observed in the range of 1060 to 1500 cm-1. The presence of water molecules caused 

the absorption of particular vibrations related to the bending and stretching movements 

of the hydroxyl group, resulting in peaks at 1651.06 cm-1 and 3140.11 cm-1, 

respectively [Hunge et al., (2023); Fageria et al., (2015)]. 

 

 

 

 

 

 

 

 

Fig. 3.4.3 FT-IR Spectrum of 1, 3, 5, 7 and 9 at.% of the Fe3O4/Pr3+: SnO2. 
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3.4.3 UV-visible spectroscopy analysis 

We examined the UV-visible spectra of the synthesised nanocomposite, which 

has different atomic percentages of praseodymium ions. Light absorption in the 200–

1000 nm region was seen in the synthesised magnetically active Fe3O4, and the band 

gap energy of Fe3O4 was determined to be 1.726 eV [Brojendro singh Shagolsem, 

Nongmaithem Mohondas Singh, (2024)].  

Further, UV-visible spectra and band gap energy calculations of ternary 

nanocomposite having various atomic percentages of praseodymium doped SnO2 are 

shown in Figs. 3.4.3(a) and (b), respectively. Out of the different amounts of doping 

catalysts, FPS1, which is 1 at.% of Pr3+-doped SnO2, showed the lowest band gap 

energy value. We will use this specific catalyst for future analysis and dye breakdown.  

By examining the data from the UV-visible spectra and using the Tauc relation 

(3.2 under Section 3.1.3), the optical band gap energy was determined. The band gap 

energy of the Fe3O4/Pr3+: SnO2 having1, 3, 5, 7 and 9 at.%) composite was determined 

to be 2.56, 3.01, 3.25, 3.4, and 3.6 eV respectively. 

 

Fig. 3.4.4(a) UV-visible spectrum and (b) Fe3O4/Pr3+: SnO2 band gap energy 

calculation. 

The valence band spectra were utilized to ascertain the optimal mechanism for 

separating photo-induced electrons and holes in Fe3O4/SnO2 (FS) and Fe3O4/(1 
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at.%)Pr3+: SnO2 (FPS1). The objective of this experiment was to synchronise the 

electric potentials at the boundary of the conduction band (ECB) and the valence band 

(EVB) and to evaluate the process of charge transfer. The relationship proposed by 

reference [Haque et al. (2011)] can be utilized to assess the potential energy level of 

the ECB and EVB (equations 3.9 and 3.10 under Section 3.2.3).  

The energy band gap (EVB) values for SnO2 and Pr-doped SnO2 at various 

concentrations (1, 3, 5, 7, and 9 at.%) were measured and found to be 3.59, 3.58, 3.57, 

3.56, 3.54, and 3.51 electron volts (eV), respectively, which is presented in Fig. 3.4.5. 

The ECB values for the identical samples were -0.09, -0.08, -0.075, -0.07, -0.064, -

0.073, and -0.074 electron volts, respectively. This clarifies why, upon exposure to 

visible light, the excited electron readily jumps from SnO2's electron conduction band 

(ECB) to the CB of a Pr3+-doped SnO2 nanoparticle. As a result, the SnO2 and Pr3+-

doped SnO2 nanoparticles can absorb light within the visible light spectrum, reducing 

recombination. Reactive hydroxyl and superoxide radicals are critical for enhancing 

the pathways of photocatalytic reactions. This was demonstrated by the band edge 

potential of photocatalysts consisting of SnO2 and Pr3+-doped SnO2 nanoparticles. 

  

 

 

 

 

 

 

 

 

                Fig.  3.4.5 Conduction and Valence band calculation of various prepared  

                                      Fe3O4/Pr3+: SnO2. 
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3.4.4 Scanning electron microscope (SEM) studies 

The Fe3O4/Pr3+: SnO2 (1 at.%) (FPS1) nanoparticles were imaged using a 

scanning electron microscope (SEM), and the image is illustrated in Fig. 

3.4.6(a).  Based on the scanning electron microscope (SEM) image, it was evident that 

the particles exhibited a well-organised nanostructure. The particles' images exhibited 

a near-spherical shape and were approximately the size of a normal crystal. Its average 

crystallite size is determined to be 27.48 nm, which is being calculated using ImageJ 

software (Fig. 3.4.6(b)). 

    

 

Fig. 3.4.6 (a)SEM Image of Fe3O4/Pr3+: SnO2 (FPS1) (1 at.%) (b) Calculation of 

average crystallite size. 

 

3.4.5 Tanning electron microscope (TEM) studies 

In order to obtain a more distinct understanding of the microstructure of the FPS 

nanocomposite, we used TEM, HRTEM, and SAED (selected area electron 

diffraction) imaging. Fig. 3.4.7(a) displayed a transmission electron micrograph of a 

nanocomposite of FPS1 to validate the grain sizes of the fabricated nanocomposite, 

which exhibited an average grain size of around 21.8nm. The HRTEM picture is 

shown in Fig. 3.4.7(b), which is used to estimate the d-spacing and assign its 

corresponding miller indices of the fabricated nanocomposite, which exhibited lattice 

distances of 0.252, 0.326, and 0.159nm; the corresponding miller indices are (101), 

(110) and (211), respectively, of the rutile (tetragonal) SnO2 structure. The scanning 

electron diffraction (SAED) pictures, depicted in Fig. 3.4.7(c), clearly demonstrated 

(a)
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that the FPS nanocomposite is composed of many crystals and displayed diffraction 

circles. This tiny, porous SnO2 structure improved the dye adsorption and desorption 

process and the number of active sites for surface-contact reactions. Additionally, it 

exhibited less diffusion resistance and a significantly larger contact area. This 

substance's properties make it a promising option for dye breakdown. 

 

 

 

 

 

 

Fig. 3.4.7(a) TEM (b) HRTEM (c) SAED of Fe3O4/Pr3+: SnO2 (FPS1) 

3.4.6 XPS analysis 

XPS measurement can determine the chemical compositions and bonding states 

of the FPS1 nanocomposite with a 1 at.% praseodymium ion concentration, which is 

presented in Fig. 3.4.8(a). Although the spinel structure was clearly shown by the XRD 

pattern of the samples (Fig. 3.4.1), the occurrence of a γ-Fe2O3 phase in the 

nanoparticles is still possible. This is because the Fe3O4 and γ-Fe2O3 phases share 

(c )



135 

 

similar properties. Since X-ray photoelectron spectroscopy (XPS) is very sensitive to 

Fe2+ and Fe3+ cations, it is a great tool for differentiating between the two phases. Fig. 

3.4.8(b) shows that the energy values of the Fe2p3/2 and Fe2p1/2 levels are 716 and 724 

eV, respectively. Based on the reported Fe2p3/2 and Fe2p1/2 levels at 711 and 725.0 eV, 

respectively, for γ-Fe2O3, this indicates that the sample is actually Fe3O4, not γ-Fe2O3. 

The peaks in Fe3O4 broaden and trend towards higher binding energies, as observed in 

the literature [Zhang et al., (2020); Wang et al., (2005)]. This is because Fe3+(2p3/2) 

and Fe2+(2p1/2) are present, so the produced nanoparticles should be in the magnetite 

(Fe3O4) phase.  

The examination of the relative O 1s spectra at 530 eV is presented in Fig. 

3.4.8(c). The subsequent analysis displayed the outcomes of decomposing the O1s 

spectrum into its three discernible peak locations. The oxygen-tin metal bond was 

thought to be responsible for the low binding energy peak of 530 eV. At 524 eV, the 

initial peak was detected, indicating the presence of a Sn-O-Sn bond. The second peak 

was observed at 537 eV, corresponding to the Pr-O-Pr bond and aligning with the 

binding energy of Pr2O3.  Fig. 3.4.8(d) shows that a peak at 486.96 eV is ascribed to 

Sn 3d5/2 of Sn4+ and a peak at 496.4 eV to Sn 3d3/2 of Sn4+ [Ogasawara et al., (1991); 

Li et al., (2008)].  

The Pr 3d spectra of a nanocomposite of SnO2 doped with 1 at.% Pr were 

thoroughly analyzed. Substituting Pr ion with a valence state of 3+ into SnO2 leads to 

peak positions of Pr 3d. Consistent with previous studies, the Pr dopant in our 

nanocomposite, which is doped with 1 at.% of Pr3+, is expected to function as Pr3+ ions 

at Sn sites, as illustrated in Fig. 3.4.8(e). As evident from the aforementioned outcome, 

the incorporation of Pr3+ ions into the SnO2 nanocomposite was satisfactorily 

accomplished and further confirmed the successful integration of Pr3+ ions into the 

SnO2 crystal structure by the 3d3/2 and 3d5/2 peaks, which are at 953 eV and 933 eV, 

respectively, and corresponded to the expected binding energy of Pr. 
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Fig. 3.4.8 XPS of (a) Fe3O4/Pr3+: SnO2 and (b) Fe 2P (c) O 1s (d) Sn 3d (e) Pr 3d in 

Fe3O4/Pr3+: SnO2 (FPS1). 

 

3.4.7 Brunauer-Emmett-Teller (BET)  

Fig. 3.4.9 shows the FPS1 adsorption-desorption isotherm and the monolayer of 

N2 adsorbed onto the walls of the mesoporous structure is shown when the relative 

pressure is less than 0.4. The steep and increasing slope of the adsorption plot explains 
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the significant oscillations observed between 0.4 and 0.48. These fluctuations indicate 

changes in capillary density within the tin mesoporous material. According to Tao et 

al., 2015, the 0.45 value (p/po) is primarily due to the adsorption of several layers onto 

the surface of particles [Tao et al., (2015)]. Table 3.4.2 displayed the BET method, as 

described by Xiangyu et al., 2017, to calculate the exact surface area, dimensions, and 

cavity capacity [Xiangyu et al., (2017)]. According to the analysis results, the specific 

surface area of FPS is 43.753 m2/g, whereas that of FS is 23.134 m2/g. The arrangement 

of the metal nanoparticles induces this modification, which reduces FS accumulation. 

The arrangement of the metal nanoparticles induces this modification, which reduces 

FS accumulation. 

 

 

 

 

 

 

        Fig. 3.4.9 Brunauer-Emmett-Teller (BET) for Fe3O4/Pr3+: SnO2 (FPS1) 

 

Table 3.4.2 details outlining the features of BET surface area, pore volume, and pore 

diameter for both FS and FPS1. 

As-prepared 

nanocomposite 

SBet (m
2/g) Pore Volume 

(cm3/g) 

Pore size (nm) 

Fe3O4/SnO2 (FS) 23.134 0.052 1.524 

Fe3O4/Pr3+: SnO2 (FPS1) 43.753 0.074 2.463 

 

3.4.8 Photoluminescence study 

A more comprehensive understanding of the recombination rate and transfer 

behaviour of electron-hole pairs created by light can be achieved through the study of 
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photoluminescence (PL) [Premjit et al., (2020); Ramananda et al., (2022)]. Fig. 3.4.10 

displayed the photoluminescence spectra of different FPS. The emission spectrum 

spans a wide range of wavelengths, specifically from 700 to 720 nm, when excited at 

471nm. Particularly noticeable were the prominent peaks at approximately 709 nm, 

which were commonly linked to its brilliant characteristics. Crystallographic mistakes 

made during the expansion process, material flaws, and the unusual crystal structure 

of SnO2 were all possible explanations for the occurrence of these peaks and the 

emission they produced. Oxygen vacancies or tin interstitials caused defects within the 

band gap when the density of SnO2 was high. The presence of oxygen vacancies or 

silver interstitials caused a significant photoluminescence emission, which in turn 

caused the creation of many trapped states or metastable energy levels. Photogenerated 

carrier recombination can also occur efficiently in close near several tiny grain 

boundaries. The FPS nanocomposite lowered the PL intensity compared to the original 

SnO2. This shows that the charges are effectively separated and electron-hole 

recombination is stopped. Gathering photogenerated electrons from SnO2 can enhance 

the accessibility of charge separation, with praseodymium playing a pivotal role in 

facilitating this process. Consequently, the visible light performance of the FPS system 

was enhanced. The FPS1 nanocomposite's photoluminescence (PL) output clearly 

showed that the electron-hole pairs were separated compared to others. 

 

 

 

 

 

 

 

 

 

Fig. 3.4.10 PL emission spectrum SnO2 and Fe3O4/Pr3+: SnO2 (1,3,5,7 and 9 at.%). 
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3.4.9 Radical Study 

The photocatalytic activity of various scavengers was evaluated by utilizing light 

to detect the reactive radicals responsible for the breakdown of RhB. This was 

accomplished utilizing a nanoparticle of tin dioxide (SnO2) doped with 1 at.% of 

praseodymium (Pr). Fig. 3.4.11(a) depicted the introduction of scavengers, alongside 

the absence of scavengers (No S), in the photocatalytic process aimed at neutralising 

highly reactive radicals. Variations among scavengers altered the concentration ratio 

(Ct/Co) of RhB dye at time t compared to its initial concentration. To capture 

superoxide radicals (Ȯ2
−), holes (h+), and hydroxyl radicals (ȮH), the catalytic process 

utilized scavengers such as isopropyl alcohol (IPA), benzoquinone (BQ) 

[Bhuvaneswari et al., (2020)], benzoic acid (BA) [Prakash et al., (2016)], and ethylene 

diamine tetraacetic acid disodium (EDTA) [Keerthana et al., (2021)]. The impact of 

various scavengers on the radiation efficiency of SnO2 doped with 1 at.% 

praseodymium is illustrated in Fig. 3.4.11(b). During the catalytic reaction phase, 

using IPA as a scavenger increased the degradation efficiency of RhB dye to 67%, 

while BA resulted in a 69% enhancement. The degradation efficiency results indicate 

the decomposition of RhB dye's hydroxyl radicals into carbon dioxide and water, a 

crucial step. Adding EDTA and BQ to the reaction system changed the degradation 

efficiency to some extent, and according to the research, when exposed to visible light, 

RhB's catalytic activity was mediated mainly by superoxide radicals and holes.  

Fig. 3.4.11 (a) The relation between Ct/Co and Irradiation time (a) The effectiveness 

of FPS1 using modified scavengers. 
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3.4.10 EPR studies 

Using EPR spectroscopy to identify individual electrons bound to oxygen 

vacancies was the primary goal of this research. The SnO2 system, was found, and 

EPR measurements provided more information about oxygen vacancy defects. 

Oxygen vacancies on the surface and in the lattice were also shown in Figs. 3.4.8 

(XPS) and 3.4.10 (PL). The EPR investigation directly correlates the peak strength 

with the occurrence of oxygen vacancies in SnO2 nanoparticles [Kumar et al., (2018); 

Shi et al., (2014)]. The analysis revealed that SnO2 doped with 1 at.% of 

praseodymium exhibited resonances at 312.45 mT in the Electron Paramagnetic 

Resonance (EPR) spectrum, as illustrated in Fig. 3.4.12. We employ the same 

equation, i.e., equation no. 3.12, which is mentioned in Section 3.2.9, is used to 

calculate the g-value. Resonant magnetic field analysis showed that 2.003 was the g-

value for SnO2 doped with 1 at.% Pr3+ ions. The g-value of a free electron is 2.009, 

which is very close to this value. The prominent peak observed in 1 at.% Pr-doped 

SnO2 nanoparticles can be attributed to the substantial presence of oxygen vacancies. 

 

 

 

 

 

 

 

 

 

                                      

                               Fig. 3.4.12 EPR spectrum of FPS1 

 

3.4.11 Study of photocatalytic activity 

The hydroxyl radicals (ȮH) were produced in the aqueous solution of dye by the 

interaction between holes and H2O molecules, together with the existence of hydroxyl 
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radicals that were adsorbed on the surface [Lallianmawii, N. Mohondas Singh, 

(2023)]. The electrons generated by the photochemical reaction reacted with the 

oxygen present in the surrounding environment, forming superoxide anions (Ȯ2
−). The 

superoxide anion species (Ȯ2
−) and the hydroxyl radical (ȮH) was showed reactivity 

towards the oxidant. They both showed reactivity in the presence of dye on FS and 

FPS (1 at.%) nanoparticles. The reaction resulted in the liberation of water and carbon 

dioxide through the degradation of the dye. Below is a concise depiction of the 

observable response process: 

 

SnO2  +  hν →  SnO2  + h
+ + e−

Pr ∶ SnO2 +  hν →  Pr ∶ SnO2 + h
+  + e−

h+ +  dye →  dye•+ →  Oxidation products
e−  +  dye →  dye•−  →  Reduction products 

h+ + H2O (ads) → H+(ads) + ȮH

e−  + O2 (ads) → Ȯ2
− 

RhB + ȮH →  CO2  +  H2O →  Degradation products }
 
 
 

 
 
 

   (3.15) 

We mixed 20 mL of a solution containing dye or pesticide in water, which has a 

concentration of 8 ppm each, and added 1mg of a photocatalyst as prepared. After 

achieving equilibrium between the adsorption and desorption processes, the mixture 

was further subjected to a 30 min period in a lightless environment. The deterioration 

rate was determined by monitoring the absorption spectrum of RhB at its peak 

wavelength (λmax=554 nm) after exposure to LED light. The photocatalytic 

degradation process endured 150 min while being exposed to illumination. Over the 

initial 150 min, measurements were collected every 30 min, indicating a progressive 

decline in dye or pesticide absorbance. Hence, it was confirmed that the magnetic 

nanocomposite photocatalyst efficiently disintegrated the dye. The equation that is 

provided in Section 3.1.9 was used to calculate the decomposition efficiency. 

3.4.12 RhB Degradation 

Fig. 3.4.13(a) and (b) depicted the process of photocatalytic dye degradation 

utilising FS and FPS nanocomposite, respectively, as indicated by the data. The decline 

outcome was found to be most favourable when SnO2 was doped with 1 at.% Pr3+. The 

hydroxyl radicals speed up the processes of N-de-ethylation and chromophore 
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alteration during the degradation of RhB, which was outlined in the research conducted 

by [Yadav et al., (2023)]. More information about how the hydroxyl radicals in the 

nanocomposite hasten the degradation of RhB, as well as the N-de-ethylation and 

chromophore change processes. Through this process, molecular rings are opened, 

smaller RhB molecules are formed, and oxidation products are produced by breaking 

chemical bonds; LCMS tests confirmed the following m/z values: adipic acid = 

146.13, terephthalic acid = 166.12, 3-hydroxybenzoic acid = 122.11, benzoic acid = 

122.11, and succinic acid = 118.08. This process initiated the opening of molecular 

rings, forming smaller RhB molecules and producing oxidation products by breaking 

chemical bonds. The next step of the process was to mineralize the smaller molecules, 

which produced CO2 and H2O, as shown in Fig. 3.4.13(c). 

 

 

 

 

 

 

 

Fig. 3.4.13 RhB decomposition (a) Fe3O4/SnO2 (b) Fe3O4/(1 at.%)Pr3+: SnO2 (FPS1) 

(c) Mineralization of RhB 

 

3.4.13 Dosage effect 

Increasing the catalyst dosage enhances the rapid breakdown of dye solutions. 

Fig. 3.4.14 (a) and (b) demonstrate that the concentration of RhB in a 20 mL solution, 

(c)
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initially containing 8 ppm and with a pH of 7, increased from 0.5 to 11mg following a 

30 min exposure to LED illumination. In order to understand the observed 

enhancement in photocatalytic activity with increasing catalyst quantity, it was 

necessary to investigate the adsorption and desorption processes in systems with 

different catalyst concentrations. Increasing the number of photocatalysts makes more 

photocatalytically active sites available, which makes it easier to absorb RhB. 

Increased concentrations of photocatalysts lead to decreased irradiance as a result of 

light dispersion, resulting in less efficient photocatalytic breakdown [Brojendro Singh 

Shagolsem, N. Mohondas Singh, (2024)]. The augmentation of the photocatalyst's 

concentration did not enhance the photocatalytic degradation since the decisive factor 

was the total effect. The technique examined dye solutions' photocatalytic degradation 

under LED light. The initial concentration of 8 ppm produced unfavourable outcomes. 

The breakdown rate was increased by 10%, rising from 60 to 70%, by increasing the 

quantity of photocatalyst from 0.5 to 1mg. The decomposition rate and degradation 

efficiency exhibited no variation when the catalyst dosage was augmented within the 

1 to 11mg range. Upon careful evaluation of these criteria, it has been determined that 

the optimal dosage for the nanocomposite photocatalyst is 1 mg. Based on the plotted 

graph; it is evident that the utilisation of 1mg of catalyst resulted in the attainment of 

the optimal peak.    

 

Fig. 3.4.14 (a) Degradation spectrum of RhB (b) The effectiveness of degradation at 

different quantities of the produced photocatalyst.        
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3.4.14 pH EFFECT 

The initial concentration of pollutant was maintained at a constant level of 8 

ppm, and a catalyst weighing 1mg was introduced into a 20 ml solution of dye or 

pesticide. The acidic solution utilized in the production of the nanocomposite 

photocatalyst may contain defects, which have the potential to alter the doping 

structure and diminish the efficiency of the photocatalyst.  

The pH of the environment impacted the redox species and their ability to adhere 

to catalysts. Hydroxyl radicals were the main factors responsible for oxidation in 

alkaline or neutral pH conditions, whereas positive holes significantly affected acidic 

pH conditions. The examination of these results indicated that the nanocomposite 

photocatalyst exhibited the most advantageous performance within a pH range of 5 to 

7. The graph illustrates the correlation between time and the (Co/Ct) ratio, 

demonstrating the photodegradation process of RhB dye in FS and FPS1 nanoparticles.  

The Langmuir-Hinshelwood kinetic model, kt = ln (Co/Ct) as described in 

reference [Hirami et al., (2023)], was employed in combination with the provided 

equation to represent the degradation of RhB through pseudo-first-order kinetics 

accurately. 

3.4.14.1 RhB Degradation  

The adsorption examination for FPS1 at pH values ranging from 5 to 10 reveals 

the cationic nature of RhB, with degradation efficiency percentages of 54.59, 53.09, 

46.99, 48.83, 53.09, and 56.79%, respectively. When the FPS nanocomposite was 

absent, RhB dye degradation under LED illumination was approximately 2%. The 

most promising sample was the LED-RhB-FPS1 mix at pH 10. It broke down 56.79% 

of the RhB molecule in 150 min, which aligns with previous studies that used 

photocatalysis.  

A linear regression was performed with the logarithm of the ratio Co/Ct to get 

the slope of the line shown in Fig. 3.4.15. This was done to estimate the rate constant 

k for fitting absorption time. 
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                                Fig. 3.4.15 Kinetics of photodegradation. 

3.4.14.2 MB Degradation  

After 150 min, the FPS1 solutions with pH values ranging from 5 to 10 showed 

respective absorption rates of 59.90, 57.01, 49.98, 52.87, 56.79, and 62.89%. The pure 

MB dye degrades by 3% when exposed to LED light, which is a significant decrease. 

At pH 10, the LED-MB-FPS1 solution degrades at an estimated rate of 62.89% after 

150 min of exposure to LED radiation, making it the most severely degraded compared 

to RhB.  

We performed a linear regression using the logarithm of the ratio Ct/Co to 

determine the slope of the line, as illustrated in Fig. 3.4.16(a). In order to suit the 

absorption time, we were able to estimate the rate constant k. This interaction dissolves 

sulfur-chlorine, nitrogen-methyl, carbon-sulfur, carbon-nitrogen, and carbon-oxygen 

chemical bonds. Breaking down intermediate components and opening MB rings led 

to forming smaller organic compounds. LCMS investigations confirmed the 

following: m/z (4-(N, N-dimethyl)-aniline) =136.22, m/z (2-amino-4-(N, N-dimethyl) 

benzene sulfonic acid) =231.26. Fig. 3.4.15(b) shows the final molecules produced 

during mineralization, which are CO2 and H2O. 
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Fig. 3.4.16 (a) Kinetics of photodegradation of MB (b) Mineralization of MB 

 

3.4.14.3 MB and rhodamine (Mixture) Degradation 

As shown in Fig. 3.4.17((a)-(c)), the MB and RhB dye mixtures are absorbed 

after 150 minutes, and solutions containing FPS1 deteriorate at a rate of 58.72% and 

52.64% efficiency, respectively, at pH 7. An electrostatic attraction develops because 

the FPS surface is positively charged and the dye molecules are negatively charged, 

leading to enhanced absorption. Nevertheless, when illuminated by LED light, the MB 

and RhB combination degrades by a mere 1%. After 150 minutes of exposure to the 

LED-MB-FPS1 solution at pH 7, the maximum degradation percentage was 

approximately 58.72%. 

(c)
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Fig. 3.4.17 (a)-(c) MB and RhB mixture degradation at different pH values. 

 

3.4.14.4 Degradation of 2, 4-DCP under LED irradiation  

The breakdown efficiency of the FPS1 nanocomposite was 45% at pH 5 and 

56.79% at pH 10 when exposed to light-emitting diode radiation at a dosage of 1mg. 

Chen and Ray (1999) discovered a Langmuir-Hinshelwood relationship that indicates 

the degradation of 2, 4-DCP is influenced by its concentration. Some surfaces may 

exhibit resistance to hydrolysis by 2, 4-DCP. In our linear regression analysis, we 

calculated the slope of the line by taking the logarithm of the ratio Co/Ct for 2,4-DCP. 

Fig. 3.4.18(a) presented the study findings in their original formats and this method 

enabled us to estimate the rate constant (k) for the photocatalytic degradation of 2,4-

DCP using the nanocomposite prepared in advance. Fig. 3.4.18(b) provided 

information on the mineralization of 2,4-DCP, specifically the m/z values of 147.48 
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for Chloromalcic acid and 72.05 for unsaturated carboxylic acid, both of which were 

verified through LCMS studies. 

 

 

 

 

 

 

 

 

 

Fig. 3.4.18 (a) Kinetics of photodegradation of 2,4-DCP (b) Mineralization of 2,4-DCP 

 

3.4.14.5  Trichloroaceticacid (TCAA) degradation 

The experiment aimed to determine how well FPS1 mineralized trichloroacetic 

acid (TCAA) to remove total organic carbon (TOC) at a pH of 7. The research 

examined the mineralization and degradation of TCAA under defined conditions, such 

as an 8 ppm catalyst concentration and a 150 min contact time, utilising HPLC, as 

shown in Fig. 3.4.19(a). The breakdown intermediates, including hydroxyacetic acids, 

formic acid, and acetic acid, were determined to be less dangerous than the original 

TCAA. Fig. 3.4.19(b) illustrates the results of TCAA mineralization and degradation, 

including particular information gathered from HPLC analysis. whereas details of 

photodegradation kinetics are shown in Fig. 3.4.19(c), LCMS studies showed the 

existence of one or two intermediates in the process of TCAA decomposition.  

(b )
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Mass chromatograms displayed intermediate compounds such as formic acid 

(CH2O2, m/z 46, retention time 4.59 min), hydroxyacetic acid (C2H4O3, m/z 93, 

retention time 4.81 min), and acetic acid (C2H4O2, m/z 62, retention time 3.61 min). 

An intermediate compound with a mass-to-charge ratio of 46 was detected using 

chromatography-mass spectrometry analysis, derived from an intermediate compound 

with a mass-to-charge ratio of 62. Fig. 3.4.19(d) illustrates a possible breakdown 

pathway for TCAA in the FPS process based on molecular characteristics identified 

by LCMS analysis and related studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.19 (a)Std TCAA (b)TCAA decomposition with 1mg of FPS1 (c) Kinetics of 

(d) 
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Photodegradation (d) Mineralization of TCAA. 

3.4.15 TOC (Total Organic Carbon) determination  

We employed total carbon analysis to ascertain the mineralization of the RhB 

dye.  Upon adding 1mg of FPS1, the dye's absolute total organic carbon (TOC) value 

fell at a concentration of 8 ppm, as illustrated in Fig. 3.4.20. The outcome had a 

photomineralization efficiency of 55%. The photomineralization efficiency slightly 

dropped to 32% when using FS with the same amount of photocatalyst.  The restricted 

number of active sites on the catalyst's surface hindered the reaction, decreasing in the 

absolute total organic carbon value from 55% to 32%.  

Moreover, this data provides insight into the potential presence of residual Total 

Organic Carbon (TOC), a form of carbon in organic substances, in each of these 

samples. This phenomenon could be ascribed to the response occurring during the 

transitional phases of the specimens before the completion of mineralization. Using 

equation 3.7 mentioned in Section 3.1.10, we accurately calculated the 

demineralization of a dye or pesticide following its degradation. We ran the 

experiment three times to verify its accuracy and reliability.  

  

 

 

 

 

 

 

 

Fig. 3.4.20 TOC removal % of dyes and pesticides dye with FPS1. 

 

3.4.16 Comparison  

Degradation constants, which measure a material's photocatalytic activity, are 

shown in Table 3.4.3. When subjected to 1 mg of light-emitting diode radiation, the 
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FPS1 nanocomposite broke down MB, RhB, 2,4-DCP, and TCAA with an efficiency 

of 49.98, 46.99, 37, and 27%, respectively, at pH 7, which is shown in Fig. 3.4.21. 

When the pH was higher, both dyes and pesticides showed an increase in their 

degradation rate constants, caused by a higher concentration of hydroxyl ions. At pH 

7, the degradation constant for the LED-MB-FPS1 solution was higher than that for 

the LED-RhB-FPS1 solution.  

                                             

                                              

 

 

 

 

 

 

          Fig. 3.4.21 Degradation efficiency of RhB, MB, 2,4-DCP and TCAA 

  

Our research found that FPS1 nanocomposite made with an environmentally 

friendly method using Artocarpus heterophyllus L. extract, function better than that of 

FS i.e. breaking down contaminants in water using this process is incredibly efficient. 

 

Table 3.4.3 Estimation of Rate constant for photocatalytic degradation 

pH MB RhB DCP TCAA 

 
k   

(min-1) 
R2 

k  

 (min-1) 
R2 

k  

(min-1) 
R2 

k   

(min-1) R2 

pH 5 0.0558 0.9489 0.0618 0.9259 0.0426 0.9379 0.0433 0.9479 

pH 6 0.0526 0.9489 0.0587 0.9439 0.0396 0.9259 0.041 0.9219 

pH 7 0.0493 0.9509 0.0506 0.9319 0.0396 0.9479 0.0369 0.9239 

pH 8 0.0507 0.9459 0.0565 0.9559 0.0479 0.9279 0.0383 0.9299 

pH 9 0.0537 0.9279 0.0609 0.9219 0.0409 0.9419 0.0429 0.9279 

pH 10 0.0579 0.9319 0.0626 0.9279 0.049 0.9379 0.044 0.9419 
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This study measured the efficacy of FPS1 in mineralizing 2,4-dichlorophenol (2,4-

DCP) and trichloroacetic acid (TCAA) at pH 7. Their total organic carbon (TOC) 

removal percentages were calculated to observe the mineralization and degradation of 

2,4-DCP and TCAA by FPS1 under certain conditions, such as an 8 ppm catalyst 

concentration and a 150 min contact period. It was found that the mineralization rates 

for TCAA ranged from 5.5 to 36% during the 150 min period, while for 2,4-DCP, they 

ranged from 6 to 46%. Mineralization results in the significant breakdown of 2,4-DCP 

and TCAA into CO2 and H2O. For RhB, MB, 24-DCP, and TCAA treated with FPS 

under LED light, the pseudo-first-order model (R² = 0.942, 0.958, 0.914, 0.866) better 

matches experimental data than the pseudo-second-order model (0.752,0.802, 0.842, 

0.798), suggesting pseudo-first-order kinetics.  

3.4.17 VSM CURVE 

An investigation of the magnetic responses of Fe3O4 and the magnetically active 

quaternary compound FPS1 (1 at.%) - a based magnetic nanoparticle was conducted. 

The study used coercivity magnitudes (MH), as shown in Fig. 3.4.22. All 

nanocomposites using Fe3O4 magnetic nanoparticles exhibited ferrimagnetic 

characteristics, such as symmetrical hysteresis and saturation magnetization. The 

saturation magnetizations of Fe3O4, FS, and FPS1 were determined to be 20.70, 

17.260, and 2.10 emu/g, respectively. The reduction in magnetic moment of Fe3O4 

nanoparticles was the cause of the decrease in particle size. A noncollinear spin 

configuration was commonly seen on the surface. As the size of Fe3O4 magnetic 

nanoparticles increases, the saturation magnetization of the FS sample falls compared 

to pure Fe3O4. The FPS1 hysteresis loop exhibited no remaining magnetism or 

coercive force, and saturation magnetization of Fe3O4 exceeded that of FPS1 because 

it contained non-magnetic components, leading to the sample exhibiting 

superparamagnetic properties. The studies demonstrated that the photocatalyst 

exhibited substantial saturation magnetization, facilitating its efficient reusability. This 

was achieved due to the magnetic field surrounding it, offering a shield against the 

solution.  
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                           Fig. 3.4.22 VSM curve of Fe3O4, FS and FPS1. 

3.4.18 Reusability 

  The deterioration of RhB occurred due to the presence of FS and FPS1 during a 

150 min exposure to visible light. The main attributes of the photocatalyst were its 

durability and its capacity to be reused. In order to assess the stability and reusability 

of the magnetic nanocomposite photocatalyst, we investigated its recycling 

performance. Fig. 3.4.23 illustrates the recycling process of nanocomposite 

photocatalysts for the degradation of RhB. Throughout the five cycles, an external 

magnet was used to separate the nanocomposite photocatalyst from the mixture. 

Recycled nanocomposite photocatalysts decomposed the dye solution. The RhB 

breakdown efficiency showed a decrease within 150 min, declining from 70% to 63%. 

The decomposition efficiency showed negligible variability. The reduced efficacy of 

nanocomposite photocatalysts may be attributed to the incomplete degradation of the 

intermediate products clinging to the surface. On the other hand, the nanocomposite 

photocatalyst was very stable and could be used repeatedly because it consistently and 

effectively broke down dyes or pesticides with visible light. 
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                            Fig. 3.4.23 Number of recycles of using FPS1 

 

3.4.19 Mechanism of RhB decomposition using the synthesized photocatalyst 

Fig. 3.4.24 illustrated the development of nanocomposite photocatalysts 

specifically intended to decompose RhB dye, demonstrating the progress of a 

degradation method. The degradation of RhB utilizing a photocatalyst doped with Pr3+ 

ions and SnO2 (tin dioxide) was a complex process involving multiple sequential 

reactions dependent on the fundamental principles of photocatalysis. Doping SnO2 

with praseodymium resulted in an augmentation of its photocatalytic activity. Upon 

exposure to light, the Pr3+: SnO2 photocatalyst generates charge pairs by absorbing 

photons, facilitating the transfer of electrons from the valence band to the conduction 

band. Incorporating Pr3+ ions into the SnO2 structure facilitated effective charge 

separation, hindering rapid charge pair recombination. Hydrogen ions in the valence 

band of Pr3+-doped SnO2 could directly oxidise RhB molecules that have stuck to the 

surface of the catalyst. The interaction between electrons in the conduction band and 

oxygen molecules adsorbed on the catalyst's surface may lead to the formation of 

superoxide radicals (Ȯ2
−). When light and water molecules create holes, a catalyst's 

surface can generate highly reactive oxygen species (ROS), specifically hydroxyl 

radicals (ȮH). Reactive species, like hydroxyl radicals and valence band holes, work 

together to make it easier for dye or pesticide molecules to come off the photocatalyst's 

surface. During the breakdown process, simpler and more easily degradable 

intermediate molecules were produced, unlike the original molecule. Using 
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mineralization, the photocatalytic method was developed to transform pollutants into 

non-reactive inorganic compounds, such as carbon dioxide, water, and mineral ions. 

Adding Pr3+ ions to the SnO2 lattice made it more photocatalytic by changing the band 

structure and active sites that help with adsorption and catalysis. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.24 Photocatalytic degradation of RhB using a synthesized catalyst 
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3.5 Effect of Pr3+,Y3+ co-doped on SnO2 in Fe3O4/Pr3+,Y3+:SnO2 ternary 

nanocomposite for degradation of dyes and pesticides. 

Intermediate energy levels from Pr3+ and Y3+ ions extend SnO2's visible 

spectrum light absorption. This maximizes solar energy for photocatalytic processes 

compared to pure SnO2.The electron-hole pair recombination rate is reduced by Pr3+ 

and Y3+ ions. This increases charge carrier lifespan and photocatalytic efficiency. Co-

doping promotes quicker charge transfer and photocatalytic activity by increasing 

electron and hole mobility in the SnO2 matrix. Fe3O4, Pr3+, and Y3+ ions in SnO2 

synergistically boost nanocomposite photocatalytic capabilities. Pr3+ and Y3+ doping 

improves light absorption and charge separation, while Fe3O4 recovers magnetically. 

 

As shown in Fig. 3.5.1, Fe3O4/Pr3+,Y3+: SnO2 (FPYS3 (5 at.%)) photodegraded 

RhB dye more effectively than any other nanocomposites that were prepared. The 

photocatalytic efficacy of the ternary nanocomposite in its as-prepared state was 

assessed by measuring the intensity of absorption, which was used to degrade RhB 

(Sigma Aldrich) dye in an aqueous solution.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.1 The efficiency of the catalyst developed is enhanced by exposure to UV 

and LED light, leading to increased deterioration. 

 

According to the results of these investigations, a ternary nanocomposite 

consisting of Pr3+, Y3+, and SnO2 has 5 at.% (Pr3+,Y3+) exhibited remarkable efficacy 
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in the degradation of RhB when exposed to LED light. Consequently, our attention 

was directed towards Fe3O4/Pr3+,Y3+: SnO2 (FPYS3 (5 at.%)) in order to characterise 

and explore its potential applications. 

 

3.5.1 X-ray diffraction studies 

The grain size and structure of aged nanoparticles and nanocomposites were 

evaluated using powder X-ray diffraction (XRD). The X-ray diffraction patterns of 

pure Fe3O4, SnO2, Fe3O4/SnO2 (FS), and Fe3O4/Pr3+,Y3+: SnO2 (5 at.%)(FPYS3) 

nanocomposites are shown in Fig. 3.5.2. The crystal sizes were calculated using the 

Debye-Scherrer equation based on the XRD observations.  

The diffraction patterns of FPYS3 (5 at.%) nanocomposites were compared to 

those of Fe3O4 and SnO2. The diffraction peaks of cubic inverse spinel Fe3O4 were 

found to correlate with JCPDS No. 82-1533 at specific angles of 2θ = 30.11°, 35.65°, 

40.39°, 43.55°, and 62.96°. These angles corresponded to the Miller indices (220), 

(311), (222), (400), and (440). As shown in JCPDS No. 41-1445, the tetragonal rutile 

crystalline structure of SnO2 has a cell volume of 69.924 and diffraction peaks at 2θ 

angles of 26.64°, 33.91°, 51.59°, and 54.28° corresponded to the Miller indices 110, 

101, 211, and 001, respectively. No distinct impurity peaks were found in the different 

phases.  

The leftward shift of the 2θ angle in X-ray Diffraction (XRD) patterns for 

Fe3O4/Pr3+,Y3+: SnO2 (5 at.%)(FPYS3) can be attributed to several factors like 

Praseodymium (Pr³⁺) and yttrium (Y³⁺) ions replace some of the tin ions (Sn⁴⁺) in the 

SnO2 lattice, their larger ionic radii about 0.99 Å for Pr³⁺ and 0.90 Å for Y³⁺ compared 

to 0.71 Å for Sn⁴⁺ which caused the SnO2 lattice to expand. This expansion increases 

the distance between the crystal planes (d-spacing), leading to a shift of the XRD peaks 

for the 110, 101, and 211 planes towards lower 2θ values, in line with Bragg's law. 

XRD analysis confirmed the successful preparation of the nanocomposites FPYS3, 

and the tetragonal structure of SnO2 remained unchanged with the inclusion of Fe3O4, 

Y³⁺, and Pr³⁺.The dimensions of the crystallites in the Fe3O4/Pr3+,Y3+: SnO2 

nanocomposites were determined using the Debye-Scherrer formula (equation 3.1, 

mentioned in Section 3.1.1). The formula utilised the diffraction peaks (110) for SnO2, 

(311) for Fe3O4. Table 3.5.1 provides the average grain size of Fe3O4, SnO2, FS, and 
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FPYS3. 

Table 3.5.1 Average Crystallite size, Parameters and cell volume of prepared 

nanocomposite(s). 

As-prepared 

photocatalyst 

Crystallite 

Size (nm) 

Lattice Parameters Cell volume 

a (Å) b (Å) c (Å) 

Fe3O4 28.014  8.284 8.284 8.284 546.325 

SnO2 15.128  4.564 4.564 3.023 69.924 

Praseodymium 32.489  3.562 3.562 10.744 140.42 

Yttrium 28.612  3.492 3.492 6.218 69.292 

Fe3O4/SnO2 (FS) 38.103  4.826 4.826 3.266 73.468 

Fe3O4/Pr3+,Y3+:SnO2 

(5 at.%)(FPYS3) 

46.163  5.040 5.040 3.602 74.012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.2 X-ray diffraction for (a) Fe3O4, (b) SnO2, (c) Fe3O4 /SnO2 (FS) and  

(d) FPYS3 (5 at.%). 
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3.5.2 FTIR studies 

Fig. 3.5.3 depicts the Fourier transform infrared (FT-IR) spectra of 

nanocomposites that is Fe3O4/Pr3+,Y3+ (5 at.%) co-doped with SnO2 in the presence of 

a plant extract as well as Fe3O4 and SnO2. In magnetite (Fe3O4), the stretching vibration 

of Fe-O occurs at 510 cm-1, while the stretching vibration of Sn-O occurs at 764 cm-1. 

There is a possibility that a peak anywhere between 1218 -1512 cm-1 could be caused 

by the presence of organic molecules or surface functional groups, such as C-O 

stretching and C-O-C stretching vibrations from ester groups or others can take place 

in this region as a result of the utilization of plant extract in the process of 

manufacturing the nanocomposite. Adsorbed water molecules exhibit an H-O-H 

bending vibration at a frequency of 1646 cm-1 while at 3400 cm-1, vibration is produced 

by O-H stretching from water molecules that have been adsorbed. A further factor that 

can contribute to O-H stretching vibrations at 3750 cm-1 is the presence of hydroxyl 

groups that are bound to metal ions, such as Sn or Fe.  

Moreover, there is a possibility that the unique FTIR peaks for Pr3⁺ and Y3⁺ ions 

co-doping in SnO2 will not be easily discernible if they are present in very low 

concentrations. It has the ability to affect the SnO2 lattice also, which can cause minor 

alterations in the Sn-O stretching vibrations. Further, the introduction of new 

vibrational modes or the modification of existing ones can also be accomplished 

through co-doping.  

 

 

 

           

 

 

 

 

Fig. 3.5.3 FT-IR spectrum of Fe3O4/(1,3,5,7 and 9 at.%) Pr3+,Y3+: SnO2. 
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3.5.3 UV-visible spectroscopy  

An investigation using a Thermo Scientific UV-visible spectrophotometer, as 

depicted in Fig. 3.5.4(a), was conducted to assess the band-gap energies of the 

fabricated ternary nanocomposite. Additionally, a preliminary examination was 

performed to verify the production of the intended substance. The baseline was 

calibrated using double-distilled water across the 200 to 1000 nm wavelength range. 

The Tauc plot method (presented in 3.2 under Section 3.1.2) was employed to calculate 

the band gap energy of FPYS nanocomposite with varying atomic percentages. The 

UV-visible spectrum data illustrating this calculation is presented in Fig. 3.5.4 (b) 

FPYS3 presents the UV-visible spectrum data illustrating this calculation. The 

nanocomposite FPYS has 1, 3,5,7, and 9 at.% displayed a band gap of 2.44, 2.90, 3.30, 

3.31, and 3.7 electron volts (eV), respectively, indicating the observable activity of the 

photocatalyst as a compound. 

 

Fig. 3.5.4 (a) Fe3O4 UV-visible analysis (b) Fe3O4/Pr3+,Y3+: SnO2 band gap energy 

calculation 

SnO2, in this scenario, mitigates the recombination of charge carriers, serving as a 

valuable strategy to enhance the efficiency of charge transfer and photocatalytic 

degradation processes. A highly effective separation of photo-excited electrons and 

holes was accomplished by calculating the spectra of the valence band in FPYS3 (5 

at.%). This was conducted to synchronise the electric potentials at the edges of the 
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conduction band (ECB) and the valence band (EVB) and to evaluate the charge transfer 

process. The provided connection enables the determination of the potential energy 

level of the ECB and the EVB by using equations 3.9 and 3.10, respectively, which are 

mentioned in Section 3.2.3 [Hunge et al., (2023)]. The energy band gap (EVB) values 

for SnO2 and SnO2 co-doped with Pr3+ and Y3+ at various concentrations (1, 3, 5, 7, 

and 9 at.%) were as follows: 3.60, 3.59, 3.58, 3.57, 3.55, and 3.52 eV, respectively, 

while ECB values for the identical samples are as follows: -0.08, -0.07, -0.065, -0.06, -

0.054, and -0.063 eV, respectively. These results are illustrated in Fig. 3.5.5, and this 

explains why the excited electron easily moves from the electron conduction band 

(ECB) of SnO2 to the conduction band (CB) of the (Pr3+,Y3+) co-doped SnO2 

nanoparticle when exposed to LED light. Consequently, the SnO2 nanoparticles doped 

with (Pr3+,Y3+) could absorb visible light, leading to a reduction in recombination. 

Reactive hydroxyl and superoxide radicals were essential for facilitating the 

photocatalytic reaction pathways. This was demonstrated by the band edge potential 

of photocatalysts, comprised of SnO2 and SnO2 nanoparticles co-doped with 

(Pr3+,Y3+). 

 

 

 

 

 

 

 

Fig. 3.5.5 Conduction and valence band calculation of various prepared 

Fe3O4/Pr3+,Y3+: SnO2. 

3.5.4 SEM studies 

After annealing to remove organic components, Fig. 3.5.6(a) presented scanning 

electron microscopy (SEM) pictures of a SnO2 nanocomposite co-doped with 5 at.% 

of Pr3+ and Y3+. The SnO2 nanoparticles co-doped with Pr3+ and Y3+ (5 at.%) have 

outer diameters ranging from 29 to 71 nm. The average crystallite size of the 

nanocomposite was found to be 45.10 nm, as depicted in Fig. 3.5.6(b).  
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Fig. 3.5.6 (a) SEM image of Fe3O4/Pr3+,Y3+: SnO2 (FPYS3) (b) Calculation of average 

crystallite size. 

3.5.5 TEM studies 

We performed TEM, HRTEM, and SAED analyses on FPYS3 (5 at.%) 

nanocomposite to understand the microstructure further. The transmission electron 

microscopy (TEM) image is shown in Fig. 3.5.7(a), which illustrated a nanocomposite 

material consisting of FPYS3 (5 at%) with a co-doping concentration of 5 at% and 

Fig. 3.5.7(b) shown a high-resolution transmission electron microscopy (HRTEM) 

picture, which was used to confirm the d-spacing of the produced nanocomposite.  

The average grain size was found to be approximately 44.08 nm, and the 

HRTEM image revealed the rutile (tetragonal) SnO2 structure with lattice distances of 

0.254 nm, 0.309 nm, and 0.35 nm. Fig. 3.5.7(c) shows the selected area electron 

diffraction (SAED) images, which clearly show the diffraction circles. This proved 

that the FPYS3 (5 at.%) nanocomposite has a polycrystalline structure. 
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Fig. 3.5.7(a) TEM (b) HRTEM (c) SAED of Fe3O4/Pr3+,Y3+: SnO2 (FPYS3). 

3.5.6 XPS studies 

As illustrated in Fig. 3.5.8(a), the chemical compositions and bonding states of 

a SnO2 nanocomposite co-doped with 5 at.% Pr3+ and Y3+ were investigated using X-

ray photoelectron spectroscopy (XPS). With a spin-orbit splitting of 2 eV, the Y-doped 

SnO2 complexes have binding energy values of Y 3d5/2 of about 157.17 eV and Y 3d3/2 

of around 159.3 eV, which is shown in Fig. 3.5.8(b). It is clear from these findings that 

trivalent oxidation states are most common for yttrium ions [Baoping et al., (2020)]. 

While the XRD pattern of the samples (Fig. 3.5.1) clearly indicated the presence of the 

spinel structure, it is still possible that there may be some γ-Fe2O3 phase in the 

nanoparticles. This is because the γ-Fe2O3 and Fe3O4 phases have comparable 

characteristics. Because it is so sensitive to Fe2+ and Fe3+ cations, X-ray photoelectron 

spectroscopy (XPS) is a great way to tell the difference between the two phases. The 

Fe2p3/2 and Fe2p1/2 levels in Fig. 3.5.8(c), have energy values of 710 and 723 eV, 

respectively. This suggested that the sample is Fe3O4, rather than γ-Fe2O3 (the Fe2p3/2 

and Fe2p1/2 levels are measured at 711 and 725.0 eV, respectively, for γ-Fe2O3). The 

literature [Wang et al., (2005); Brojendro Singh Shagolsem, Nongmaithem Mohondas 

Singh, (2024)] confirms that the peaks in Fe3O4 shift towards greater binding energy. 

And become wider, which can be attributed to the presence of Fe3+(2p3/2) and 

Fe2+(2p1/2). Thus, it indicated that the nanoparticles generated should be in the 

magnetite (Fe3O4) phase.  

The spectrum of Pr 3d, as shown in Fig. 3.5.8(d), comprises Pr 3d5/2 at 931.7 eV 

and Pr 3d3/2 at 954.7 eV, which represent Pr3+ and Pr4+ ions, respectively [Ogasawara 

( c )
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et al., (1991)]. The SnO2 lattice was validated by the O1s spectra analysis, which 

showed a peak at 531.94 eV, respectively, which is shown in Fig. 3.5.8(e). These peaks 

correspond to the M-O bond, the Sn-O-Sn bond, and the Pr-O-Pr bond, respectively. 

Fig. 3.5.8(f) shows that Sn 3d5/2 of Sn4+ is allocated a peak at 486.96 eV, while Sn 3d3/2 

of Sn4+ is assigned a peak at 496.4 eV [Li et al., (2008); Brojendro Singh Shagolsem, 

N. Mohondas Singh, (2024)]. The SnO2 nanocomposite, co-doped with 5 at.% 

(Pr3+,Y3+), showed the presence of Y3+,Pr3+ ions at the Sn sites. 

 

 

  

Fig. 3.5.8 XPS of (a) Fe3O4/Pr3+,Y3+: SnO2 (b) Y 3d (c) Fe 2p (d) Pr 3d (e) O 1s  (f) Sn 
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3d in Fe3O4/Pr3+,Y3+: SnO2 (FPYS3)  

 

3.5.7 Brunauer-Emmett-Teller (BET) studies 

The FPYS3 (5 at.%) adsorption-desorption isotherms are shown in Fig. 3.5.9. 

When the relative pressure is less than 0.4, the mesoporous structure displays a 

monolayer of N2 adsorbed onto its walls. Because of the increased capillary density in 

the tin mesoporous material, the adsorption plot oscillates between 0.4 and 0.48 on 

account of a sharp and increasing slope. According to Tao et al., the bulk of the 0.5 

value is linked to the adsorption of several layers on the surface of the particles [Tao 

et al., (2015)]. Table 3.5.2 presents the findings of using the BET approach to measure 

the surface area, dimensions, and cavity capacity by the details given by Chen et al. 

[Chen et al., (2017)]. When compared to FS (0.356 m2/g), FPYS3 (5 at.%) has a much 

higher specific surface area (25.468 m2/g). This shift occurred because of a 

rearrangement of metal nanoparticles, which significantly decreased FS buildup. 

According to Fig. 3.5.9, which showed the BJH pore size distribution plot of FPYS3 

(5 at.%), the apertures have a maximum radius distribution that ranges from 1 to 4 nm, 

and the IUPAC classification classifies the isotherm displayed in Figure as type IV. 

Pores in a substance are characteristic of materials with this type of isotherm [Qi et al., 

(2009)]. The porous SnO2 nanostructure improved the dye adsorption-desorption 

process and increased the number of active sites for surface contact reactions. 

Furthermore, it provided a considerably greater surface for contact and minimal 

obstruction to the spread of particles. These features suggest its potential application 

in dye degradation. 

 

 

 

 

 

 

Fig. 3.5.9 Application of the Brunauer-Emmett-Teller (BET) method to 
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Fe3O4/Pr3+,Y3+: SnO2 (FPYS3). 

 

Table 3.5.2 Provides details on BET surface area, pore volume, and pore size attributes 

for FS and FPYS3 (5 at.%). 

Sample SBet (m
2/g) Pore Volume 

(cm3/g) 

Pore size (nm) 

Fe3O4/SnO2 (FS) 0.356 0.031 2.136 

Fe3O4/Pr3+,Y3+:SnO2 (FPYS3 

(5 at.%)) 

25.468 0.052 2.878 

 

3.5.8 Photoluminescence studies 

Investigating photoluminescence (PL) [Premjit et al., (2020); Ramananda et 

al., (2022)] has provided a clearer insight into the recombination rate and transfer 

behaviour of electron-hole pairs generated by light. In Fig. 3.5.10, the 

photoluminescence spectra of various FPYS3 (5 at.%) are presented. The 

photoluminescence spectrum of pristine SnO2 revealed prominent emission peaks in 

the visible spectrum, notably at wavelengths of 454 nm and 468 nm, characteristic of 

its luminous qualities. The existence of these peaks can be attributed to various factors, 

including material defects, the distinctive crystal structure of SnO2, and 

crystallographic imperfections resulting from the expansion process, leading to such 

emission. An elevated concentration of oxygen vacancies or tin interstitials creates a 

defect level within the band gap of SnO2, causing significant photoluminescence 

emission due to the presence of O vacancies or Sn interstitials. As a result, numerous 

trapped states or metastable energy levels are formed. Additionally, efficient 

photogenerated carrier recombination can occur close to several small grain 

boundaries. FPYS3 (5 at.%) nanocomposite exhibited diminished photoluminescence 

(PL) intensity in comparison to unmodified SnO2, indicating effective separation of 

charges and suppression of electron-hole recombination. To enhance the separation of 

charges, capturing the electrons created by SnO2 was necessary. The presence of 

(Pr3+,Y3+) ions was essential for this process, and consequently, the visible light 

performance of the FPYS3 (5 at.%) system was enhanced. The FPYS3 (5 at.%) 
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material's photoluminescence (PL) output proved that the electron-hole pairs were 

successfully separated. 

 

 

  

 

 

 

Fig. 3.5.10 Photoluminescence of Fe3O4/Pr3+,Y3+: SnO2 having different co-doping 

atomic percentage. 

3.5.9 Radical studies 

Visible light exposure was employed to assess the photocatalytic effectiveness 

of various scavengers, aiming to identify the reactive radicals responsible for the 

degradation of dyes and pesticides in a 5 at.% (Pr3+,Y3+) co-doped SnO2 

nanocomposite. Fig. 3.5.11(a) illustrated incorporating without Scavenger (No S) and 

with different scavengers into the photocatalytic process to neutralise the reactive 

radicals. This variation in scavengers resulted in a change in the Ct/Co of the dye or 

pesticide. The catalytic procedure involved employing scavengers such as isopropyl 

alcohol (IPA), benzoquinone (BQ) [Bhuvaneswari et al., (2020)], benzoic acid (BA) 

[Prakash et al., (2016)], and ethylene diamine tetraacetic acid disodium (EDTA 

disodium) [Keerthana et al., (2021)] to trap hydroxyl radicals (ȮH), superoxide 

radicals (Ȯ2
−) and holes (h+) respectively. Fig. 3.5.11(b) demonstrated the influence of 

various scavengers on the radiation efficiency of SnO2 co-doped with 5 at.% 

(Pr3+,Y3+).The degradation of MB dye decreased from 70 to 67 and 69% when IPA 

and BA were present as scavengers, respectively. The data on degradation efficiency 

indicated that hydroxyl radicals play a crucial role in decomposing the MB dye into 

water and carbon dioxide. A slight degradation efficiency alteration was observed 

upon adding EDTA and BQ to the reaction system. These data indicate that the main 

reactive species participating in the visible irradiation catalytic process of MB are 
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superoxide radicals and holes. The results indicated that SnO2 doped with (Pr3+,Y3+) 

at concentrations of 5 at.% could effectively expand the LED light absorption range 

into the visible region due to their ability to degrade MB dye. 

 

 

  

 

 

 

 

 

 

Fig. 3.5.11 (a) Relationship between Ct/Co and Irradiation time (b) Efficiency using 

various Scavengers. 

3.5.10 EPR studies 

The study focused on the detection of individual electrons with oxygen vacancies 

through the use of EPR spectroscopy. Oxygen vacancies were discovered in the SnO2 

system, and the electron paramagnetic resonance (EPR) measurement enhanced the 

comprehension of oxygen vacancy defects. The presence of oxygen vacancies in the 

SnO2 nanoparticle is directly correlate with the peak intensity seen in the EPR analysis 

[Kumar et al., (2018)].  

The current work found that at ambient temperature, SnO2 co-doped with 5 at.% 

(Pr3+,Y3+) displayed resonances at 312.45 mT in the EPR spectrum (Fig. 3.5.12), and 

to determine the g-value, use the same equation 3.12, given in Section 3.2.9. The study 

of resonant magnetic fields showed that the g-value of SnO2 doped with 5% Pr3+,Y3+ 

is 2.003, which is very close to the g-value of a free electron (2.009). The significant 

increase in energy level noted in the SnO2 nanoparticle doped with Pr3+,Y3+ at 5 at.% 

is due to the profusion of oxygen vacancies. 
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                  Fig. 3.5.12 EPR of Fe3O4/Pr3+,Y3+ (5 at.%):SnO2 (FPYS3) 

 

3.5.11 Photocatalytic studies 

In each experiment, 20 mL of contaminated water containing an aqueous 

solution of dye or pesticide with a concentration of 8 ppm was mixed with 3 mg of 

FPYS3 nanocomposite photocatalyst. This mixture was left in the dark for 30 min to 

allow adsorption and desorption equilibrium. The degradation rate was determined by 

monitoring the absorption spectrum of MB at its maximum wavelength (λmax=664nm) 

while exposing it to LED light. The photocatalytic degradation process continued for 

150 min under light exposure. The results of the study revealed a gradual decrease in 

the light absorption of MB over the 0 to 150 min period, with measurements taken at 

30 min intervals. Subsequently, the magnetic nanocomposite photocatalyst initiated 

the breakdown of the dye, and its decomposition efficiency was calculated using 

equation 3.3 mentioned in Section 3.1.9. Electrons in an elevated energy state within 

the conduction band have the potential to engage with oxygen molecules, resulting in 

the generation of superoxide radical anions (Ȯ2
−) [Yadav et al., (2023)]. Molecules 

creating holes in the valence band reacted with water molecules to produce hydroxyl 

radicals (ȮH) [Hirami et al., (2023); Lallianmawii, N. Mohondas Singh, (2023)].  

Subsequently, the methylene blue dye was adsorbed onto the catalytic surface 

composed of FS and FPYS3 (5 at.%) nanocomposite. Following this, the catalyst 

surface underwent light absorption, generating photogenerated electron (e−) and hole 
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(h+) pairs. Oxidation products formed upon hole interaction with MB dye were MB•+. 

Conversely, electron interaction with MB dye led to the formation of a reduction 

product known as MB•−. The generated electrons and holes fully covered the surface 

of the FS and FPYS3 (5 at.%) nanocomposite. Hydroxyl radicals (ȮH) were generated 

in the aqueous MB dye solution through a hole reaction with H2O molecules, and 

hydroxyl radicals were adsorbed on the surface. Electrons produced from the 

photochemical reaction are combined with surrounding oxygen and the MB aqueous 

solution, producing superoxide anions (Ȯ2
−). Both hydroxyl radical (ȮH) and 

superoxide anion species (Ȯ2
−) could undergo reactions in the presence of the MB dye 

on FS and FPYS (5 at.%) nanoparticles. This reaction led to the release of water and 

carbon dioxide due to the breakdown of the MB dye. In summary, the reaction process 

can be represented as follows: 

SnO2  +  hν →  SnO2  + h
+ + e−

Pr3+/Y3+ ∶ SnO2 +  hν →  Pr
3+/Y3+ ∶ SnO2 + h

+  +  e−

h+ +  dye →  dye•+ →  Oxidation products

e−  +  dye →  dye•+  →  Reduction products 

h+ + H2O (ads) → H+(ads) + ȮH

e−  +  O2 (ads) → Ȯ2
−

 MB + ȮH →  CO2  +  H2O →  Degradation products

MB + Ȯ2
− → CO2  +  H2O →  Degradation products }

 
 
 
 

 
 
 
 

  (3.16) 

3.5.11.1 MB degradation 

Fig. 3.5.13(a) illustrates the degradation of Methylene Blue (MB) under LED 

light exposure, representing the analysis's findings. FPYS3 nanocomposites are 

thought to have a higher surface area and better photocatalytic ability because they are 

smaller and have a smaller energy gap. This makes degradation happen faster. As 

shown in Fig. 3.5.13(b), the breakdown of MB is caused by the interaction between 

MB molecules and the hydroxyl groups of FPYS nanocomposites. As a result of this 

interaction, chemical bonds such as sulfur-chlorine, Nitrogen-Methyl, Carbon-Sulfur, 

Carbon-Nitrogen, and Carbon-Oxygen dissociate. Ultimately, smaller organic 

molecules were formed through a chain reaction that breaks down intermediate 

components and opens MB rings, which confirmed from LCMS studies that m/z (4-

(N, N-dimethyl)-aniline)=136.22 and m/z (2-amino-4-(N, Ndimethyl) 
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benzenesulfonicacid) = 231.26. The process is completed during mineralization, 

resulting i n the end molecules CO2 and H2O, as depicted in Fig. 3.5.13(c). 

 

 

 

 

 

 

Fig. 3.5.13 MB degradation with prepared nanocomposite (a) FS (b) FPYS3 (5 at.%) 

(c) Mineralization of MB.  

 

3.5.12 Dosage effect studies 

The appropriate amount of catalyst was utilized for faster breakdown of the dye 

solution. Fig. 3.5.14((a)-(b)) demonstrates that exposing an 8 ppm, 20 mL, pH 7 

solution to LED light for 30 min results in a rise in MB concentration from 1 to 11mg. 

By studying adsorption and desorption in systems with varying catalyst 

concentrations, it became clear why photocatalytic activity increases as the catalyst 

quantity increases. As a result, an increased number of photocatalysts resulted in a 

higher quantity of active sites, enabling a greater absorption of MB prior to 

photocatalysis. High levels of photocatalysts result in a decrease in irradiance due to 

light scattering. The photocatalytic degradation exhibited reduced efficacy. The 

(c)
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overall impact was substantial; hence, augmenting the photocatalyst did not enhance 

the process of photocatalytic breakdown. The investigation of the degradation of 

photocatalytic dye solutions under LED light was also conducted in this experimental 

arrangement. The original concentration of 8 ppm produced disappointing outcomes. 

The breakdown rate showed a 10% augmentation, escalating from 60% to 70%, with 

an increase in the quantity of photocatalyst from 1 to 3mg. The degradation efficiency 

of the breakdown rate did not improve when the catalyst dose increased from 3 to 

11mg. After considering all of these elements, it was concluded that the most 

favourable quantity of nanocomposite photocatalyst to utilise was 3mg. The graph 

shows that the use of 3 mg of catalyst resulted in achieving the optimal peak. 

 

 

  

 

 

 

 

 

Fig. 3.5.14 (a) MB degradation (b) Efficiency of degradation at various amount of 

prepared photocatalyst. 

 

3.5.13 pH effect studies 

The UV-visible spectra of dye or pesticide photodecomposition at various pH 

levels while maintaining a consistent beginning concentration of 8 ppm and a catalyst 

concentration of 3mg in 20 ml of pollutant solution are presented below. According to 

the study, pollutants readily decompose at various pH values. The acidic solution 

utilized to produce the nanocomposite photocatalyst may exhibit flaws, leading to 

alterations in the doping structure and a decrease in photocatalytic efficiency.  

The pH of the environment impacted the redox species and their ability to adhere 

to catalysts. Hydroxyl radicals were the predominant oxidising agents under alkaline 
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or neutral conditions, but positive holes played a key role under acidic conditions. The 

comparison of these findings indicates that the nanocomposite photocatalyst exhibits 

optimal performance within the pH range of 5 to 7. The Langmuir-Hinshelwood 

kinetic model and the provided equation were employed to linearly fit the degradation 

of dyes or pesticides according to pseudo-first-order kinetics. The equation relates the 

starting concentration of dye or pesticide (Co), the pseudo-first-order rate constant (k), 

and the concentration of dye or pesticide at a given time (Ct). 

3.5.13.1 MB Degradation 

For pH values between 5 and 10, the FPYS3 solutions showed absorption rates 

of 65.90, 62.82, 55.91, 58.75, 63.18, and 68.74% after 150 minutes of exposure to the 

treated dye solution with the chemical. Exposure to LED light significantly reduces 

the degradation of the pure MB dye, which is 3%. The LED-MB-FPYS3 solution, 

which is the most severely damaged after 150 min of exposure to LED radiation at pH 

10, has an estimated degradation rate of 68.74%. The results of a linear regression are 

shown in Fig. 3.5.15. The rate constant (k) for fitting absorption time was determined 

by taking the logarithm of the ratio Ct/Co and using it to estimate the slope of the line. 

 

 

 

 

 

 

 

 

 

                                   

                                      Fig. 3.5.15 Kinetics of photodegradation. 

3.5.13.2 RhB Degradation 

In the adsorption study for FPYS3 at pH values ranging from 5 to 10, the results 

show that RhB is cationic, with adsorption percentages of 60.59, 58.98, 52.68, 54.91, 
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58.85, and 62.93%, respectively. The degradation of RhB dye under LED light is 

practically nonexistent (less than 2%) in the absence of FPYS3 nanocomposite. The 

LED-RhB-FPYS3 nanocomposite showed the most promise. It degraded 62.93% of 

the RhB molecule in 150 minutes, consistent with previous photocatalysis trials. The 

linear regression analysis in Fig. 3.5.16 (a) used the logarithm of the ratio Ct/Co to 

determine the line's slope.  Because of this, we were able to approximate the fitting 

absorption time's rate constant, k. Fig. 3.5.16(b) showed more details on the 

degradation of RhB, which is accelerated by the hydroxyl radicals of the 

nanocomposite, which also speeds up the processes of N-de-ethylation and 

chromophore change.  

The mechanism initiates the opening of molecular rings, forming smaller 

RhB molecules, and producing oxidation products by breaking chemical bonds. 

LCMS investigations validated the following m/z values: Terephthalic acid = 166.12, 

3-hydroxybenzoic acid = 122.11, benzoic acid = 122.11, succinic acid = 118.08, and 

adipic acid = 146.13. Mineralization into smaller molecules, which resulted in the 

production of CO2 and H2O, was the subsequent phase in the process. 
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           Fig. 3.5.16 (a) Kinetics of photodegradation (b) Mineralization of RhB. 

 

3.5.13.3 MB and rhodamine (mixture) Degradation  

 At pH 7, solutions containing FPYS3 have a degradation efficiency of 50.86% 

and 44.42%, respectively, and both hues have an absorption time of 150 min. An 

electrostatic interaction formed between the positively charged FPYS3 surface and the 

negatively charged dye molecules, which increases absorption. However, the 

combination of MB and RhB, only degrades 1% when exposed to LED light. Fig. 

3.5.17((a)-(c)) shows that after 150 min of exposure to the LED-MB-FPYS3 solution 

at pH 7, the maximum degradation percentage reached about 50.86%. The smaller size 

and band gap of FPYS3 nanocomposites allow for increased surface area and improved 

photocatalytic efficacy. There are a variety of possible explanations for why 

rhodamine B (RhB) and methylene blue (MB) become less soluble when mixed with 

water. Some of these explanations include: The interface between solvents and water 

is one possible location for adsorption of RhB and MB molecules. Combining two 

colours that aren't very water-soluble can reduce the overall water solubility of the 

mixture through competing adsorption. When exposed to water, RhB and MB 

molecules can aggregate, thereby lowering the combined solubility of the colors. 

When RhB and MB molecules come together to form complexes, the solubility of the 

molecules involved can change due to the species' tendency to precipitate out of 

solution during complex formation. 

 

(b)
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           Fig. 3.5.17 (a)-(c) Degradation of MB and RhB mixtures with FPYS3. 

 

3.5.13.4 Degradation of 2, 4-DCP under LED irradiation 

The degradation efficiency was 51% at pH 5 and 53% at pH 10, respectively, 

when 3 mg of FPYS3 nanocomposite were subjected to light-emitting diode radiation. 

One of the Langmuir-Hinshelwood connections Chen and Ray (1999) found states that 

2, 4-DCP degradation is concentration-dependent. There may be some surfaces that 

are resistant to 2,4-DCP hydrolysis. Our linear regression study used the logarithm of 

the ratio Ct/Co to determine the line slope for both 2,4-DCP. Fig. 3.5.18(a) displayed 

the study results in their original formats. This method allowed us to approximate the 

rate constant (k) for the photocatalytic degradation of 2,4-DCP using the as-prepared 

nanocomposite, while Fig. 3.5.18(b) presented the mineralization of 2,4-DCP: 
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chloromalcic acid has a m/z of 147.48 and unsaturated carboxylic acid has a m/z of 

72.05, both of which were confirmed by the LCMS studies. 

 

 

 

 

 

 

 

 

 

Fig. 3.5.18(a) Kinetics of 2,4-DCP photodegradation, (b) Mineralization of 2,4-DCP 

photodegradation. 

 

3.5.13.5 TCAA degradation 

 The HPLC chromatograph of the 8 ppm Standard TCAA is shown in Fig. 

3.5.19(a), and the study used a pH spectrum of 5 to 10 to measure the proportion of 

total organic carbon (TOC) eliminated, which allowed researchers to examine FPYS3's 

capacity to mineralize trichloroacetic acid (TCAA). Under regulated conditions, such 

as an 8 ppm catalyst concentration and a 150 min contact period, the mineralization 

and degradation of TCAA by FPYS3 were examined using high-performance liquid 

(b )
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chromatography (Waters HPLC, C18 column), as shown in Fig. 3.5.19(b). We found 

that the breakdown intermediates, hydroxyacetic acid, formic acid, and acetic acid—

were less harmful than the initial TCAA. The LCMS assay identified one or two 

intermediates during the breakdown of the TCAA as CH2O2, hydroxyacetic acid 

(C2H4O3, m/z 93, Rt 4.9 min), and acetic acid (C2H4O2, m/z 62, Rt 3.63 min) in the 

mass chromatograms. The LCMS analysis identified an intermediate with m/z 46, 

originating from another intermediate with m/z 62. Even though acetic acid and 

hydroxyacetic acid were the key players in the breakdown of TCAA, the LCMS 

analysis only showed formic acid as an intermediary. LCMS and other studies found 

molecular features that pointed to a possible way for TCAA to break down in the 

FPYS3 process, as shown in Fig. 3.5.19(c). 

Fig. 3.5.19 (a) Std TCAA(8ppm) (b) TCAA decomposition with 3mg of FPYS3 

(c)Mineralization of TCAA. 

 

 

 

(c )
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3.5.14 TOC (Total Organic Carbon) determination  

The main aim of the thorough carbon investigation was to understand the 

mineralization processes of dyes and pesticides. When 3 mg of FPYS3 (5 at.%) was 

employed, the TOC removal percentage for dyes or pesticides at an 8 ppm 

concentration decreased, as depicted in Fig. 3.5.20, indicating a photo-mineralization 

efficiency of 57%. Conversely, when using FS with an equivalent amount of 

photocatalyst, there was only a slight decrease in photomineralization efficiency, 

reaching 32%. The limited presence of active sites on the catalyst surface hindered the 

expected reaction, decreasing the absolute TOC value from 57 to 32%. Additionally, 

this data provides valuable insights into the potential presence of residual Total 

Organic Carbon (TOC) in each solution, attributed to reactions occurring during 

intermediate phases before complete mineralization. Equation no. 3.7, which is given 

under Section 3.1.10, was utilised to calculate the degrading demineralization of dyes 

or pesticides. In order to ensure the experiment's accuracy and reliability, we have 

conducted it on three separate occasions.  

 

 

 

 

 

 

 

 

 

Fig. 3.5.20 TOC removal% of MB, RhB, 2,4-DCP and TCAA with FPYS3 (5 at.%). 

3.5.15 Comparison  

Table 3.5.3 displays degradation constants, which quantify the photocatalytic 

activity of a substance. Due to an increase in the quantity of hydroxyl ions, the 

degradation rate constants of dyes increased as the pH rose. At pH 7, both the LED-

MB-FPYS3 and LED-RhB-FPYS3 solutions degrade at different rates. Furthermore, 

compared to the LED-RhB-FPYS3 solution, the LED-MB-FPYS3 (pH 7) sample 

deteriorated at a faster pace, which is shown in Fig. 3.5.21 and We repeated the 
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experiment three times to make sure it was accurate and reliable. The primary 

distinction between the two molecules was their chemical composition. In particular, 

Rhodamine B's larger and more complex molecular structure was responsible for its 

uniqueness. The structural features of dye molecules dictated how photocatalysis could 

degrade them. Our findings demonstrate that the FPYS nanocomposite produced using 

a green process with Parkia speciosa extract performs as well as, if not better than, the 

previously reported materials. Using this technique to break down pollutants in water 

was remarkably efficient.  

The study looked at how well FPYS3 mineralized 2,4-DCP and TCAA across a 

pH range of 5 to 10 and found out what percentage of total organic carbon (TOC) was 

removed. Under these conditions, we found that the degradation rates for 2,4-DCP and 

TCAA were 53% and 44%, respectively. Moreover, whereas TCAA's mineralization 

rates varied between 6.5% and 37% across the 150 min period, 2,4-DCP's rates varied 

between 7% and 47%. One of the last results of mineralization is the significant 

breakdown of 2,4-DCP and TCAA into CO2 and H2O. The results indicate a positive 

correlation between the rate of mineralization and the reaction time, indicating that 

TCAA necessitates a longer reaction time for complete mineralization. When 

comparing the two methods for mineralization of 2,4-DCP, the results suggest that the 

FPYS3 strategy may have been superior. 

 

 

 

 

 

 

 

 

                 Fig. 3.5.21 Degradation efficiency of RhB, MB, 2,4-DCP and TCAA 
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Table 3.5.3 Determination of rate constant for photocatalytic decomposition of RhB, 

MB, 2,4-DCP and TCAA 

pH MB  RhB  DCP  TCAA 
 

 
k   

(min-1) 
R2 

k   

(min-1) 
R2 

k   

(min-1) 
R2 

k   

(min-1) R2 

pH 5 0.067 0.936 0.073 0.913 0.054 0.925 0.043 0.935 

pH 6 0.064 0.936 0.070 0.931 0.051 0.913 0.041 0.909 

pH 7 0.061 0.938 0.062 0.919 0.051 0.935 0.036 0.911 

pH 8 0.062 0.933 0.068 0.943 0.059 0.915 0.038 0.917 

pH 9 0.065 0.915 0.072 0.909 0.052 0.929 0.042 0.915 

pH 10 0.069 0.919 0.074 0.915 0.061 0.925 0.044 0.929 

 

For RhB, MB, 24-DCP, and TCAA treated with FPYS under LED light, the 

experimental data aligns more closely with the pseudo-first-order model (R² = 0.900, 

0.936, 0.896, 0.872) than with the pseudo-second-order model (R² = 0.784, 0.852, 

0.818, 0.758), indicating that the reaction likely follows pseudo-first-order kinetics. 

3.5.16 Vibrating sample magnetometry (VSM) studies  

Magnetic nanocomposites synthesised from iron oxide and the magnetically 

active nanocomposite FPYS3 (5 at.%) were studied using magnitudes of coercivity 

(MH) to examine their magnetic responses; the outcomes are shown in Fig. 3.5.22. 

The ferrimagnetic characteristics, such as saturation magnetization and symmetric 

hysteresis, were demonstrated by every nanocomposite that contained Fe3O4 magnetic 

nanocomposites. 20.81, 17.27, and 5.74 emu/g were determined to be the saturation 

magnetization values for pure Fe3O4, FS, and FPYS3 (5 at.%), respectively. 

Miniaturization of Fe3O4 nanoparticles is due to a drop in magnetic moment, which is 

mostly brought about by the surface's noncollinear spin arrangement. Saturation 

magnetization in FS samples decreases relative to pure Fe3O4 as particle size rises. 

There was no remanence or coercivity observed in the hysteresis loop of the FPYS3 

alloy with a 5 at.% composition. While pure Fe3O4 have the highest saturation 

magnetization, FPYS3 (5 at.%) have a lower value due to the presence of non-
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magnetic components. The sample achieved superparamagnetic behaviour. The results 

show that the photocatalyst can be reused because of its high saturation magnetization. 

An external magnetic field was used to accomplish this, effectively separating it from 

the solution. 

 

 

 

 

 

 

 

 

                      Fig. 3.5.22 VSM curve of Fe3O4, FS and FPYS3 (5 at.%). 

3.5.17 Reusability 

FS and FPYS3 (5 at.%) degraded RhB after 150 min of visible light exposure, 

and crucial attributes of the photocatalyst were its stability and recyclability. The 

stability and reusability of the magnetic nanocomposite photocatalyst were assessed 

using recycling observation. The process of recycling a nanocomposite photocatalyst 

for the breakdown of MB is illustrated in Fig. 3.5.23. When exposed to a mixed 

solution, a nanocomposite photocatalyst was able to be separated using an external 

magnet every five cycles. The recycled nanocomposite photocatalysts were blended 

with a fresh dye solution. The breakdown efficiency of RhB decreased from 70 to 63% 

after a span of 150 min. Thus, the efficiency of decomposition was slightly changed. 

The performance of the nanocomposite photocatalyst may be reduced due to the 

presence of intermediate products from degraded RhB that stick to the surface and do 

not fully decompose. Nevertheless, when exposed to visible light, the nanocomposite 

photocatalyst demonstrated remarkable durability and recyclability in the degradation 

of RhB.    
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                           Fig. 3.5.23 Number of recycles for using FPYS3. 

3.5.18 The degrading mechanism of MB using a photocatalyst that has been 

created 

A method for the degradation of methylene blue (MB) dye was developed using 

nanocomposite photocatalysts (Fig. 3.5.24). An elaborate multi-step procedure 

dependent on photocatalytic principles is required for the degradation of MB utilising 

a photocatalyst Pr3+,Y3+co-doped with SnO2. In order to make SnO2 a more effective 

photocatalyst, it is co-doped with praseodymium and yttrium ions. When SnO2 

photocatalysts are doped with Pr3+ and Y3+, they are able to absorb light and transfer 

electrons from the valence band to the conduction band, resulting in the generation of 

electron and hole pairs. Fast electron-hole recombination was hampered by the 

effective charge separation made possible by the Pr and Y ions found in the SnO2 

lattice. The hydrogen ions in the valence band of SnO2 co-doped with Pr3+ and Y3+ 

allow the direct oxidation of MB molecules that have stuck to the catalyst's surface. 

Superoxide radicals (Ȯ2
−) can be produced when electrons (e-) in the conduction band 

come into contact with oxygen (O2) that is deposited on the surface of the catalyst. 

Interaction between water molecules and photogenerated holes on a catalyst's surface 

can produce reactive oxygen species (ROS), specifically hydroxyl radicals (ȮH). 

Together, hydroxyl radicals and valence band holes break down MB molecules 

adsorbed on the photocatalyst surface. As MB broke down, it usually gave rise to 

smaller, more biodegradable molecules that were less complicated than the original. 
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The goal of the photocatalytic method was to convert the contaminants into inert 

inorganic molecules such as mineral ions, water, and carbon dioxide, a process known 

as mineralization. The presence of Pr and Y ions in the SnO2 lattice enhanced 

photocatalytic activity, and co-doping enabled modifications to the band structure, 

surface area, and active sites for adsorption and catalysis. 

 

 

 

 

 

 

 

 

 

 

 

          Fig. 3.5.24 Mechanism of MB degradation with prepared photocatalyst. 
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Chapter 4 

CONCLUSIONS 

 

Different magnetic nanocomposites were produced using several materials, 

such as forming heterojunctions with g-C3N4 and silver with SnO2, or doping SnO2 

with silver or Praseodymium or yttrium ion. The nanocomposites mentioned are 

Fe3O4/SnO2 (FS), Fe3O4/g-C3N4 (FG), Fe3O4/SnO2/g-C3N4 (FSG2), Fe3O4/Ag-g-C3N4 

(FAG3), Fe3O4/Agx-SnyO2 (FAS3), Fe3O4/Pr3+-doped SnO2 (FPS1), and Fe3O4/Pr3+, 

Y3+co-doped SnO2 (FPYS3). These syntheses were conducted by utilising the 

hydrothermal technique with the addition of plant extracts obtained from Citrus x 

lemon, Parkia speciosa, and Artocarpus heterophyllus L. 

The hydrothermal method allowed for precise control over the morphology and 

size of the nanocomposites, leading to uniform and well-defined structures. As-

prepared nanocomposites have average crystallite size of the ranged from 22.54 to 

45.10 nm, and have band gaps ranging from 2.35 to 3.64 eV, which makes them very 

suitable for photocatalysis. This method typically results in high-purity products with 

excellent crystallinity, which can enhance the material's properties. It often occurred 

at relatively low temperatures and pressures, making it energy-efficient and cost-

effective. Further, this process can be more environmentally friendly since it often uses 

water as the solvent, reducing the need for harmful chemicals. It can enhance the 

physical and chemical properties of the nanocomposites, such as improved magnetic, 

optical properties etc. The simplicity and efficiency of the process can lead to lower 

production costs compared to more complex and energy-intensive methods.  

The synthesised photocatalysts undergo UV-visible spectroscopy analysis to 

examine in many different areas of chemistry and yields valuable information about 

the electronic structure of molecules and to estimate its band gap energy. Moreover, 

modifications were observed in the electronic band structure of the host material 

through the formation of heterojunctions or doping with another material. Specifically, 

there was a decrease in the valence band energy of the host material (SnO2) with 

increasing dopant concentration, whereas the energy value of the conduction band 
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initially increased and then decreased as the dopant concentration increased. This can 

be revealed as the introduction of localised states near the valence band edge by 

dopant. The states of these elements can form hybridised states with the valence band 

states of host, resulting in a decrease in energy of the valence band or d-orbital of Ag 

or 4f orbitals of Pr3+ can interact with the O 2p orbitals in SnO2, causing the creation 

of new hybridised states that have a lower energy than the original valence band edge. 

While the energy value of the conduction band in host material initially increased and 

then decreased as the concentration of praseodymium ion increased. At low 

concentrations of Pr3+, doping can either add new energy levels or change the current 

energy levels in the band structure of SnO2. This can lead to a small rise in the energy 

of the conduction band, as the extra electrons or holes alter the structure of the band 

and move the edge of the conduction band. This can boost the energy of the conduction 

band by adding to the states near the edge of the band that contribute to conduction. 

Photocatalyst Band gap energy 

(eV) 

Average Crystallite 

Size (nm) 

FSG2 2.35 30.49 

FAG3 3.64 22.54 

FAS3 3.23 25.44 

FPS1 2.56 27.48 

FPYS3 2.44 45.10 

 

X-ray diffraction analysis to determine their crystal structures and phase purity 

by analysis and Fourier transform infrared spectroscopy (FT-IR) technique with the 

ATR method, Scanning Electron Microscope (SEM), Tanning Electron Microscope 

(TEM), X-ray photoelectron spectroscopy (XPS), Photoluminescence (PL), Brunauer-

Emmett-Teller (BET), Total Organic Carbon (TOC) analysis, Liquid 

Chromatography-Mass Spectrometry (LCMS), Vibrating Sample Magnetometer 

(VSM), and others were used to analyse the physical properties of these novel 

photocatalysts. 

From the photoluminescence (PL) studies revealed that intensities of the host 

material decrease when forming heterojunctions or doping with other materials 
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primarily due to introduction of dopants or forming heterojunctions can create 

localized energy states or traps within the host material's band structure. These traps 

can capture charge carriers (electrons and holes) and lead to non-radiative 

recombination pathways, reducing the emission of photons. Doping or heterojunction 

formation can alter the energy levels and electronic structure of the host material. This 

change can result in energy transfer processes where the energy is dissipated through 

non-radiative pathways rather than emitting photons. Further, the presence of dopants 

or the formation of heterojunctions can facilitate processes such as quenching, where 

the energy absorbed by the host material is transferred to the dopant or the interface 

region without emitting light. The presence of oxygen vacancies or 

silver/Praseodymium/yttrium ion interstitials caused a significant photoluminescence 

emission, which in turn created many trapped states or metastable energy levels. 

Photogenerated carrier recombination can also occur efficiently in close proximity to 

several tiny grain boundaries. The heterojunction or doped nanocomposite lowered the 

PL intensity compared to the sole or undoped SnO2. 

Since, our research is on magnetically active nanocomposite, so prepared 

nanocomposites were investigated through Vibrating Sample Magnetometer (VSM) in 

order to check their magnetic properties. The results explained that there was decrease 

in its value when using heterojunction or doped materials, as compared to sole or 

undoped materials, can be attributed to several factors related to changes in the 

magnetic properties and interactions of the materials. Introducing dopants into a 

nanocomposite can alter the magnetic domains. Dopants can disrupt the regular 

magnetic ordering, leading to a decrease in overall magnetization. This disruption is 

due to the introduction of non-magnetic or differently magnetic atoms into the lattice, 

which can hinder the alignment of magnetic moments. Creating a heterojunction 

involves combining two different materials, which can result in interfaces where 

magnetic interactions are altered. The magnetic properties at the interface can differ 

from those in the bulk materials, potentially reducing the overall magnetization. 

Dopants can introduce localized magnetic moments that interact with the host 

material's magnetic moments, often leading to complex spin interactions that reduce 

the net magnetization. For example, if non-magnetic or antiferromagnetic elements are 
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introduced, they can lead to a reduction in the overall magnetic response. At the 

interface of a heterojunction, the exchange coupling between different magnetic 

regions can be weakened or altered. This can lead to a reduction in the alignment of 

spins, thus decreasing the overall magnetization measured by the VSM. 

Photocatalyst Magnetization (emu/g) 

F 20.70 

FG 2.30 

FS 17.26 

FSG2 1.10 

FAG3 4.59 

FAS3 8.34 

FPS1 2.10 

FPYS3 2.04 

 

We synthesized nanocomposite and employed it as a photocatalyst to degrade 

pesticides and dyes in this study. For this, the irradiation solution's absorption intensity 

was assessed to examine the photocatalytic efficiency of the prepared ternary 

nanocomposite with rhodamine B (RhB), methylene blue (MB), 2,4-dichlorophenol 

(2,4-DCP), and trichloroacetic acid (TCAA) were used as model pollutants. The 

photocatalyst impact, pH effect, and dose are just a few of the several parameters 

studied. 

The dose of photocatalyst used in dye degradation significantly affects the 

degradation efficiency due to several reasons i.e. more photocatalyst means a greater 

surface area available for the adsorption of dye molecules. This enhances the 

interaction between the photocatalyst and the dye, facilitating more efficient 

degradation due to higher dose of photocatalyst, more light can be absorbed, 

generating more electron-hole pairs. This increases the number of reactive species 

(such as hydroxyl radicals) that participate in the degradation process. Further, larger 

dose of photocatalyst provides more active sites for the photocatalytic reactions, thus 

increasing the overall reaction rate. This leads to faster and more complete degradation 

of the dye molecules. However, there are also practical limitations and considerations 
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like beyond an optimal dose, adding more photocatalyst can lead to particle 

agglomeration and light scattering. This reduces the effective penetration of light into 

the solution, decreasing the generation of reactive species and thereby lowering the 

degradation efficiency. 

Photocatalyst Dose (mg/20mL) 

FSG2 1 

FAG3 1 

FAS3 5 

FPS1 1 

FPYS3 3 

 

 In case of photocatalyst impact, heterojunction or doped materials has more 

degradation efficiency as compared to that of sole or undoped material because when 

two different semiconductors are combined to form a heterojunction, the interface 

between them can create an internal electric field. This field helps in the separation of 

photo-generated electron-hole pairs, reducing their recombination rate and thus 

enhancing the photocatalytic activity. While doping introduces additional energy 

levels within the bandgap of the semiconductor. These new levels can trap electrons 

or holes, aiding in their separation and reducing recombination. Thus, by combining 

materials with different bandgaps, heterojunctions can absorb a broader spectrum of 

light. This broadens the range of wavelengths that can be utilized for photocatalysis, 

improving the overall efficiency. Doping can create defect states or introduce new 

electronic states that allow the material to absorb visible light, extending the absorption 

range beyond the intrinsic bandgap of the undoped material. 

Photocatalyst Degradation % (RhB) 

 FG FS 

FSG2 72 23 26 

FAG3 69 23 - 

FAS3 63 - 26 

FPS1 48 - 26 

FPYS3 59 - 26 
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Photocatalyst Degradation % 

RhB MB 2,4-DCP TCAA 

FSG2 72 75 72 55 

FAG3 69 71 59 35 

FAS3 63 68 55 29 

FPS1 48 52 38 25 

FPYS3 59 56 45 28 

    

A radical test was conducted employing various scavengers to validate the presence of 

reactive species involved in this degradation. The report revealed that ȮH radicals are 

highly reactive and act as potent oxidants in these chemical reactions. Their ability to 

enhance the degradation of dyes and pesticides can be attributed as ȮH radicals have 

a very high oxidation potential, making them capable of initiating oxidation reactions 

with a wide range of organic compounds, including dyes and pesticides. This oxidative 

degradation breaks down complex molecules into simpler, less harmful substances. 

The introduction of scavengers, alongside the absence of scavengers (No S), in the 

photocatalytic process aimed at neutralising highly reactive radicals. Variations among 

scavengers altered the concentration ratio (Ct/Co) of RhB dye at time t compared to its 

initial concentration. In order to capture superoxide radicals (Ȯ2
− ), holes (h+), and 

hydroxyl radicals (ȮH). 

 

From the pH studies, between pH 8 and 10, the dye solution exhibited higher 

degradation efficiency during photocatalytic processes for several reasons such as the 

surface charge of the photocatalyst can change with pH, affecting the adsorption of 

dye molecules. If the dye molecules are oppositely charged to the surface of the 

photocatalyst at a specific pH, there will be stronger electrostatic attraction, enhancing 

adsorption and degradation efficiency. Conversely, if they are similarly charged, 

repulsion can occur, reducing adsorption and efficiency. Further, the formation of 

reactive species, such as hydroxyl radicals (ȮH), which are crucial for dye degradation, 

can be influenced by pH. For example, in the presence of water, hydroxyl radicals are 



191 

 

more easily formed under alkaline conditions, improving degradation efficiency. 

However, excessively high or low pH can also lead to the formation of other species 

that might not contribute as effectively to the degradation process. Not only these, the 

chemical structure and stability of dye molecules can change with pH. Some dyes may 

be more easily degraded in acidic or alkaline conditions due to the ionization state of 

the dye molecules. For example, certain dyes might precipitate or change their 

structure at specific pH levels, affecting their availability for photocatalytic 

degradation. The stability and activity of the photocatalyst can also be pH-dependent. 

Some photocatalysts might degrade or lose activity in highly acidic or alkaline 

conditions, thus affecting their efficiency. 

pH of MB solution FSG2 FAG3 FAS3 FPS1 FPYS3 

pH 5 85 82 73 60 66 

pH 6 82 79 70 57 63 

pH 7 75 71 62 50 56 

pH 8 78 74 66 53 59 

pH 9 82 78 69 57 63 

pH 10 88 85 75 63 69 

 

Further, performing kinetics calculations for the photodegradation of dyes and 

pesticides with photocatalysts is crucial because kinetics studies help in elucidating 

the reaction mechanisms involved in the degradation process. This includes identifying 

the intermediate species formed during the reaction and the steps involved in their 

conversion to final products. Kinetics calculations provide quantitative measures of 

the photocatalytic efficiency. By determining the rate constants and comparing them 

for different photocatalysts, we are able to assess which materials are more effective 

in degrading specific pollutants. Kinetic parameters help in optimizing the reaction 

conditions, such as the concentration of the photocatalyst, the intensity of light, the pH 

of the solution, and the presence of other substances. This optimization is essential for 

achieving maximum degradation efficiency. 
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Photocatalyst pH 7 

MB  RhB  DCP  TCA  

k   

(min-1) 

R2 k   

(min-1) 

R2 k   

(min-1) 

R2 k   

(min-1) 

R2 

FSG2 0.0192 0.981 0.0205 0.962 0.0095 0.978 0.0068 0.954 

FAG3 0.031 0.968 0.032 0.949 0.021 0.965 0.019 0.941 

FAS3 0.0433 0.9569 0.0446 0.9379 0.0336 0.9539 0.0309 0.9299 

FPS1 0.0493 0.9509 0.0506 0.9319 0.0396 0.9479 0.0369 0.9239 

FPYS3 0.061 0.938 0.062 0.919 0.051 0.935 0.036 0.911 

 

Due to the fact that the photocatalyst is exposed to LED light, the Total Organic 

Carbon (TOC) removal % of dye degradation with a photocatalyst normally increases 

with time, it continuously generates electron-hole pairs, which then produce reactive 

species such as hydroxyl radicals (ȮH) and superoxide radicals (Ȯ2
−). These reactive 

species attack and break down the dye molecules and their intermediates over time, 

leading to a gradual reduction in TOC. Initially, the photocatalyst targets the dye 

molecules, leading to their decomposition into smaller organic intermediates. With 

prolonged exposure to the photocatalytic process, these intermediates are further 

broken down into simpler molecules, eventually leading to complete mineralization 

into CO2 and H2O, thereby reducing TOC. Over time, more dye molecules are 

adsorbed onto the surface of the photocatalyst, increasing the interaction between the 

dye and the photocatalyst. This enhanced adsorption facilitates more efficient 

degradation and removal of organic carbon. As the photocatalytic reaction progresses, 

there is an accumulation of reactive species in the solution, increasing the probability 

of these species encountering and degrading the organic molecules. This leads to a 

higher TOC removal percentage over time. 
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Photocatalyst TOC removal % (pH7) 

RhB MB 2,4-DCP TCAA 

FSG2 64 69 55 48 

FAG3 60 64 54 48 

FAS3 50 54 45 35 

FPS1 52 55 46 37 

FPYS3 61 66 51 46 

 

Among synthesized nanocomposites in this study, Fe3O4/SnO2/g-C3N4 (FSG2) 

exhibited the most effective response in degrading dyes and pesticides as compared to 

that of others nanocomposite. Because SnO2 exhibited a substantial surface area, 

which facilitates the presence of several active sites for the adsorption of dye 

molecules. It exhibited chemical stability and improves the overall stability of the 

composite, rendering it ideal for several uses. Additionally, g-C3N4 is a photocatalyst 

that is responsive to LED light, enabling it to harness sunshine or LED light for 

photocatalytic processes. This characteristic enhanced the energy efficiency and cost-

effectiveness of the process. When exposed to LED light, g-C3N4 produced electron-

hole pairs that contribute to the creation of reactive species such hydroxyl radicals 

(ȮH) and superoxide anions (Ȯ2
−). These highly reactive organisms have the ability to 

break down a variety of organic contaminants, such as dyes and insecticides. Further, 

heterojunctions are formed at the interfaces when Fe3O4, SnO2, and g-C3N4 are 

combined which provided effective separation and transmission of charges, 

minimizing the recombination of electron-hole pairs and increasing the photocatalytic 

activity. The incorporation of a composite structure could enhance the efficiency of 

light absorption and use, hence increasing the number of photons accessible to 

facilitate the photocatalytic reactions. 

 The degradation efficiency for the LED-MB-FSG2 nanocomposite solution is 

higher than that for the LED-RhB-FSG2 nanocomposite solution, because the 

chemical structures of the two molecules are very different. Rhodamine B's 
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distinctiveness stems from its larger and more complex molecular structure than 

methylene blue. The extent to which dye molecules can be degraded through 

photocatalysis is contingent upon their structural attributes. When rhodamine B (RhB) 

and methylene blue (MB) are combined in water, their solubility decreases for various 

reasons. Several possible factors contributing to the reduction in solubility have been 

identified like the presence of adsorption sites at the interface between the solvent and 

water, where molecules of RhB and MB may conflict for available space. Moreover, 

if two colours with low water solubility are mixed together, the overall water solubility 

of the combination can be reduced due to competitive adsorption. Not only this, RhB 

and MB molecules have the ability to form clusters when they come into contact with 

water. This effect can also appear when colours come into contact with each other. 

Thus, aggregation decreases the overall solubility of each individual colour in the 

mixture. Consequently, the solubility of RhB and MB molecules can be modified as 

complexes are formed between them due to the tendency of the participating species 

to precipitate out of the solution or the solubility of RhB can be decreased by hydrogen 

bonding or electrostatic interactions between RhB and MB molecules.  

Our study revealed that TCAA requires a more extended period to mineralize 

fully. The data shows that the ternary nanocomposite method was more effective than 

TCAA in the mineralization of 2,4-DCP. 
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ABSTRACT 

Point-source pollution of water bodies with organic pollutants from industrial 

waste and human-made pollution were threatening ecosystems worldwide. Many 

researchers described several ways to remove wastewater pollutants and prevent 

marine life death, disease propagation, and ecological degradation requires wastewater 

dye toxicity removal, which can be done photocatalytically. Wastewater cleanup was 

better with advanced oxidation methods, and several approaches were documented. 

Semiconductor photocatalysts have been more popular in the recent decade as a 

technique to clean up hazardous waste and energy loss utilizing solar power. These 

photocatalysts were affordable, non-toxic, recyclable, and offer multi-step electron 

transfer. Recent efforts to develop semiconductor materials with specific sizes, forms, 

optical, electrical, and catalytic capabilities for energy procurement, biosystems, and 

conservation have garnered interest. SnO2 was considered the prevailing n-type 

semiconductor due to its possession of a large and linear bandgap of 3.6 eV. The 

distinctive characteristics of this substance were its chemical and thermal stability, 

high binding energy, transparency, and capacity for storing a significant amount of 

oxygen. Rhodamine B (RhB), methylene blue (MB), 2,4-Dichlorophenol (2,4-DCP) 

and Trichloroacetic acid (TCAA), an organic dye and pesticides, have been used in 

several industries such as paper manufacturing textile production, pharmaceutical, 

pesticides industries and farmers. The reason for less using of SnO2 was due to reduce 

absorption of visible light in sunlight which can be attributed to its wider bandgap. The 

observed phenomenon leads to a decrease in overall efficiency. Electron-hole pairs 

were generated within semiconductor nanoparticles (NPs) when exposed to visible or 

ultraviolet (UV) radiation. The rapid recombination of electron-hole pairs inhibited 

photocatalytic performance increased. SnO2 was a promising semiconductor material 

for photovoltaics, but a high recombination rate and poor photoexcited electron-hole 

sets limited its photocatalytic efficiency. Metal oxides (SnO2), semiconductors, can 

maintain their versatility morphology, compound formation, and particle size 

dispersion through making heterojunction or doping or co-doping with g-C3N4, Ag, 

Praseodymium or yttrium ion. Research to improve SnO2 physicochemical properties 

was significant for several reasons. Doping and semiconductor pairing moved SnO2 
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absorption into the visible range. The only easy and useful technique to lower the 

bandgap was to dope, which attracts and enhances resources and increases visible light 

photocatalytic activity.  

Chapter 1: This chapter provides a comprehensive overview of metal oxides and their 

photoluminescent properties, including those doped with transition or lanthanide 

chemicals. A comprehensive list of various methods for creating doping or 

heterojunction using SnO2 was provided, and detailed explanations were provided. The 

discussion also included the spectroscopic properties and applications of SnO2 doped 

with other semiconductors, transition elements, and rare earth metals. The text briefly 

highlighted many processes that contribute to the photodegradation of organic 

pollutants in aqueous solutions. The impact of contaminant concentration, pH levels, 

and surface effects will also be considered. The literature reviews and study scope were 

documented. A review was conducted on the research conducted in the past few 

decades about developing SnO2 doped with other semiconductors. 

Chapter 2: Characterization of the synthesized materials is a crucial step in 

determining the properties of the materials using the necessary instruments. This 

chapter comprehensively discussed the many instrumentation techniques employed in 

our research, including XRD, FT-IR, SEM, TEM, EDAX, EPR, TOC, BET surface 

area analysis, Photoluminescence, and VSM. Materials undergo characterization to 

determine their inherent qualities. The characteristics of a substance are influenced by 

its morphology and size, which can be studied using TEM or SEM imaging techniques. 

Similarly, the property, which is determined by the crystallinity of the materials, may 

be observed using XRD examination. 

Chapter 3: A novel environmentally-friendly method for synthesising Fe3O4, SnO2, 

and their ternary nanocomposite, Fe3O4/SnO2/g-C3N4, has been developed. This 

method employed plant extracts derived from lemon (Citrus x lemon) fruits, which 

were abundant in Mizoram, India. The nanomaterials were synthesised using a 

hydrothermal method and characterised using UV-Visible, FT-IR, XRD, SEM, TEM, 

and XPS techniques. The XRD measurement verified the phase purity of the 

nanocomposite (FSG2). The study looked at how well magnetically separable FSG2 
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ternary photocatalyst materials broke down rhodamine B (RhB), methylene blue 

(MB), 2,4-Dichlorophenol (2,4-DCP) and Trichloroacetic acid (TCAA) when exposed 

to visible light from a 50-watt Philips LED bulb. Measurements were taken every 30 

min. A magnet placed outside the aqueous suspension separated the magnetically 

active ternary photocatalyst, facilitating easy and efficient recycling. 

Fe3O4/Ag doped g-C3N4 was synthesised hydrothermally using plant extract 

(Atocarpus heterophyllus L), resulting in a homogeneous distribution of Ag 

nanoparticles on g-C3N4 sheets. The plant extract worked as a reducing or capping 

agent, which made it possible to precisely control the spread of Ag at weight 

percentages of 1, 3, 5, 7, and 9 wt.% on g-C3N4. Under LED light, the study examined 

the effectiveness of Fe3O4/Ag doped g-C3N4 (FAG3) in photocatalysis. Specifically, it 

focused on the degradation of rhodamine B (RhB), methylene blue (MB), 2,4-

dichlorophenol (2,4-DCP), and trichloroacetic acid (TCAA). Remarkably, the 

photocatalytic effectiveness of Fe3O4/Ag (5 wt.%)-doped g-C3N4 (FAG3) was 

significantly higher than that of Fe3O4/g-C3N4, resulting in improved elimination of 

dyes and pesticides. The efficiency of FAG3 was enhanced through surface plasmon 

resonance, while the presence of photogenerated holes and radicals further improved 

its breakdown. Using an outside magnet made recycling easier by separating the 

ternary photocatalyst from the water-based suspension. 

SnO2 is a widely employed and economical photocatalyst in diverse industries, 

such as industrial polishes, glass and ceramic coatings, construction materials, and gas 

sensor systems. However, the fast recombination of electrons and holes constrains the 

process of light emission. To address this problem, a groundbreaking investigation was 

carried out, utilising an inexpensive and harmless plant extract (Citrus x lemon) 

precursor containing phytochemicals as a capping agent. Fe3O4/Agx-SnyO2 

nanocomposites were synthesised using different ratios of Ag and SnCl2. The samples 

were then analysed using FTIR, UV-visible, XRD, SEM, TEM, XPS, and BET surface 

techniques. The combination of Fe3O4/Agx-SnyO2 (x:y=1:1, 1:3, 3:1) is a more 

effective photocatalyst than Fe3O4 or SnO2 individually. The efficiency of the 

nanocomposite photodecomposition was tested by decomposing dyes and pesticides, 
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using a 50W LED light. Exposure to LED light enhanced the photocatalytic activity 

of the Fe3O4/Agx-SnyO2 (FAS3) (x:y=3:1) nanocomposite. The results demonstrated 

that the excited charge electrons originating from SnO2 were capable of transferring to 

the Ag conductive band, enhancing the charge pair separation process. Enhancing the 

photocatalytic activity of Fe3O4/Agx-SnyO2 (FAS3) (x:y=3:1) might result in the more 

efficient degradation of rhodamine B (RhB), methylene blue (MB), 2,4-

dichlorophenol (2,4-DCP), and trichloroacetic acid (TCAA). 

This study introduces a meticulous and all-encompassing method for creating 

Fe3O4/Pr3+: SnO2 (FPS) nanostructures utilising an extract obtained from jackfruit 

leaves (Atocarpus heterophyllus L). This innovative strategy is environmentally 

conscious and enduring, laying the foundation for a more sustainable future. We 

performed experiments with varying amounts of praseodymium ions to examine their 

impact on the structure, purity, size, and efficacy of the Fe3O4/Pr3+: SnO2 

photocatalyst. The hydrothermal technique was employed to synthesise and evaluate 

a visible light-sensitive photocatalyst, utilising a minimal amount of Jackfruit extract. 

We employed a range of techniques, including UV-visible Spectroscopy, X-ray 

Diffraction (XRD), Electron Microscope (TEM), Scanning Electron Microscope 

(SEM), Vibrating Sample Magnetometer (VSM), and others, to analyse and develop 

this innovative photocatalyst. The results of this study demonstrate the remarkable 

ability of just 2 ml of Jackfruit extract to produce the Fe3O4/(1 at.%)Pr3+: SnO2 (FPS1) 

photocatalyst, which has shown outstanding effectiveness in breaking down 

Rhodamine B (RhB), Methylene blue (MB), 2,4-Dichlorophenol (2,4-DCP), and 

Trichloroacetic acid (TCAA). This research demonstrates that the material, in its 

original form, can serve as a unique photocatalyst that is responsive to visible light. 

The photocatalyst efficiently eradicates and decomposes organic contaminants in 

water, rendering it a superb substitute for conventional approaches. In addition, it 

discovered that the material exhibited structural integrity, rendering it a suitable 

remedy for environmental obstacles. This paper is an invaluable addition to the field 

of sustainable materials science and novel methodology for developing a photocatalyst 

minimises the ecological consequences of conventional techniques and offers a 

superior and more proficient remedy for eradicating organic contaminants in water.  
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The study suggested a sustainable method for synthesising SnO2 by mixing 

SnCl2.5H2O, NaOH, and an extract derived from stink bean (Parkia speciosa). The 

hydrothermal technique was employed to incorporate varying concentrations of 

Praseodymium ion (Pr3+) (1, 3, 5, 7, 9, and 11 at.%) and Yttrium ion (Y3+) (1, 3, 5, 7, 

9, and 11 at.%) into pre-existing SnO2 nanoparticles. This resulted in the creation of 

various types of nanoparticles, such as Pr3+-doped SnO2 and Y3+-doped SnO2. A new 

nanocomposite, termed FPYS, was synthesised by mixing Fe3O4 and Pr3+,Y3+: SnO2 

nanocomposite. The resulting material exhibits magnetic characteristics. Later, the 

hydrothermal synthesis method was used to create nanocomposites of FPYS. The use 

of various methods such as Field-emission scanning electron microscopy (FESEM), 

high-resolution transmission electron microscopy (HRTEM), Brunauer-Emmett-

Teller (BET) analysis, ultraviolet-visible (UV-vis) spectroscopy, energy-dispersive X-

ray spectroscopy (EDS), X-ray diffraction (XRD), and X-ray photoelectron 

spectroscopy (XPS) was employed in the examination of the nanocomposites. The 

efficacy of photodecomposition of the nanocomposite, which was synthesised, was 

investigated using certain dyes and pesticides under 50W LED light. When exposed 

to LED light, the FPYS3 (5 at.%) nanocomposite exhibited heightened photocatalytic 

activity, indicating that the excited charge electrons could migrate to the dopant 

conductive band, resulting in accelerated charge pair separation. Adding Pr3+ and Y3+ 

ions to SnO2 improved the photocatalytic degradation of dyes and insecticides. 

Chapter 4: This chapter concludes the experiment by summarising its findings 

and offering a last thought on its relevance and consequences. Fe3O4/SnO2/g-C3N4 

(FSG2), one of the ternary nanocomposites synthesised in this study, exhibited the 

most effective response in degrading dyes and pesticides. The repeated transfer of 

charges at the SnO2/g-C3N4 heterojunction is responsible for this. The degradation 

constant for the LED-MB-Ternary nanocomposite solution is higher than that for the 

LED-RhB-Ternary nanocomposite solution. This is because the chemical structures of 

the two molecules are very different. One noteworthy finding is the strong positive 

relationship between the rate of mineralisation and the time it takes for a response. Our 

study revealed that TCAA requires a more extended period to mineralize fully. The 
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data shows that the ternary nanocomposite method was more effective than TCAA in 

the mineralization of 2,4-DCP. 
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