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Chapter I

1.1. Introduction:

Water plays a crucial role in the environment and exists in three forms: solid,
liquid, and gas, under conditions of relatively low temperature and pressure. The Earth
holds approximately 1.39 billion cubic kilometers of water, with about 96.5% residing
in the global oceans and 4% found in rivers, lakes, streams, and groundwater [1]. The
growing human population, along with industrialization and the presence of living
organisms, has led to the contamination of groundwater resources, creating an urgent
demand for clean water worldwide. As a result, water can no longer be considered an
unlimited resource for scientific advancement. The industrial revolution brought both
benefits and drawbacks for humans and the environment. Numerous water-related
issues have arisen, particularly the contamination of rivers, wells, ponds, and lakes,
which are vital sources of fresh water. The growing demand for fresh water, driven by
suburbanization and overpopulation, has led to a decline in groundwater levels [2].
Water contamination is a significant issue caused by the discharge of wastewater from
urban and industrial sectors, which contains a variety of harmful chemicals, including
pharmaceutical compounds, dyes, and metal ions. These pollutants in drinking water
can lead to numerous health problems in humans and pose a threat to the environment
[3]. To address these challenges and improve water quality, various effective treatment

methods have been developed and implemented.
1.2. Need of wastewater treatment:

The continuous discharge of dyes and other pollutants has increasingly harmed
aquatic ecosystems over time. These contaminants pose additional risks due to their
toxic effects on the environment and their resistance to biodegradation. They can
disrupt the endocrine system, leading to various harmful effects, including both
chronic and acute toxicity, as well as the development of antibiotic-resistant genes [4-
5].

Currently, water purification methods have gained significant global attention
due to the growing concerns over environmental pollution and industrial progress.
Industrial activities generate a variety of pollutants, including dyes and heavy metals,

which contaminate both surface water and groundwater, thereby damaging the
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environment. As a result, a wide range of water treatment techniques, such as ion
exchange, coagulation, membrane filtration, flocculation, adsorption, and other
chemical processes, have been employed to treat wastewater [6-7].

1.3 Different techniques for wastewater purification:

Conventional wastewater treatment methods primarily consist of three main
types: physical separation, chemical decomposition, and biodegradation (Fig. 1.1).
Physical separation is a straightforward technique used to remove insoluble suspended
contaminants. However, it has the drawback of being less efficient, with a slower
purification rate, making it challenging to achieve large-scale emission reductions.
Physical purification methods include sedimentation, filtration (both membrane and
depth filtration), and adsorption. While all these methods are applicable for treating
textile wastewater, sedimentation is particularly effective in purifying contaminated
water. Membrane filtration is a highly efficient and cost-effective approach, but it
faces challenges such as membrane fouling caused by foreign molecules present in the
water [5-8].

The removal or reduction of pollutants from polluted environments and
contaminated water is of critical importance. Typically, physical, chemical, and
biodegradation methods are effective for eliminating organic contaminants from
wastewater [9-10]. These methods can be quite costly when used for large-scale water
purification. Given the lack of affordable purification options, there is a strong need to
develop efficient, cost-effective, and environmentally friendly water treatment

techniques that ensure both human health and environmental safety.

Several Advanced Oxidation Processes (AOPs), including O3z-UV (ozone-
ultraviolet), O3-H20. (ozone-hydrogen peroxide), Fenton, UV-TiO2 (ultraviolet-
titanium dioxide), and UV-H»O. (ultraviolet-hydrogen peroxide), are used for
wastewater treatment. Among these, UV-TiO has demonstrated the highest efficiency
due to the photocatalytic activity of TiO., which generates hydroxyl (.OH) radicals.
These radicals play a crucial role in various experimental processes. Typically, the

process occurs under standard conditions, utilizing atmospheric oxygen as an oxidant
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to mineralize organic compounds into carbon dioxide (CO2). In recent years, the
photocatalytic properties of TiO. have attracted significant interest [11-12].
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Fig. 1.1: Conventional methods for waste water treatment.
1.3.1 AOPs: a promising photocatalysis technique:

Advantageous AOPs are commonly employed in the degradation of organic
pollutants due to their high efficiency, simplicity, good reproducibility, and ease of use
[11]. Photocatalysis is an efficient and cost-effective method for decomposing organic
pollutants, capable of mineralizing them into completely harmless products using only
atmospheric oxygen. This approach is nontoxic, energy-efficient, and environmentally

friendly, making it an ideal solution for removing hazardous pollutants [12].
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AOPs are environmentally friendly, benefiting both biological and chemical
processes as they avoid the production of large quantities of toxic chemicals and
prevent the transfer of contaminants from one phase to another, unlike some chemical
methods. Nearly all organic pollutants can be converted into non-toxic substances by
AOPs, which generate reactive *OH radicals with a redox potential of 2.8 eV. These
initially formed *OH radicals react with organic contaminants, leading to mineralized
products such as CO: and water (H20) through a series of oxidation reactions [13].
These characteristics of AOPs have spurred extensive research into their applications
for water purification systems. While AOPs play an important role in photocatalytic
processes, certain types of water pollutants remain challenging to treat with currently
available AOP methods [14].

AOPs offer numerous potential methods for treating polluted water, increasing
their utility and enabling more tailored treatment approaches. Photocatalysis and
AOPs provide significant advantages, as they are highly efficient, straightforward,
easy to handle, reproducible, and widely used for wastewater remediation [15]. The
photocatalytic method has proven to be an effective and economically favorable
approach for decomposing contaminants, with the ability to mineralize organic
pollutants into safe, non-toxic compounds under natural conditions. As a result, it is an
eco-friendly, energy-saving, and safe method for treating highly toxic contaminants
[16].

Photocatalysts are central to the photocatalysis process, with semiconductor
photocatalysts being the most commonly used. Among these, the TiO. photocatalyst
demonstrates outstanding activity and has attracted significant interest due to its
crucial role under UV irradiation. However, semiconductor photocatalysts also have
certain limitations: (1) their technical efficiency and versatility are restricted by low
visible light absorption, (2) quantum yield is reduced due to the rapid recombination
of holes (h*) and electrons (e7), and (3) the decomposition rate of organic

contaminants is hindered by the low surface coverage of the photocatalysts [17-18].
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1.3.2: Basics of photocatalysis mechanism:

Photocatalytic degradation consists of multiple stages, including the generation
of e/h* pairs, adsorption-desorption processes, chemical reactions, and e/h* pair
recombination. When the semiconducting photocatalyst is exposed to photons with
energy equal to or greater than its band gap, valence electrons are excited to the
conduction band (CB), leaving holes in the valence band (VB):

Semiconductor catalyst + hv - e~ (CB) + h* (VB) (1.1)

Here, hv represents the energy required to move electrons from the valence
band (VB) to the conduction band (CB). The electrons generated through irradiation
can be readily captured by dissolved O, or 0, adsorbed on the catalyst surface, leading

to the formation of 05 ° species;
e (CB) + 0, - 03" (1.2)

As a result, 0;° have reacted with H,0 molecules to generate hydroperoxyl
radicals (HOO®) and OH® species, these are strong oxidizing agents which are

involved in the decomposition of the organic molecule.
05;* + H,0 - HOO® + OH" (1.3)

Meanwhile, in the VB the photogenerated h* are trapped by hydroxyl groups

on the surface of the catalyst to generate high per active species such as OH* species:
h* (VB) + OH- - OH* (1.4)
h*(VB) + H,0 - OH* + H* (1.5)

At the end, the organic molecules get oxidized by strong oxidizing agents, and

the 05, HOO*, OH"* and h™ species to produce byproducts such as; C0,, H, 0, etc.
OH*® + 0;° + Organic molecules — byproducts (1.6)

In the interim, the recombination of photoinduced h* and e~ could take place

which reduce the photocatalytic activity of photocatalyst:
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e~ (CB) + h*(VB) - Semiconductor nanocatalyst (1.7)

as described in Fig. 1.2.

+2H*
20,/—> 2HOO'—>H0, —> 20H

- Reduction
—— —

P i i L
cnd e

OH/H,0

Oxidation CO,+ H,0 + Other Byproducts

\

OH+ H*/OH’

Fig. 1.2: Schematic reactions occurring via photocatalysis to produce ‘OH to react
with contaminants.

The photocatalytic method has become one of the most promising and valuable
technologies; however, it currently lacks widespread application, limiting its impact
on advancing sustainable green chemistry. Studies on photocatalysis demonstrate its
effectiveness in dye decomposition, generating oxygen and hydrogen from water

splitting, and reducing pollutants [19-21].

Zinc oxide (ZnO) and TiO: are among the most widely used semiconductor
photocatalysts for decomposing organic pollutants. However, these photocatalysts face
limitations due to their high band gap energies, approximately 3.2 eV for both ZnO
and anatase TiO-, and slightly lower for rutile TiO2. As a result, only photons from the

near-UV region can excite electrons in these semiconductors [22-23].
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1.4. Types of photocatalysis:

Recently, semiconductors have been advanced and their applications have
gained significant attention in research and industry, particularly in the medical,
chemical, and environmental sectors. Nanotechnology has enabled these
semiconductors to demonstrate promising effectiveness in removing toxic pollutants

from water. Their efficient role in water treatment has been widely reported [24-27].

Iron serves as a potent reducing agent, contributing to the breakdown of
various organic and inorganic contaminants in polluted water, particularly chlorinated
solvents, and transforming them into less harmful substances [28-29]. Numerous
studies have highlighted the role of highly reactive nano-sized zero-valent iron in the
breakdown of specific pollutants, such as pesticides and polycyclic aromatic

hydrocarbons, present in contaminated water.

Nano-sized zero-valent iron and iron oxides (FesO4 and Fe.0s) are among the
most commonly used magnetic semiconductors. Their ability to retain unique
physicochemical properties, due to the variation in iron's oxidation states, enables
them to effectively remove contaminants from polluted water [30]. The most
extensively studied iron oxide is FesO. (magnetite), a ferromagnetic black-colored
compound that contains both Fe(IIl) and Fe(Il) oxidation states. The presence of Fe**
allows magnetite to donate electrons, enhancing its reactivity. Crystals exhibiting
paramagnetism have randomly oriented magnetic moments, resulting in a small but
positive net magnetization. When exposed to an external magnetic field, the
paramagnetic material aligns with the field, producing a slight net crystal
magnetization. In contrast, antiferromagnetic and ferromagnetic materials have
randomly arranged individual moments even in the presence of an external magnetic
field. The majority of applications for magnetic nanomaterials depend on external
magnetic fields, utilizing the field gradient and the magnetic moment of the particles
[31-32].

However, bare magnetic semiconductors have limitations in practical

applications. The van der Waals forces, high surface energy, and dipole-dipole
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interactions between magnetic particles often lead to aggregation of the uncoated
magnetic semiconductor. This aggregation is driven by the hydrophobic nature of
certain magnetic semiconductor surfaces and the reduction in Gibbs free energy.
Additionally, the presence of an external magnetic field can further promote
aggregation. Furthermore, uncoated magnetic semiconductors are more susceptible to

acid/base corrosion, oxidation, and the release of metal ions [32].
1.5. Ferrite nanoparticles:

Magnetic nanosized photocatalysts (MNPs) have garnered significant attention
due to their unique properties, especially when compared to their bulk counterparts.
Among the most widely studied MNPs, spinel ferrites have been extensively evaluated
for their remarkable characteristics, including chemical, optical, magnetic, and

electrical properties [34-36].

Many semiconducting materials face intrinsic limitations due to their optical
band gap being greater than 3.5 eV, which makes them active only under UV light.
The sun emits only about 4% of its light as UV radiation, while it provides 45% as
visible light. Therefore, catalysts with a lower band gap are more suitable for utilizing
a broader spectrum of sunlight [38]. Improving the efficiency of catalysts under visible
light for environmental pollution control has become a key area of focus in
photocatalysis. Although there has been progress in achieving moderately effective
photocatalytic reactions, challenges related to catalyst separation and recycling
continue to be significant. These issues hinder the practical use of such catalysts in
wastewater treatment, limiting their overall effectiveness for large-scale environmental
remediation. Incorporating the magnetic properties into the catalyst during the
photocatalytic reaction process is a widely recognized method for magnetic separation,
as illustrated in Fig 1.3 [39]. When magnetic nanoparticles are used, separation can be
easily achieved through the application of external magnetic fields, enabling the
efficient recycling of the nanocatalyst. This process contributes to more effective,

cost-efficient, and environmentally friendly wastewater treatment [40].
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Moreover, the use of ferrite nanoparticles as antibacterial and antimicrobial
agents is gaining significant attention because they can be easily manipulated using an
external magnetic field. These nanoparticles have been tested for various medical
applications, including magnetic hyperthermia, targeted drug delivery, and as
bactericides.

Among the various structures of ferrites, spinel ferrites possess unique physical
and magnetic properties, which contribute to their widespread use in the medical field.
In antibacterial applications, reactive oxygen species are generated on the surface of
nanoparticles. Superoxide anions damage nucleic acids, DNA, and lipids, as they are
unable to penetrate the cell membrane directly.

H:0: and "OH species are strong oxidizing agents that directly interact with the
bacterial cell membrane, causing damage and inhibiting cell growth. The term "ferrite"
is derived from the Latin word "Ferrum,” meaning iron. For decades, ferrites have
been of great interest as magnetic nanoparticles with a wide range of applications.
These are mixed metal oxides, with iron oxide being the primary component. The
properties of these nanoparticles are determined by their particle size, chemical
composition, and interactions with the surrounding environment [41]. The properties
of ferrite nanoparticles of the same type can vary significantly, as they can be adjusted
by altering their structural properties, size, and composition. Due to their deepened
magnetic, electric, and optical properties, these ferrites have been applied for
tremendous applications including microwave devices [42], sensors [43-44], magnetic

recording [45], biomedical materials [43], batteries [46], MRI contrast agents [47], etc.

However, there are fewer reports on their photocatalytic applications. Ferrites
play a crucial role as catalysts in visible light-driven catalysis due to their efficient
utilization of solar light. These ferrites benefit from having suitable optical absorption
for low-energy photons (hv ~2.2 eV) and possess an electronic structure that is well-
suited for photocatalytic applications [48-49]. The band gap of ferrites can be reduced
by substituting transition and inner transition metal ions into their tetrahedral or

octahedral sites. These materials possess a high surface area, and the presence of
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unstable forces at the surface is crucial for adsorption. Ferrites are involved in the

combined adsorption and degradation of organic molecules.

Ferrites are electrically non-conductive and ferrimagnetic, meaning they can be
easily magnetized or attracted to a magnet. Recently, researchers have shown
significant interest in developing photocatalytic materials that can harness clean and
sustainable solar energy for both energy production and environmental remediation.
Generally, there are two main approaches in which photocatalysts can exclusively
utilize visible light for photocatalytic degradation [50].
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Fig. 1.3: Schematic representation of recyclation of magnetic NPs

The first approach involves doping UV-active materials with an element that
enables them to become active under visible light [51-53]. For example, the use of
dopants in UV-light active TiO, photocatalyst decreases its bandgap energy and makes
it visible light active. The use of common dopants is nitrogen [54-57] carbon [58],
sulphur [59] etc. Some heavy metals like Cobalt [60], silver [61], gold [62] and
platinum [63]. etc were also used as dopants in TiO, to make it visible light active.
The second approach is to develop materials having narrow bandgap energy that are

suitable for the absorption of visible light to carry out the photocatalytic reaction [64-
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70]. The selected photocatalyst i.e. CaFe2O4 [71], MgFe204 [72], CdS, and WO3 [73]
effectively utilize visible light due to narrow bandgap energy.

Spinel ferrites, with the general chemical formula MFe.Oa (where M = Zn, Ca,
Mg, or Ni), are chemically and thermally stable magnetic materials that have found a
wide range of applications [74]. They are utilized in magnetic resonance imaging
(MRI), electronic devices, drug delivery, and also in photocatalysis [75-76]. Ferrites
posses many important photocatalytic properties for industrial processes such as
oxidative dehydrogenation of hydrocarbon [77], alcohol and water decomposition,
phenol hydroxylation [78], CO oxidation [79], and methane combustion [80].
Additionally, the incorporation of different metals into the lattice structure can alter
the redox properties of the ferrites and enhance their stability by preserving the spinel
structure. The incorporation of divalent metal cations such as Mg?* [81] and Zn?* [82]
improves the stability of the ferrites. When substitution takes place by transition
metals such as Ni?*, Cu?* [83], Mn?* [84] and Co?* [85] into the spinel ferrite, it can

strongly modify the redox properties of the ferrites.
1.6. Nanoparticles for photocatalysis:

In recent times, the magnetic properties of nanoparticles have attracted
considerable attention due to their high adsorption capabilities, unique
superparamagnetic  characteristics, and large surface area-to-volume ratio.
Specifically, spinel structures made from transition metal oxides, commonly known as
ferrite nanoparticles, are among the most significant types of magnetic nanoparticles.
Ferrites are categorized based on their crystal structure and magnetic properties into
spinel (MFe204, where M represents transition metals), orthoferrite (MFeOs, where M
refers to rare earth metals), hexaferrite (SrFei2010 and BaFei2Ow), and garnet
(MsFesO12, where M is rare earth metals). Among these, spinel and orthoferrite ferrites
attract particular attention due to their simple chemical composition, exceptional
magnetic properties, and wide-ranging applications in fields such as wastewater

treatment, catalysis, biomedical applications, and electronic devices.
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The spinel ferrite structure, depicted in Fig. 1.4, consists of a close-packed
arrangement of oxygen ions forming a face-centered cubic structure. Within this
arrangement, a unit cell is made up of 32 oxygen ions. Each unit cell contains eight
formula units of MFe.Os, with a total of 32 octahedral sites (each one-quarter
occupied) and 64 tetrahedral sites (each one-eighth occupied) by metal cations. During
the synthesis of ferrites, if the ratio of metal ions to oxygen ions is too low, some
octahedral sites may remain unfilled, creating vacancies in the structure. If the ratio of
metal ions to oxygen ions is too low during the preparation process, some of the
octahedral sites may remain vacant. These sites are then stated as vacancies. Spinel
ferrites are divided into three types; normal, inverse, and mixed ferrites, depending
upon occupancy of tetrahedral sites (A) and octahedral sites (B). Normal spinel: A site
is completely occupied by 8 M?* ions and B site by 16 Fe3* ions. Example: ZnFe;Os,
MgFe,04. Inverse spinel: If 8 M?* ions have a preference for the B site, they will
displace 8 Fe* ions to the A site. Example: CoFe,04, MnFe204, NiFe;04. Mixed
spinel: When Fe®* and M?* ions occupy both A and B sites, then ferrite is categorized
as mixed spinel. Example: Ni-ZnFe2Os. The placement of cations in the tetrahedral
and octahedral sites is determined by factors such as their electronic configurations,

electrostatic energy, and ionic radii within the spinel lattice [86].

o A site 1ons

. B site ions

o Oxygen ions

Octahedral site

Tetrahedral site

Fig. 1.4: Spinel structure of ferrites.
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Zinc ferrite and other metal ferrites have garnered significant attention in
photocatalysis for the degradation of organic and inorganic pollutants. These materials
are capable of absorbing visible light to generate photoexcited electron-hole pairs,
which play a crucial role in breaking down contaminants. With a bandgap energy
between 1.7 and 2 eV, they are considered visible-light active photocatalysts.
However, the recombination of photogenerated electrons and holes can reduce their
efficiency and lower photocatalytic performance. Due to their narrow bandgap energy
and unique anisotropic layered structure, these materials exhibit a strong
photoresponse in the visible light region, enhancing their photocatalytic activity.
Despite their potential, the photocatalytic activity of metal ferrites is often limited by
factors such as instability under strong reducing agents, poor conductivity, and high
electron-hole recombination rates. To address these challenges, various modifications
have been explored, such as forming composites with metal oxides (e.g., TiO2, ZnO,
ZnTiOs), metal salts (e.g., Agl, CdCl,, AuCl), noble metals (e.g., Pt, Ag, Au), and
carbon-based materials (e.g., graphene, MWCNT). These modifications enhance the
separation of photogenerated excitons and reduce electron-hole recombination, leading
to improved photocatalytic performance. This unique approach to modifying metal
ferrites helps to enhance their ability to degrade environmental pollutants and boosts
their overall photocatalytic activity (see Fig. 1.5).
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Fig. 1.5: Advantages of ferrites for water and wastewater treatment
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1.7 Statement of problem:

Contamination of drinking water sources is becoming increasingly problematic
in the modern world. In recent years photocatalysis has received much attention as a
potential method of removing/degrading highly toxic organic and inorganic
compounds from contaminated water [87]. Photocatalytic degradation of organic
pollutants by using high-performance nanostructured semiconductor photocatalysts
has been recognized as one of the most promising strategies to create a clean and
comfortable aquatic environment for human beings in modern society [88]. In order to
treat pollutants, efforts have been made towards the development of advanced
oxidation processes, such as photocatalysis, which can achieve efficient degradation of
recalcitrant molecules. The two types of reaction mechanisms are involved in the
photocatalytic degradation of toxic dyes. Schemes 1.2 illustrates the schematic
representation of reaction mechanisms for direct and indirect photocatalytic dye

degradation.

Among many nanocrystalline oxides, nanostructured titanium oxide and
potassium hexaniobate have been considered as stable materials for photocatalysis.
Bulk TiO. based composite materials are investigated for photocatalytic applications.
However, their optimum performance is restricted by the difficulty in controlling
crystallite size and limited electronic coupling due to the large crystallites. On the
other hand, manganese-substituted zinc ferrite nanostructures provide an intermediate
energy level, increase the lifetime of excitons, and enhance photocatalytic activity
with high efficiency, high photostability, and cover a wide solar spectrum. In addition,
the magnetic nature of this material allows the reusability of the manganese-
substituted zinc ferrite NPs which again increases the efficiency of the material.
Therefore, the photocatalytic performance of Mn-Zn ferrite nanoparticles in the

presence of methylene blue, chloramine T, and rhodamine B dye will be studied.
1.8 Challenges for catalysis and scope of thesis:

So far, a number of semiconductors have been identified as photocatalysts. The

main disadvantage of using these photocatalysts is uncontrolled charge recombination,

Page 14



Chapter I

which decreases the number of active species. Many researchers have reported in the
literature that this can be overcome by using spinel ferrite structures as photocatalysts.
These materials have the following unique properties that aid in displaying or
enhancing catalytic activity. They are as follows:

1) Charge transport is simple due to corner-sharing octahedral and tetrahedral

structures.
2) Special dispersion of cations at tetrahedral and octahedral sites.

3) Oxygen-deficient structures can be made by doping elements with different valence

and ionic radii.
4) Because photo-generated charges are anisotropic, recombination can be avoided.

In view of the above discussion, the present study leads to the synthesis and
characterization of zinc ferrite (ZnFe2O4) nanoparticles using the combustion method,
which presents challenges in achieving uniform particle size and phase purity due to
the rapid and exothermic nature of combustion reactions. The scope includes
optimizing reaction conditions, selecting appropriate precursors, and conducting
comprehensive characterizations using XRD, SEM/TEM, EDS, FTIR, and BET to
evaluate phase purity, crystallite size, morphology, and surface area, comparing these

with literature values to validate the synthesis method.

Secondly, evaluating the effect of manganese substitution on the optical, and
structural, properties of zinc ferrite [MnyxZnixFe2O4 (X=0 to 1)] nanoparticles, which
involves challenges in controlling the substitution level and understanding its impact
on material properties. The scope encompasses synthesizing nanoparticles with
varying manganese content, employing characterization techniques such as XRD for
phase and lattice parameter analysis, SEM/TEM for morphology, UV-Vis
spectroscopy for band gap determination, analyzing the changes and correlations
between structural, and optical properties understanding the implications of
manganese substitution. Lastly, assessing the visible-light mediated photocatalytic dye

degradation efficiency of manganese-substituted zinc ferrite nanoparticles in the
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presence of methylene blue, chloramine T, and rhodamine B, which presents
challenges in achieving high photocatalytic efficiency and understanding the
degradation mechanism. The scope includes setting up photocatalytic experiments,
monitoring dye degradation using UV-Vis spectroscopy, calculating degradation
efficiency and rate constants, discussing the influence of structural and optical
properties on photocatalytic activity, elucidating the degradation mechanism involving
electron-hole pair generation and reactive species formation, and summarizing
findings to highlight the role of manganese substitution in enhancing photocatalytic
performance and suggesting future research directions.

1.9 Aim and Objectives of research:

Manganese substituted zinc ferrite synthesized by a chemical method such as
combustion will exhibit enhanced photocatalytic activity towards the degradation of
methylene Blue, chloramine-T, and rhodamine B dyes due to its modified band gap
which provides visible light absorption capability, well-matched band positions which
can help to improve electron transfer as well as suppress the recombination of
electron-hole pairs. In view of the above discussion the present study leads to the

following aim and objectives:

Aim: Manganese substituted zinc ferrite nanostructures for photocatalytic dye

degradation
Obijectives:

1. To synthesis and characterize of zinc ferrite (ZnFe2Os) NPs by chemical

method such as combustion

2. To evaluate the effect of manganese substitution on optical, and structural,

properties of zinc ferrite [MnxZn1xFe204 (x=0 to 1)] NPs

3. To evaluate visible-light mediated photocatalytic dye degradation efficiency of
manganese substituted zinc ferrite [MnxZn;.xFe204 (x=0 to 1)] NPs in the

presence of methylene blue, chloramine T, rhodamine B dye
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Chapter II

2.1. Introduction:

Metal oxide nanostructures have undergone extensive study over recent decades
due to their prospective applications in various fields including optics, magnetism,
electronics, photocatalysis, environmental remediation, gas sensing, solar cells,
photodetectors, and photoanodes for water splitting and CO2 conversion. The adjustable
bandgap of metal oxides renders them promising for photocatalytic applications, leading
to changes in the light absorption and band edge positions. However, the choice of
synthesis and fabrication methods significantly influences the physical and chemical
properties of metal oxide semiconductors, thereby impacting their photocatalytic
efficacy.

Various techniques have been explored for synthesizing nanostructured metal
oxides, broadly categorized as top-down and bottom-up approaches. The top-down
strategy begins with macro or micro-sized particles that are then scaled down to the nano
regime. However, such methods often suffer from drawbacks such as limited control over
the size, morphology, and other structural properties of the fabricated particles. In
contrast, bottom-up techniques initiate at the molecular level, offering significant control
over the shape, size, and morphology of the resulting particles. Consequently, bottom-up
approaches are more favored and widely utilized due to their ability to finely tune the
structural parameters of the derived products. In bottom-up strategies, the growth process
of nanostructures can be meticulously controlled using various reagents, including
growth inhibitors, ligands, and surfactants. Among the numerous bottom-up techniques,
wet chemical methods are particularly prevalent, with the solution combustion synthesis
(SCS) technique standing out as a widely adopted method, [1-7] Other notable bottom-up
techniques include solution-based hydrothermal and solvothermal methods, as well as
polyol synthesis methods. However, scaling up the production of metal oxide
nanostructures using these methods faces challenges, such as controlling the properties of
the bulk materials and, in some instances, the use of chemicals that are not
environmentally friendly. Moreover, the necessity for high-temperature conditions in the
synthesis of metal oxides increases the cost of these processes at an industrial level.
Consequently, finding an efficient method for large-scale synthesis of metal oxides

remains critically important.
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The solution combustion synthesis (SCS) technique represents a relatively novel
approach to materials manufacturing, distinguished by a robust high-temperature and
self-sustained exothermic reaction, rendering it highly energy-efficient. Herein, we
deployed the SCS technique for the synthesis of magnetic materials. This method
involves the use of a homogeneous aqueous mixture of precursors, which undergoes
condensation to form a hydrogel containing a uniform metal cation network.
Subsequently, combustion occurs between an inorganic reagent, typically nitrates, and a
fuel during calcination. Commonly utilized fuels include ammonium nitrate, sucrose,
citric acid (CA), tetraformyl triazine (TFTA), glycine, urea, triethylamine hydrochloride,
and sorbitol [8-9]. The SCS technique proves especially for crafting multi-component and
hybrid nanostructures, allowing for the attainment of desired structural parameters.
Moreover, the properties of resultant products can be tailored to specific applications by
fine-tuning process parameters of the SCS reaction [10-11]. Notably, this method offers a
rapid pathway to synthesizing nanostructures characterized by high surface area [6,12].
Furthermore, its suitability for bulk production of nanostructured metal oxides is
underscored by the ability to rapidly synthesize large quantities of products via the SCS

technique.

Solution combustion synthesis (SCS) derives its name from the integration of a
reactive fuel and oxidizer solution that combusts [13]. Characterized by a violent
exothermic reaction, SCS generates a significant release of gases. Crucially, the energy
needed for the synthesis of metal oxides is supplied by the redox reactions that occur
once the ignition temperature is reached. This process leads to the evolution of NOx and
COx gases, facilitating a self-sustained and self-propagating combustion reaction among
intermediate phases during the synthesis [14]. This vigorous gas evolution results in the
production of voluminous, loosely aggregated, and finely divided nanopowders.
Combustion occurs once the reaction temperature surpasses the autoignition point of the
redox (oxidizer and fuel) solution. The emphasis is particularly on the improved
photocatalytic activity and the versatility of the SCS method for fabricating complex and
multicomponent photocatalysts. Moreover, the discussion extends to the correlation

between the parameters of the SCS process and the resultant photocatalytic activity.

Photocatalysis has garnered substantial interest as a green technology for
environmental clean-up, air and water purification, and the production of clean energy.

Initial studies in photocatalysis focused on wide bandgap semiconductors like TiO2 and
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ZnO. It has been recognized that the efficacy of a photocatalyst is greatly influenced by
its structural and optical properties. These characteristics indicate the material’s ability to
absorb light, generate charge carriers, and facilitate charge transfer.

This chapter outlines the principles, innovations, and applications of the SCS in
crafting advanced photocatalysts. It offers a comprehensive view by discussing the
chemistry involved in SCS, identifying potential challenges, and exploring ways to
circumvent environmental constraints. Additionally, the chapter delves into the
photocatalytic uses of nanomaterials produced via SCS, analyzing how SCS conditions
influence photocatalytic efficiency. The goal is to propose strategies for designing
sophisticated photocatalysts through the adjustment of physical attributes like structural
parameters and enhancing their activity in the visible spectrum. The discussion also
covers how modifications to the semiconductor’s properties can be made during the

initial stages of the SCS process to optimize performance.

Spinel ferrite nanoparticles have garnered substantial interest in recent years due
to their exceptional optical and magnetic characteristics, which have significant practical
applications, particularly in wastewater remediation [15]. Zinc ferrite (ZnFe20.) stands
out among spinel ferrites for its notable high saturation magnetization, significant
coercivity, and exceptional chemical stability. The physical and chemical properties of
ferrites, including ZnFe;O4, are profoundly influenced by particle size, shape,
composition, and microstructure. These characteristics are highly dependent on the
specific synthesis methods and the parameters employed during the preparation process
[16-17]. In recent years, researchers have focused on synthesizing ferrite nanoparticles

with specific size and magnetic properties.

Various synthesis methods have been explored, including forced hydrolysis [18],
co-precipitation [19], polyol [20], combustion reaction [21], and sonochemical [22]
methods, for preparing nanocrystalline ZnFe>Os. Among these techniques, the
combustion method emerges as a notable alternative, offering promising results for ferrite
synthesis [23]. While co-precipitation is effective for producing fine zinc ferrite
nanoparticles, this method necessitates precise control over several parameters such as
pH, concentration, and temperature. In contrast, the combustion synthesis method offers
simpler control over stoichiometry and crystallite size, both of which significantly impact
the magnetic properties of the ferrite. Combustion synthesis is known for its low-

temperature process, employing a highly exothermic redox reaction to produce oxide
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materials. The characteristics of the resulting powder such as crystallite size, surface area,
particle size distribution, and degree of agglomeration are largely influenced by the
combustion's enthalpy or flame temperature. The temperature is influenced by the type of
fuel and the fuel-to-oxidizer ratio. In combustion synthesis, selecting the appropriate fuel
is essential for determining the morphology, phase, and particle characteristics of the

final product.

Several studies have highlighted the role of different fuels in the combustion
synthesis of ZnFe.O4 nanoparticles [21, 24-28]. Research has shown that glycine is the
preferred fuel for initiating the combustion reaction, as it has a higher negative
combustion heat (-3.24 kcal/g) compared to urea (-2.98 kcal/g) and citric acid (-2.76
kcal/g) [29]. It is crucial to produce particles that are highly pure and uniform for
maximizing material performance while minimizing preparation costs. Therefore, this
study uses a simple auto-combustion method with glycine as the fuel to synthesize
ZnFe.0. nanoparticles. This method offers the advantage of not requiring sophisticated
instruments or high sintering temperatures. While the literature has reported the
combustion synthesis of nanosized ZnFezOa, there is limited information on how the
composition of the reactants affects the properties of the final product. This study aims to
explore how the composition of reactants, reaction dynamics, and characteristics of the

products are influenced by the fuel-to-oxidizer ratio.
2.2. Combustion Synthesis:

Combustion synthesis (CS) is a low-temperature synthesis technique that relies on
a highly exothermic redox reaction to produce oxides. Unlike traditional methods that
require high-temperature furnaces and prolonged annealing procedures, the combustion
reaction serves as its energy source. These characteristics make CS an appealing method
for producing technologically significant materials at lower costs compared to

conventional ceramic processes. Some other advantages of CS are:

i. Use of relatively simple equipment

ii. Formation of high-purity products

iii. Stabilization of metastable phases and

iv. Formation of virtually any size and shape of products

v. Control on Composition, structure, homogeneity and stoichiometry
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In combustion synthesis (CS), the energy generated from the exothermic redox
(reduction-oxidation) reactions is harnessed to manufacture a diverse array of materials,
including advanced ceramics, catalysts, composites, alloys, intermetallic, and
nanomaterials. The characteristics and efficiency of the combustion process can be
significantly influenced by several key processing parameters such as C/H ratio (type of
fuel), the fuel-to-oxidizer ratio (F/O), the water content of the precursor mixture, and the

ignition temperature.

Different concepts defined by propellant chemistry used to understand the
exothermicity of combustion reaction. A solid propellant consists of oxidizer and fuel
which finally fired and gives final product in the form of power/ash. Constitution of fuel-
oxidizer mixture is usually expressed in terms of parameters such as mixture ratio,
equivalence ratio, elemental stoichiometric coefficient, and so on [24]. The equivalence
ratio of an oxidizer and fuel mixture is expressed in terms of the elemental stoichiometric

coefficient.

Y (Coefficient of oxidizing element in specific formula)xValency (2 l)

de =

B (1) X (Coefficient of reducing elements in specific formula )xValency

When ¢e =1, a mixture is said to be stoichiometric, ¢e<1 be fuel lean and ¢e >1 be fuel

rich. Stoichiometric mixtures produce maximum energy.

In the calculation of the equivalent ratio for CS, Oxidizing elements (like oxygen)
are considered negative because they accept electrons during the combustion process.
Reducing elements (like carbon, hydrogen, and metal cations) are considered positive
because they donate electrons during combustion. Nitrogen is typically considered
neutral since it doesn't significantly participate in the oxidation-reduction reactions
during combustion. The equivalence ratio (¢) is determined by comparing the actual
oxidizer-to-fuel ratio to the stoichiometric oxidizer-to-fuel ratio. By summing the total
oxidizing and reducing valences in the oxidizer compounds and dividing by the sum of
the total reducing valences in the fuel compounds, you can calculate the equivalence
ratio. For a stoichiometric mixture, the F/O ratio is calculated based on the stoichiometry
of the combustion reaction. This ratio ensures that all reactants are consumed in the ideal
proportions for complete combustion, resulting in the formation of desired products
without excess fuel or oxidizer. By summing the total oxidizing and reducing valencies in
the oxidizer compounds, you can determine the molar ratio of oxidizer to fuel needed for

stoichiometric combustion.
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Fuels serve as complexing agents in solution, binding with metal ions. This
complexation helps in achieving a more homogeneous distribution of the metal ions
throughout the precursor solution, which is crucial for the uniformity of the final product.
During the combustion process, fuels decompose and release energy. The energy
provided is essential for reaching the temperatures necessary for the synthesis reactions to
occur, leading to the formation of ceramic or metallic materials. Decomposition of the
fuel also generates gases such as NH3 (ammonia), HNCO (isocyanic acid), CO2 (carbon
dioxide), and others. These gases aid in foaming the material, creating porosity in the
synthesized product. The gases also help to disperse heat uniformly throughout the
material, enhancing the reaction kinetics and product homogeneity. Nitrogen-rich fuels
generally produce a large volume of gas upon combustion, contributing to the foaming
and porosity of the material. This is crucial in creating lightweight, porous materials with
specific structural properties. N-N bond cleavage is typically highly exothermic. The
release of a significant amount of energy upon decomposition not only ensures that the
necessary reaction temperatures are reached quickly but also that they are sustained long
enough for the synthesis to complete. The reactive nitrogen species generated from N-N
bond decomposition can participate in additional chemical reactions during synthesis,
potentially facilitating the formation of nitrides or other nitrogen-containing compounds
in the final product. The choice of fuel in combustion synthesis is critical and depends on
the desired material characteristics as well as the metal ions involved in the reaction. The
effectiveness of N-N bond-containing fuels makes them particularly suitable for
producing advanced ceramics and composite materials where high porosity, specific
surface area, and unique microstructures are desired. n ideal fuel should possess several
features: it should have a low ignition temperature, not lead to an explosion in contact
with metal nitrates, be water-soluble, evolve low molecular weight, harmless gases in

large amounts, yield no residual mass, be easily available, and be easy to handle.

The decomposition temperature of metal nitrates is lowered by the addition of
fuel. So, the choice of fuel is critical in deciding the exothermicity of the redox reaction
between the metal nitrate and the fuel. Depending upon the nature of reactants: elements
or compounds (solid, liquid, or gas); and the exothermicity (adiabatic temperature, Tad),
CS is described as Self-propagating high-temperature synthesis (SHS); low-temperature
combustion synthesis (LCS); solution combustion synthesis, sol-gel combustion,

emulsion combustion, volume combustion (thermal explosion), etc.
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2.3. Experimental Process:

Zinc ferrite nanoparticles were synthesized using the combustion method.
Analytical grade =zinc nitrate [Zn(NOs).'6H.0] (99.8%) and ferric nitrate
[Fe(NOs):-9H20] (99%) served as oxidants, while glycine [CH.NH.COOH] (98%) acted
as the fuel to facilitate the combustion reaction. In propellant chemistry, the oxidizing
and reducing valences for the relevant elements areC=4, H=1, O=-2, N=0, with M values
of 2 or 3, depending on the metal. For ferrites, the oxidizing valence of a divalent metal
nitrate M(NOs): is typically -10, and for a trivalent metal nitrate M(NOs)s, it is -15. These
must be counterbalanced by the total reducing valence of the fuel, glycine, which is +9.
To achieve maximum energy release, the stoichiometric redox mixture requires a ratio of
-40 + 9m = 0, where m equals 4.44 mol of glycine [29, 30]. Consequently, for the
preparation of ZnFe2Oa, the reactants should be combined in a molar ratio of 1:2:4.44 for
Zn(NOs)2-6H20, Fe(NOs)s-9H20, and CH.NH>COOH, respectively. At equilibrium, the

combustion reaction can be represented as follows:

Zn(NO3),6H,0 + 2Fe(N05);9H,0 + 4.44dCH,NH,COOH + (9.99® — 10)0, —
ZnFe,0, + 8.880C0, T +(4 + 2.220)N, T +(24 + 11.10)H,0 1 (2.2)

Here, the multiplication factor, ¢, is used to determine different combustion
conditions: fuel-lean (¢ < 1), stoichiometric (¢ = 1), and fuel-rich (¢ > 1). In this case, ¢
= 1 corresponds to a glycine-to-nitrate (G/N) molar ratio of 4.44/3 = 1.48, which
represents the stoichiometric condition. This is the ratio at which the oxygen content of
the oxidizer is sufficient to completely react with the fuel without requiring any heat

exchange for the reaction to be fully completed.

In a typical procedure, stoichiometric amounts of zinc nitrate, ferric nitrate, and
glycine (G/N = 1.48) were combined in a glass beaker. After mixing for 30 minutes, the
hygroscopic nature of the metal nitrates resulted in the formation of a slurry. The beaker
was then placed on a preheated hot plate at 350 °C. The entire combustion process was
completed in less than 15 minutes, during which ignition occurred. During combustion,
significant foaming was observed, and a spark that began in one corner of the mixture
quickly spread, producing a voluminous and fluffy product in the beaker. The typical

synthesis process is illustrated in Fig. 2.1.
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In this study, the glycine-to-nitrate (G/N) molar ratio was varied as 0.74, 1.48, and
2.22 to achieve fuel-lean, stoichiometric, and fuel-rich conditions, respectively. Notably,

no additional heat treatment was applied following the combustion synthesis.

Zn(NO,),+
Fe(NO,),+ —
Glycine
10N
N
S

Metal Nitrates+ Fuel Homogeneous soluti /
N
N

Soft &
fluffy :
foam

N

Fig.2.1: Synthesis of ZnFe>O4 nanoparticles using the proposed combustion method.
2.4. Characterization techniques:

Characterization techniques play a crucial role in analyzing the morphology,
topography, chemical composition, and various other surface-related properties of
materials. These techniques can provide detailed insight into how surface characteristics
influence material performance. Here’s a brief overview of some common

characterization methods that are used in this work are:
2.4.1 Field emission -scanning electron microscopy (FE-SEM):

SEM images were obtained from Hitachi, Analytical make (model S-3000H),
Japan. SEM is indeed a remarkable tool for visualizing three-dimensional objects, even
for observers without prior knowledge of the instrument's inner workings. Its unique
imaging process, which differs from our everyday experience with light-based images,
allows for clear and detailed visualization of surface morphology and features. The
electron column consists of an electron gun and electromagnetic lenses operating within a

vacuum to generate and focus the electron beam. The scanning system controls the
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movement of the focused electron beam across the specimen’s surface. Detectors collect
signals emitted by the specimen upon interaction with the electron beam, such as
secondary and backscattered electrons. Display converts the detected signals into images
visible on a TV screen or computer monitor. The vacuum system maintains the vacuum
necessary for electron beam operation and sample stability. Electronic controls regulate
various parameters of the SEM, such as beam intensity and scanning speed. The electron
gun generates free electrons and accelerates them to energies typically ranging from 1 to
40 keV. Electromagnetic lenses focus the electron beam to a small spot size, typically
less than 10 nm in diameter, allowing for high-resolution imaging. The focused electron
beam is scanned across the specimen's surface using scanning coils, systematically
covering the entire area of interest. When the electron beam strikes the specimen, it
induces the emission of various signals, such as secondary electrons (SE) and
backscattered electrons (BSE), which carry information about the specimen’s surface
morphology and composition (in Fig 2.2). Detectors collect and amplify these emitted
signals, converting them into images displayed on a screen. The resulting images provide
detailed topographic information about the specimen’s surface. SEM images are generally
intuitive and easy to interpret, especially for topographic imaging at low magnifications.
SEM reveals surface features, textures, and structures with high clarity and detail, aiding
in the understanding of material properties and behaviors. SEM requires minimal sample
preparation compared to other techniques, making it accessible and efficient for routine
analysis. Various imaging modes and techniques can enhance contrast and highlight

specific features, facilitating interpretation.

The electron beam in SEM interacts with the specimen to a depth of
approximately 1 pum. This interaction depth determines the volume of material from
which signals are emitted and collected. Understanding this interaction depth helps in
interpreting images by considering the three-dimensional structure of the specimen and
the depth from which the emitted signals originate. Reliable interpretation of SEM
images, particularly at high magnifications, requires a deep understanding of the image
formation process. In specialized situations, such as imaging nanoscale structures or
studying complex material properties, detailed knowledge of SEM operation is essential.
High-magpnification images may reveal subtle features or phenomena that require careful
interpretation based on an understanding of electron beam behavior and specimen

interactions.
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Fig. 2.2: Block diagram of SEM instrument [31].
2.4.2 Energy Dispersive X-ray Spectroscopy (EDS):

Energy-Dispersive X-ray Spectroscopy (EDS) is a powerful analytical technique
used in conjunction with scanning electron microscopy (SEM) to provide elemental
analysis or chemical characterization of a sample. EDS operates on the principle that each
element has a unique atomic structure, which in turn emits a characteristic set of X-ray
energies when excited. This unique signature allows for the identification and
quantification of the elements present in the sample. A charged particle beam (usually
electrons from the SEM) or a high-energy X-ray beam is focused on the specimen. This

beam interacts with the atoms in the sample.

The energy from the beam excites or ejects electrons from the inner shells of the
atoms in the sample. When an electron is ejected, it leaves behind a vacancy, creating
what is known as a hole. Electrons from higher energy levels (outer shells) then fall into
the lower energy vacant spot (hole). The transition of an electron from a higher to a lower
energy level releases energy in the form of characteristic X-rays (shown ray diagram in

Fig. 2.3). The energy dispersive spectrometer attached to the SEM detects these X-rays.
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The spectrometer is capable of measuring the energies and intensities of the emitted X-
rays. The energies of these characteristic X-rays are indicative of the atomic structure and
energy differences between the electron shells of different elements. By analyzing these
energies, the elemental composition of the specimen can be determined [32]. The
following components are embedded in the EDS equipment;

1. The excitation source (X-ray beam or electron beam).

2. The X-ray detector.

3. The pulse processor.

4. The analyzer.

Kicked out
electron,

............ Atomic nucleus
.......

External stimulation' Radiation energy

Fig. 2.3: The ray diagram of emission X-ray spectrum in EDS [32].

After the X-rays are emitted from the specimen due to electron excitation, they
strike the detector. When an X-ray strikes the detector, it generates a burst of electrical
charge known as a charged pulse. The amplitude of the pulse is proportional to the energy
of the incident X-ray. The charged pulses are then converted into voltage signals by an
amplifier. The amplifier increases the amplitude of the electrical signal to a measurable
level, enhancing the signal-to-noise ratio. The voltage signals are further processed by a
pulse processor. The pulse processor measures the signals and prepares them for analysis,
typically by digitizing them for further processing. The processed signals, representing
the energy and intensity of the detected X-rays, are sent to the analyzer. The analyzer

analyzes the X-ray spectrum, plotting the number of counts (or intensity) against the X-
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ray energy. Each peak in the spectrum corresponds to a specific X-ray energy
characteristic of an element present in the specimen. By analyzing the X-ray spectrum,
the elemental composition of the specimen can be determined. Peaks in the spectrum
represent the presence of elements in the sample, with the position of each peak
corresponding to the characteristic X-ray energy of a specific element. The intensity of

the peaks provides information about the relative abundance of each element.
2.4.3 X-Ray Diffractrometer (XRD):

The X-ray diffraction (XRD) process is a fundamental analytical technique used
for characterizing the crystallographic structure, composition, and physical properties of
materials. The Rigaku Miniflex-600 uses a copper anode to produce CuKa radiation,
which has a wavelength () of 1.5406 A. The X-ray diffraction (XRD) technique is used
to identify the crystal structure and confirm the phases of a material. It is a non-
destructive method that provides insights into the crystalline nature of materials. Through
this method, valuable information regarding the material’s structure, phase composition,
preferred crystal orientation, and structural properties such as lattice parameters,
crystallite size, strain, and defects can be obtained. X-ray diffraction occurs when the
wavelength of the incident X-rays is comparable to the spacing between the scattering
centers in the crystal lattice. This diffraction phenomenon is governed by Bragg’s law

[33], which is expressed as:
2dSind = ni (2.3)

In this context, d represents the interplanar spacing, & denotes the diffraction angle, 4

signifies the wavelength of X-rays, and n indicates the order of diffraction.

In this method, the material under investigation is pulverized into a fine powder.
This powder is then evenly distributed across a rectangular section of a glass slide.
The sample is typically affixed to the glass using adhesive substances such as collodion

grease or wax.

Various types of sample holders, including glass slides, circular discs, or thin
capillaries, are employed to accommodate different instrument designs. A range of X-ray
sources is available, though sealed X-ray tube sources are most commonly utilized in

standard laboratory diffractometers. X-rays are generated in a sealed X-ray tube, which is

Page 36



Chapter II

fundamentally constructed similarly to a Coolidge tube. X-rays are generated through the
bombardment of high-speed electrons onto a metal target. When X-ray beams strike the
sample, they scatter off the material. These scattered rays then constructively interfere
according to Bragg's law, resulting in a diffracted beam.
The diffracted beams are systematically scanned by moving the detector across various
angles. At each angle, the detector measures either the count or count rate of X-ray
photons. The obtained data is typically represented as a graph that displays the intensity
of diffracted X-rays (in counts) versus the diffraction angle (20). When X-rays interact
with a crystalline material, they generate a diffraction pattern that can be used to examine
various structural properties. A schematic diagram of the X-ray diffractometer is
illustrated in Fig. 2.4. Each crystalline material produces a unique diffraction pattern,
which serves as a distinct identifier, much like a fingerprint. In a mixture, each phase
generates its own individual pattern, making XRD a dependable tool for identifying
different substances.

Figure 2.4: Schematic of X-ray diffractometer [34].

The powder XRD technique is highly valuable for qualitative phase analysis since
each crystalline material produces a unique powder pattern, often referred to as a
"powder fingerprint." This pattern is primarily influenced by two factors: (a) the size and
shape of the unit cell and (b) the arrangement and atomic properties of the atoms within
the unit cell. As a result, even materials with identical crystal structures can have distinct
powder patterns due to variations in these factors. The powder pattern is characterized by
two key features: the d-spacing of the diffraction lines and their intensity. Among these,

the d-spacing is particularly significant and can be accurately measured. The d-spacing is

Page 37



Chapter II

typically consistent across different samples unless impurities, solid solutions, stress,
disorder, or metastable conditions affect the material.
Quantitatively measuring the intensities of the lines in the powder pattern can be
challenging and tends to vary between samples. As a result, these intensities are typically

measured semi-quantitatively and may exhibit some degree of variation.

The PDF-2 2021 database comprises over 316,800 unique powder diffraction
datasets, encompassing a wide range of organic, organo-metallic, inorganic, and mineral
samples. These datasets are compiled into the Joint Committee on Powder Diffraction
Standards (JCPDS) database. Phase identification is achieved by comparing the
diffraction pattern of a sample with the standard JCPDS cards in the database.

X-ray diffraction (XRD) stands as one of the most prevalent and non-destructive
characterization techniques utilized for analyzing a diverse range of materials, including
fluids, powders, and crystals. Its application spans from research to production and
engineering endeavors. Particularly crucial for structural materials characterization, XRD
employs the Debye-Scherrer method to extract valuable structural information. This
technique employs X-ray diffraction on powder or microcrystalline samples, aiming for
an even representation of all possible crystalline orientations. This uniform orientation
distribution effectively condenses the three-dimensional reciprocal space, commonly
explored in single crystal diffraction, down to a single dimension. Typically represented
by reciprocal axes x*, y*, and z* or in spherical coordinates as q, ¢*, and x*, the Debye-
Scherrer method simplifies this further by averaging over ¢* and y*, leaving q as the
primary measurable parameter. This approach allows for the examination of the structure

in a more generalized, yet comprehensive manner.

The diffracted intensity is displayed either as a function of the scattering angle 20
or the scattering vector g, which detaches it from the dependence on the X-ray
wavelength used. This diffractogram serves as a distinctive ‘fingerprint' for materials,
providing laboratories with a rapid method to analyze and characterize unknown
substances across various fields such as metallurgy, mineralogy, forensic science,
archaeology, and the biological and pharmaceutical sciences. Identification is
accomplished by comparing the obtained diffractogram with established standards or by

consulting international databases.
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2.4.4 Transmission electron microscope (TEM):

Transmission Electron Microscopy (TEM) is the foremost technique for
investigating material structures at the nanometer scale. Similar to an optical microscope
but using an electron beam instead of light, TEM offers detailed insights into the
morphology and size characteristics of materials, providing a deeper understanding of

their structural intricacies. Schematic of TEM is shown in Fig. 2.5.

In TEM, an electron gun produces a beam of monochromatic electrons, which is
focused into a thin, coherent beam by coherent lenses 1 and 2. When this electron beam
interacts with the specimen, some electrons are transmitted through it. These transmitted
electrons are subsequently focused by the objective lens to create an image. For
successful TEM analysis, it is crucial that the sample is thin enough to allow electron
transmission. The minimum thickness required for TEM analysis is approximately 0.5

pum.

First condenserlens

o= == Second condenserlens

1
!
: Condenser Aperture
|

Sample

Objective Aperture

Select Area Aperture

————

First Intermediate lens

Second Intermediate lens

Projector Lens

Screen

Fig. 2.5: The block diagram of TEM [35].
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When examining powder samples, they are first dispersed in a dispersing medium
to create a colloidal solution. A small drop of this solution is then deposited on a
conducting grid, usually made of copper or silver, and allowed to dry. This grid acts as

the specimen for TEM analysis, with a typical square size of about 1 pum.
2.4.5 X-Ray Photoelectron Spectroscopy (XPS):

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is employed to identify the surface properties of materials or
thin films. This technique utilizes the photoelectric effect, with X-rays serving as the
photon source. When an X-ray beam hits the material surface, it ejects electrons, known
as photoelectrons. Elemental identification can be accomplished directly by examining
the Kinetic energies of the emitted photoelectrons. Furthermore, the intensities of these
photoelectrons offer insights into the relative composition of the elements present in the
material. The Kinetic energy of the ejected electrons is determined by the following

relationship:[36],
K.E.=hv-B.E. — s (2.4)

In this formula, K.E. represents the kinetic energy of the ejected photoelectrons,
hv is the energy of the X-ray photons, B.E. stands for the binding energy of the electrons
in their atomic orbitals, and ¢s denotes the work function of the spectrometer. These
parameters are used to calculate the specific energies involved in the ejection of electrons

from the material's surface upon exposure to X-ray photons.

In X-ray photoelectron spectroscopy (XPS), the ionization of inner-shell electrons
is triggered by the absorption of photons. This leads to the emission of electrons
characteristic of each element due to the unique binding energies associated with their
core-level atomic orbitals. Initially, a survey scan is conducted in XPS to record all
potential energy levels, thereby confirming the elements present in the sample. An energy
spectrum is created by graphing the binding or kinetic energies of the emitted electrons.
This plot displays the amount of each element in the sample, with peaks at specific
energies corresponding to individual elements. These peaks are directly tied to the
elements electronic configurations. Furthermore, this technique is valuable for
determining the oxidation states of elements. A ray diagram of the XPS technique is

shown in Fig. 2.6. XPS does not offer a comprehensive chemical analysis because it is
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primarily a surface phenomenon. The signals used for analysis typically come from just a
few atomic layers at the surface, with only minimal contribution from the deeper regions

of the material.
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Fig. 2.6: XPS instrument analysis [37].
2.4.6 Brunauer-Emmett-Teller (BET):

The BET (Brunauer-Emmett-Teller) theory is a critical method for measuring the
physisorption of gas molecules on solid surfaces and is a fundamental technique for
determining specific surface area and pore volume. Measurements of specific surface
area are typically conducted using the Freundlich, Langmuir, and BET isotherm models.
Three isotherms are utilized for measuring specific surface area, which are briefly

explained below.
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Freundlich adsorption isotherm:

In 1909, the German scientist Freundlich proposed an empirical relationship that
describes the amount of gas adsorbed per unit mass of solid as a function of pressure at a

specific temperature. It is expressed using the following eqgn.

m

In the Freundlich adsorption isotherm equation, x represents the amount of
adsorbate adsorbed, m represents the amount of adsorbent, p represents the pressure of

the adsorbate, and k and n are constants.
Limitation of Freundlich isotherm:

The Freundlich isotherm approximately describes adsorption behavior, with the
value of 1/n ranging from 0 to 1. Thus, this equation is most accurate within a limited

pressure range.
1. When 1/n = 0, X/m is constant the adsorption is independent of pressure.
2.When1/n=1, XIm=k.pieX/map

The experimental results confirm both conditions mentioned above. At high pressures,

the experimental isotherms invariably tend toward a saturation point.

The Freundlich isotherm does not account for this observation and thus is
ineffective at high pressures. Following this model, two other isotherms were developed:
the Langmuir and BET adsorption isotherms. The Langmuir isotherm assumes adsorption
occurs in a single monolayer, whereas the BET isotherm considers adsorption as a

multilayer process.
Langmuir isotherm:

Langmuir introduced this model in 1916; it applies to monolayer adsorption. It

estimates the adsorption capacity of the adsorbent as follows:

a=—2P_  (agives x/m in Freundlich) (2.6)

T Kyp +1

Where a is the amount of adsorbate adsorbed per gram of adsorbent, p is the

equilibrium pressure, and k1 and k2 are constants. The BET isotherm, proposed by
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Brunauer, Emmett, and Teller in 1938, is designed for measuring multilayer adsorption of
an adsorbate per gram of adsorbent. This isotherm is used to describe the surface area and
pore volume of solid materials using the BET formula.

1 1 c-1 P
= — 2.7
W(;;O)—l WinC + WinC (po) (2.7)

In the BET isotherm equation, W represents the weight of gas adsorbed, P/PO
stands for the relative pressure, Wm denotes the weight of adsorbate adsorbed as a
monolayer, and C is the BET constant. The concept of the BET isotherm is utilized for

multilayer adsorption, incorporating various hypotheses.
a) Adsorbate is physically adsorbed on solid surface
b) No interaction occurs between each adsorption isotherm

c) Also, Langmuir theory is used for each layer

The number of active sites is influenced by factors such as particle size, particle
morphology, surface texture, and porosity. These characteristics collectively determine

the accessibility and availability of sites for adsorption on the material's surface. The ray

To cold traps and
Vacuum pumps

diagram of BET isotherm is shown in Fig. 2.7.
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Fig. 2.7: Schematic diagram of BET isotherm [38].
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2.4.7. UV-visible Spectroscopy:

UV-visible spectroscopy encompasses both absorption and reflectance
spectroscopy within the UV-visible spectrum. When light interacts with matter, it may be
absorbed, reflected, or transmitted. Molecules with n-electrons or non-bonding electrons
(n-electrons) absorb ultraviolet or visible light, leading to the excitation of electrons from
their ground state to higher anti-bonding molecular orbitals. The wavelength of light
absorbed by electrons is determined by the energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). This
wavelength is associated with the types of bonds present in the molecule, offering
information about its functional groups. [39].

UV-visible spectroscopy, unlike IR spectroscopy, involves electronic transitions
in the ultraviolet or visible regions, while IR spectroscopy focuses on vibrational
transitions. UV-visible spectroscopy assesses analyte interactions by measuring the
change in intensity of incident light within the UV (10-400 nm) and visible (400-800 nm)
ranges as a function of wavelength. This is accomplished by comparing the intensity of
light passing through a sample with that passing through a reference or blank. UV-visible
spectroscopy provides quantitative data on the concentration of known solutes and offers

valuable insights into solid-state samples.

A UV-visible spectrophotometer is composed of a light source, monochromator,
sample compartment, detector, and recorder. To cover the full UV-visible range, it uses
two light sources: a deuterium lamp and a tungsten lamp. Light from the lamps passes
through a diffraction grating monochromator, where a half mirror splits it into two
monochromatic beams of equal intensity. One beam travel through the sample solution,

while the other passes through the reference solution.

A detector measures the intensity of both transmitted beams, determining the
sample concentration by comparing the transmitted light through the sample (1) with the
incident light (Io) and then sending this information to the recorder. Quartz cuvettes are
used as sample holders because they do not interfere in the UV or visible regions.
Detectors in a spectrophotometer can include a barrier layer cell, photomultiplier tube, or

photocell. The schematic of a UV-visible spectrophotometer is shown in Fig. 2.8.
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Fig. 2.8: Schematic representation of UV-visible spectrophotometer [40].

UV-visible DRS spectroscopy is employed to analyze solid samples, primarily for
calculating the band gap energy values of these materials. Light cannot penetrate solid
samples; instead, it reflects off their surfaces. When incident light reflects symmetrically
with respect to the normal line, it is called specular reflection, whereas light scattered in
various directions is termed diffuse reflection. When light is directed at a 0° angle, the
specularly reflected light exits the integrating sphere and is not detected. Consequently,
only the diffusely reflected light is collected by two large hemispherical mirrors

positioned above the sample, which is then analyzed by the detector.

2.4.8. Fourier transforms infrared Spectroscopy:

Infrared (IR) spectroscopy is an analytical technique that examines the interaction
between infrared light and matter. Infrared light occupies the electromagnetic spectrum
between visible light and microwaves, with wavelengths from 780 nm to 1 mm. Fourier
Transform Infrared (FTIR) spectroscopy specifically operates within the IR portion of the
spectrum. This region is divided into three sub-regions based on the radiation sources,
optical systems, and detectors required for each. An IR spectrophotometer uses a grating
or prism-grating to cover the range of 400 to 4000 cm™!, allowing for high resolution and

precision in measurements.
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Fig. 2.9: Schematic representation of the working principle of FTIR [41]

FTIR spectroscopy operates on the principle that interference between two
radiation beams produces an interferogram. This signal is generated based on the path
length difference between the two beams, which are reflected from mirrors located in the
interferometer block. The distance and frequency domains are interconvertible through
Fourier transformation, giving rise to the name Fourier Transform Infrared (FTIR)

spectroscopy.

The primary distinction between an FTIR spectrometer and a dispersive IR
spectrometer lies in the use of the Michelson interferometer. This interferometer is
central to FTIR spectrometers, splitting a single light beam into two separate paths. It
then recombines these beams and directs them to the detector, where the intensity
differences between the beams are measured based on the path difference. The operating

principle of the FTIR is illustrated in Fig. 2.9.
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Chapter III

3.1 Introduction:

Water pollution is a critical environmental issue primarily caused by the release of
harmful substances, including organic dyes and heavy metals, in industrial wastewater
[1]. These pollutants pose a serious threat to humans, animals, plants, and aquatic
ecosystems [2]. Various types of dyes, such as synthetic, azo, acidic, basic, reactive,
diazo, and anthraquinone, further contribute to water pollution [3]. Cationic dyes like
methylene blue (MB) are challenging to remove from wastewater due to their harmful
effects, and they are commonly used in industries for applications like coloring paper,
clothing dye, photosensitizers, and redox indicators [4-6]. Several wastewater treatment
methods exist, including physical-chemical processes like coagulation, irradiation,
ozonation, chemical oxidation, ion exchange, adsorption, and reverse osmosis [7].
Photocatalysis, particularly visible light-driven photocatalysis, has emerged as a
promising technology for wastewater cleanup, effectively breaking down dyes by
absorbing a broad spectrum of light and promoting the formation of hydroxyl groups [8].
Nanoparticles responding to visible light, such as zinc ferrite (ZnFe.O4), have shown
effectiveness in photocatalytic degradation of MB and other dyes, making them
promising for wastewater treatment [9 -13]. Their choice is driven by affordability, non-

toxicity, and magnetic properties, especially under visible light exposure [14,15].

In photocatalysis, the role of surface area is crucial in influencing the efficiency of
the process. A larger surface area provides more active sites for photocatalytic reactions,
enhancing the contact between the catalyst and the target pollutants [16-17]. Improving
surface area in materials, particularly for catalytic applications, often involves using
template-based and template-free methods. Template-free methods are often simpler,
cost-effective, and do not require the use of complex templates. While template-based
methods offer valuable control over the final material's structure, researchers often weigh
these advantages and consider alternative approaches, such as template-free methods or

innovative modifications to increase efficiency.

The ZnFe>O4 spinel structure has emerged as a promising solution for dye
removal, demonstrating photocatalytic activity under visible light irradiation [18,19,21].

Makofane et al. [20] reported remarkable results that 99.8% removal of MB achieved at
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pH 12 within 45 minutes, with an optimal ZnFe>O4 dosage of 25 mg. Ullah et al. [9]
reported the degradation (99.9%) of remazol brilliant violet 5R under specific conditions
at pH 10, and 0.1 g of ZnFe>04, with 6 mM of H20, within 30 minutes.

In this context, the combustion synthesis, specifically the glycine nitrate process,
provides a promising alternative for the fabrication of zinc ferrite nanoparticles. This
method offers distinct advantages, including the rapid and self-sustaining nature of the
fuel-oxidant combustion reaction. The resultant high-surface-area, compositionally
homogeneous powder, characterized by low levels of residual carbon, further enhances
its potential for applications in photocatalysis. These properties can be fine-tuned by
varying the preparative parameters such as fuel to oxidizer ratio.

One critical factor influencing the properties of the synthesized nanoparticles is
the adiabatic flame temperature, a parameter dependent on the nature of the fuel and the
fuel-to-oxidant ratio (F/O). The crystallization and formation of the desired compound
phase are significantly influenced by the adiabatic flame temperature. Notably, very little
prior work has systematically investigated the impact of the F/O ratio on product
characteristics, particularly concerning thermodynamic considerations, including

adiabatic flame temperature and heat absorbed during the reaction. [22,23]

To address this gap, the present study explores the effect of the glycine-to-nitrate
(G/N) ratio on the powder characteristics of ZnFe;O4, focusing on the thermodynamic
aspects of the combustion reactions. The chosen fuel, glycine (NH.CH2COOH), proves to
be a cost-effective alternative to traditional options such as urea and citric acid. Its
selection is justified not only by economic considerations but also by its relatively
negative heat of combustion (-3.24 kcal g?), surpassing that of urea (-2.98 kcal g1) and
citric acid (-2.76 kcal g %) [24].

This study aims to provide a comprehensive understanding of the combustion
synthesis process, shedding light on its potential for optimizing nanoparticle
characteristics for enhanced photocatalytic applications. The systematic variation of the
glycine-to-nitrate (G/N) molar ratio has a notable impact on the characteristics of the
resulting product, specifically influencing changes in nanoparticle porosity and surface

area.
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The systematic evaluation of variation in morphology, porosity, surface area of
nanoparticles correlating with varying composition of fuel has been carried out. This
contribution underscores the potential application of our synthesized nanoparticles in the
efficient photocatalytic degradation of dyes, addressing environmental concerns related to

water pollution.
3.2 Experimental:
3.2.1 Preparation of Zinc Ferrite Nanoparticles:

In a synthesis 0.2M of zinc nitrate, 0.4M of ferric nitrate and glycine were mixed
in a beaker. The metal nitrates (Zn and Fe) were employed as an oxidizer while glycine
as a complexing and reducing agent. The mixed solution was kept on a hot plate at 350°C
for 45 min to ignite the solution during the combustion process. Then the fluffy ZnFe,O4
powder was formed. As the amount of glycine (fuel) is significant the glycine to nitrate
ratio (G/N) was modified as 0.48, 0.74, 1.48, 2.22, and 2.96. Thus, three alternative
combustion systems are produced i.e., fuel lean, fuel efficient, and fuel rich, with the
stoichiometric combustion ratio being G/N = 1.48. The samples were indexed as Z1, Z2,
Z3, Z4, and Z5 for G/N ratios 0.48, 0.74, 1.48, 2.22, and 2.96, respectively.

3.2.2 Thermodynamic Analysis:

The evolution of favourable gases such as H20, COz, and N2 during the combustion
reaction is due to the stoichiometric addition of fuel into nitrate solution. The reaction

mechanism of nitrates and glycine in combustion reaction is described as follows:

Zn(N03),6H,0 + 2Fe(N03)39H,0 + 4.44®CH,NH,COOH + (9.99% — 10)0, -
ZnFe,0, + 8.880C0, T +(4 + 2.22®)N, 1 +(24 + 11.19)H,0 1 (3.1)
where @ is the multiplier to get fuel lean (® < 1), fuel stoichiometric (® = 1), and fuel
rich condition (® > 1). In above reaction, ® = 1 illustrates G/N = 4.44/3 = 1.48 [25,26].
As a result, the various values of @ in the preceding equation indicate various G/N ratios.
Theoretical calculations using thermodynamic factors like reaction and flame
temperatures enthalpy aid in predicting the ignition stage and initiating the combustion
reaction. The heat of creation of products and reactants determines the enthalpy of a

process.
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The enthalpy of reaction is calculated using the equation below:

AH® = (ZnAH;)products - (ZnAH;)reactants (3.2)
Where, ‘n’ denotes the number of moles, ‘AHs” denotes the heat of formation, and ‘AH"’
denotes the reaction enthalpy [27]. Thermodynamic information for different reactants
and products used in combustion is presented in Table 3.1 and is accessible in the
literature.

Table 3.1. Adiabatic flame temperature measurement needs thermodynamic information.

Compound Heat of formation Heat capacities
AHf (kcal mol™) Cp (cal mol™ K)
Zn(N03),6H,0 -550.92 0.0722
Fe(N03);9H,0 -785.2 -
CH,NH,COOH -79.71 -
0, 0 5.92 + 0.00367 T
co, -94.051 10.34 + 0.00274 T
N, 0 6.5+0.001T
H,0 -57.79 7.2+0.0036 T
ZnFe,0, -281.81 -

Using thermodynamic data (Table 3.1) and the enthalpy of reaction as a function of may
be derived in Eqg. (1) as follows: [28].

AH® = 464.23 + #(—1122.72) (25°C, kcal) (3.3)

Theoretically, this formula can be used to determine how much heat the product received

during the combustion reaction:
o Tq
Q=—-AH = jzgg(chp)pmdmsdT (3.4)
To compute adiabatic flame temperature (Tad), modify Eq. (4) as follows,

Toq = — (3.5)

‘p
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Where, T is the reference temperature (T = 298 K), Cp is a heat capacity at constant
pressure, Q is the adiabatic heat absorbed by the products, and T is the reference
temperature. For different G/N ratios, the heat absorbed by the products and the adiabatic
flame temperatures were estimated and summarized in Table 3.2 using data from Table
3.1 and EQ™. (3), (4), and (5). When predicted, as the amount of glycine in the product
increases, so does the theoretically estimated Taq and the heat absorb by the product. The
reaction temperature and Tag rise as the G/N ratio rises. However, increasing the G/N
ratio beyond the optimal temperature value causes a fall in reaction temperature owing to
the number of gases emitted during the reaction, which might cause heat loss. As a result,
the reaction temperature is lower than the theoretically expected Tag.

Table 3.2. Variations in the quantity of heat absorbed by the product (Q), the adiabatic
flame temperature (Tag), and the number of moles of gases generated during combustion

at various G/N ratios.

Number of moles
Sample G/N Q (kcal mol™) Tad (K)
of gases evolved
Z1 0.48 85.053 298.289 35.32
Z2 0.74 -105.808 619.8 39.1
Z3 1.48 -667.16 1843.1 50.2
Z4 2.22 -1228.5 2595.1 61.3
Z5 2.96 -1789.8 3104.2 72.4

3.3. Results and discussion:
3.3.1 X-ray diffraction analysis:

X-ray diffraction (XRD) technique was employed to identify the crystallography of
ZnFe;04. The cubic spinel structure was confirmed by XRD pattern of ZnFe,O material
as shown in Fig. 3.1a. The diffraction peaks corresponding to crystallographic planes
(220), (311), (222), (400), (422), (511), and (440) aligned well which enabled to
confirmation of cubic spinel structure of ZnFe>Os and additionally supported by the
Fd3m space group. The XRD pattern well matched with standard ICDD card no. 22-1012
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[29]. The sharp intensity of Bragg peaks confirms the stoichiometric prepared samples
are crystalline. The enlarged high intense peak is ascribed to the defects in the crystallite
size as shown in Fig. 3.1b. From Table 3.3, the effect of variation of G/N ratio observed
due to the corresponding shift towards lower angles as the lattice parameter changed.
Also, lattice strain decreases as G/N increases, indicating a correlation between G/N
ratios and lattice parameter variations. Therefore, it concluded that the synthesized
ZnFe>O4 material exhibited insignificant changes in crystallite size, lattice parameters,

and lattice strain due to the variation of G/N ratio [30].

(311)

(a) (b) a oI5
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)
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Fig. 3.1: (a) XRD patterns of samples using different G/N ratio: 0.48 (Z1), 0.74 (Z2),
1.48 (Z3), 2.22 (Z4) and 2.96 (Z5). (b) Enlarged version of (311) peak in XRD pattern.

Table 3.3. The effect of G/N ratio on ZnFe2O4 crystallite size (D), lattice parameter (a)

Lattice Strain.

Sample ID | G/Nratio | D @y (nm) | awy(nm) | Lattice Strain 311y %
Z1 0.48 9.74 8.32 0.747
Z2 0.74 10.36 8.35 0.643
Z3 1.48 22.85 8.35 0.484
Z4 2.22 20.07 8.39 0.376
Z5 2.96 16.83 8.39 0.322
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4.3.2 FTIR analysis:

The FT-IR spectra of ZnFe,O4 samples with varied G/N ratios displayed in Fig. 3.2
show broad absorption spectra recorded from wavenumber 400 to 2000 cm™. The
absorption bands corresponding to metal-oxygen bond stretching at octahedral (v2) and
tetrahedral (v1) sites are identified at~432 cm™ and~545 cm™?, respectively. Additionally,
the N-O stretching band intensity was observed at 1353 cm™ owing to the variation of
G/N ratio. Symmetrical vibration bands at 1600 cm™* correspond to the water molecules
represent vibrations associated with water molecules. The variation in terms of decrease/
increase in the intensity of tetrahedral and octahedral bands is susceptable to migrationof
metal ions among A- and B- sites. The variation in glycine may result into redistribution
of cations namely Zn?* and Fe** among these sites. This change indicates the decrease in
the Fe®*- 0% and Zn?*- O?" distances, providing evidence for the formation of ZnFe;O4
with a spinel phase cation distribution. The vibrational stretching absorption bands at 545
cm! and 432 cm™® are specifically attributed to the formation of the spinel cubic
structure [31]. The change in adsorption band position confirmed by the variation of G/N
ratio and is supportive to the XRD study.

Transmittance (%T)
j
W

Z1 \ 545 432
: 1353 | |
1600

2000 1500 1000 500
Wavenumber (cm'])

Fig. 3.2: FT-IR spectra of Z1, Z2, Z3, Z4 and Z5 samples at different G/N ratios: 0.48,
0.74,1.48, 2.22, and 2.96, respectively.
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It can be seen in the Fig 3.2 that the intensity of bands increases as the G/N ratio
increases. The octahedral site frequencies increased from 545 to 551 cm™ for Z1 to Z5
samples. The tetrahedral site frequencies also varies in the range 432 to 448 cm™ with

varying G/N ratio.
4.3.3 SEM analysis:

SEM gives information about surface morphology, microstructures and
agglomeration among materials synthesized. As these parameters have direct impact in
terms of availability of active sites in photocatalytic dye degradation activity. Therefore,

it is important to analyze these parameters as a function of varied G/N ratio.

Fig. 3.3 shows SEM images of different G/N ratios, (a) 0.48 (Z1), (b) 1.48 (Z3),
and (c) 2.96 (Z5), respectively. The morphological structure of ZnFe;O4 nanoparticles
(samples Z1, Z3, and Z5) was observed using SEM images. The nanocrystalline grains
exhibit a spherical morphology with some agglomeration. In Fig. 3.3a (sample Z1), a low
G/N ratio was assisted for the highly porous structure formation which is observed in the
BET study. This effect can be attributed to the substantial volume of gas released during
the combustion process, contributing to the formation of a spherical and porous structure.
By increasing the G/N ratio, the dominance of tiny spherical porous structure changes
was observed as depicted in Fig. 3.3b (sample Z3). Also, at higher G/N ratios, large voids
with a wide dispersion of phased aggregate particles were observed as shown in Fig. 3.3c

(sample Z5).

It concluded that the lower G/N ratios promoted to development of multigrain
agglomerates, dense nanostructure, tiny particles, and spongy structure formation. The
differences observed in microstructures for Z1, Z3 and Z5 may be attributed to
competition between number of moles of gases released during combustion and adabatic

flame temperature.
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Fig. 3.3: SEM images of different G/N ratios, (a) 0.48 (Z1), (b) 1.48 (Z3), and (c) 2.96
(Z5).

4.3.4 TEM analysis:

The transmission electron microscopic study was evaluated for particle size and
crystallographic structure analysis. The particle size of ZnFe,QO4 is found to be 12.86 nm
+3.42 nm (Fig. 3.4a). It suggests that the particles exhibit broad size distribution, within
the range of approximately 9.08 nm to 16.28 nm with nearly spherulitic shape. The size
of nm is calculated using imagej software and histogram has presented in the following

figure.

The SAED pattern (Fig. 3.4b) shows a ring pattern, which is mentioned to be
consistent with the XRD pattern. This indicates that the crystalline structure of ZnFe;04
is confirmed by both SAED and XRD. The SAED pattern showed a polycrystalline
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nature, with diffraction rings corresponding to (220), (311), (400), (511), and (440)
planes. The consistency between the SAED pattern and XRD pattern suggests that the
crystalline phases identified in XRD are well represented in the TEM analysis. This
consistency indicates well crystallographic structure of the material and the presence of
nanometer sized particles. Histogram is ploted using the imagej software and calculated

average particle size about 12.86 nm + 3.42 nm (see Fig. 3.4c).

gl 6.28 nm

Intensity (a.u.)

6 8 10 12 14 16 18
Average particle size (nm)

Fig. 3.4: (a) TEM images, and (b) SAED pattern, and (c) Histogram for optimized Z1
sample (0.48).

4.3.5 XPS analysis:

To examine the surface analysis and chemical states of the all sample, the XPS
technique was utilized. Fig 3.5 shows the survey spectra of all the samples Z1 to Z5. All

the samples reveals photoelectron peaks for Zn 2p, Fe 2p, and O 1s, as well as C 1s. Fig.
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3.5 demonstrates that variation of the G/N ratio, there is no observable difference in the
survey spectra or atomic ratios. This consistency indicates the successful synthesis of
pure zinc ferrite, maintaining the expected Zn:Fe atomic ratio of 1:2.

Table 3.4. The broad range peaks property of zinc ferrite (Z1 to Z5) nanoparticles
determined from XPS data.

Sample ID Name Position (eV) FWHM (eV) At%
Zn 2p 1020.35 1.87 8.98
Fe 2p 709.93 3.77 12.72
Z1
O 1s 529 1.77 46.13
C1s 283.78 1.6 32.17
Zn 2p 1020.5 1.65 6.55
Fe 2p 710.21 3.79 15.56
Z2
O1s 529.1 1.39 4451
C1s 283.82 1.47 33.37
Zn 2p 1020.5 1.74 6.91
Fe 2p 709.83 3.8 13.8
Z3
O1s 528.94 1.42 43.11
C1s 283.77 1.74 36.17
Zn 2p 1020.39 1.73 9.65
Fe 2p 709.8 3.92 13.18
Z4
O 1s 528.87 1.48 43.5
C1s 283.73 1.5 33.66
Zn 2p 1020.42 1.7 8.26
Fe 2p 709.9 3.91 15.98
Z5
O 1s 528.94 1.53 43.28
C1s 283.79 151 32.48
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Fig. 3.6a depicts the XPS broad spectrum of the ZnFe.O4 (Z1) sample and reveals
photoelectron peaks for Zn 2p, Fe 2p, and O 1s, as well as C 1s. The C 1s peak in this
sample is caused by carbon generated during the combustion process of the synthesis of
ZnFe>04. The atomic ratio details for all ZnFe>O4 (Z1 to Z5) nanoparticles are provided
in Table 3.4. According to this data, the Zn, Fe, and O ion ratio is approximately similar
to 1:2:4 respectively, which corresponds to the probable chemical bonding of ZnFe>O4
nanoparticles. For a detailed analysis of this wide spectrum, Shirley type of background
was removed from the individual peak spectra of Zn 2p, Fe 2p, O1s, and C1s using XPS
PEAK-41 software.

Intensity (a.u.)

200 400 600 800 1000 1200
Binding Energy (eV)

Fig. 3.5: Survey spectra of Z1, Z2, Z3, Z4, and Z5.

Deconvolution spectra of ZnFe>O4 nanoparticles Zn 2p peak are shown in Fig.
3.6b. These spectra contained two main peaks of Zn 2ps, and Zn 2pi1, with binding
energies of 1020.35 eV and 1043.44 eV, respectively. It has two sub-peaks. The existence
of Zn?* ion in ZnFe;O4 nanoparticles is shown by peaks at 1020.20 eV and 1020.94 eV
for Zn 2pssz and for Zn 2p12 has two sub-peaks 1043.18 eV and 1043.93 eV [32].

The Fe 2p core-shell XPS spectra of ZnFe;O4 are shown in Fig. 3.6¢. It comprises
two characteristics of binding energy values observed at 709.93 eV for Fe 2ps» and

724.51 eV for Fe 2pip», with a satellite peak at 718.17 eV in between. This finding is
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consistent with prior research on the Fe3* ion in ferrite materials. Significantly, the Fe 2p
deconvolution spectra in Fig. 3.6¢c can be fitted into three distinct peaks at 709.84 eV,
711.90 eV, and 724.51 eV. The binding energies of Fe 2ps,-Fe?*, Fe 2ps.-Fe®*, and Fe
2p12-Fe?* are shown by these peaks. As a result, the oxidation states of Fe in the formed
nanoparticles must contain both Fe** and Fe?* ions. According to Chen's research, [33] in
the spinel system (AB20.), Fe?* occupies B sites with a binding energy of 709.5 eV, A
and B sites are occupied by Fe3*, which have binding energies of 710.6 and 711.3 eV,
respectively.
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Fig. 3.6: XPS spectra of stoichiometric sample Z1: (a) survey spectrum of Z1 sample
ZnFe204 (0.48), (b) high-energy resolution Zn 2p core-level spectrum, (c) high-energy
resolution Fe 2p core-level spectrum, (d) high-energy resolution O 1s core-level

spectrum, (e) high-energy resolution C 1s core-level spectrum.

The O 1s spectrum in Fig. 3.6d shows that oxygen is present in three distinct
states. Lattice-oxygen is responsible for the 528.81 eV and 530.36 eV binding energy
peaks as well as the chemical binding of Fe-O and Zn-O. However, the peak at 530.86 eV

was caused by oxygen ions in adsorbed OH- groups on sample surfaces [34]. Fig. 3.6e
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shows the C 1s core-level XPS spectra. It contains two components with energies of
283.69 eV and 287.68 eV. The C-H bond is responsible for the peak at 284.21 eV [35].

Fig. 3.7-3.10 depicts the XPS broad spectrum of the ZnFe>O4 (22, Z3, Z4, Z5)
sample and reveals photoelectron peaks for Zn 2p, Fe 2p, and O 1s, as well as C 1s. The
C 1s peak in this sample is caused by carbon generated during the combustion process of
the synthesis of ZnFe;O4. All Binding energy of the for all samples are same. According
to this data, the Zn, Fe, and O ion ratio is approximately similar to 1:2:4 respectively,
which corresponds to the probable chemical bonding of ZnFe>Os nanoparticles. For a
detailed analysis of this wide spectrum, Shirley type of background was removed from
the individual peak spectra of Zn 2p, Fe 2p, O1s, and C1s using XPS PEAK-41 software.
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Fig. 3.7: XPS spectra of stoichiometric sample Z2: (a) survey spectrum of Z2 sample
ZnFe204 (0.74), (b) high-energy resolution Zn 2p core-level spectrum, (c) high-energy
resolution Fe 2p core-level spectrum, (d) high-energy resolution O 1s core-level

spectrum, (e) high-energy resolution C 1s core-level spectrum.
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Fig. 3.8: XPS spectra of stoichiometric sample Z3: (a) survey spectrum of Z3 sample

ZnFe;04 (1.48), (b) high-energy resolution Zn 2p core-level spectrum, (c) high-energy

resolution Fe 2p core-level spectrum, (d) high-energy resolution O 1s core-level

spectrum, (e) high-energy resolution C 1s core-level spectrum.
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Fig. 3.9: XPS spectra of stoichiometric sample Z4: (a) survey spectrum of Z4 sample

ZnFe204 (2.22), (b) high-energy resolution Zn 2p core-level spectrum, (c) high-energy

resolution Fe 2p core-level spectrum, (d) high-energy resolution O 1s core-level

spectrum, (e) high-energy resolution C 1s core-level spectrum.
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Fig. 3.10: XPS spectra of stoichiometric sample Z5: (a) survey spectrum of Z5 sample
ZnFe204 (2.96), (b) high-energy resolution Zn 2p core-level spectrum, (c) high-energy
resolution Fe 2p core-level spectrum, (d) high-energy resolution O 1s core-level

spectrum, (e) high-energy resolution C 1s core-level spectrum.
4.3.6 BET analysis:

The N2 adsorption-desorption isotherms were obtained by using the Brunauer-
Emmett-Teller (BET) study for the analysis of specific surface area and pore size
distribution. The BET study was investigated for Z1, Z2, Z3, Z4, and Z5 samples as
depicted in Fig. 3.11(a-e). The detected isotherms are identified as type V, indicating the
presence of mesopores material and diameters typically between 2 and 50 nm. A typical
H3 type hysteresis in the desorption step and a sharp step in the adsorption are observed
which are characteristics of mesoporous materials. The BET study was correlated with
degradation application in that the active surface area and pores enabled catalysis.
Accordingly, the BET surface area of Z1, Z2, Z3, Z4, and Z5 samples were calculated to
be 41, 21, 17, 8, and 7 m2/g, respectively. The BET results reveal that the surface area
decreased by the increasing G/N ratio due to the changes in porous structure. The more

active site can assist in enhancing the surface area that supports for catalysis. The highest
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surface area of 41.86 m?/g was observed for the Z1 sample which is noted to be more
significant than reported in earlier literature [36]. A higher BET surface area was
observed due to more active sites and sufficient pore size for gas adsorption.
Furthermore, it is observed that the decrease in surface area with increasing G/N ratio
might be attributed to the impact of G/N on the porosity of the zinc ferrite nanoparticles.
It is concluded that the G/N ratio has shown an effect on surface area and pore size
distribution.
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Fig.3.11: BET adsorption-desorption isotherm graphs of different G/N ratios, (a) Z1, (b)
Z2, (c) Z3, (d) Z4, and (e) Z5.

4.3.7 UV-DRS analysis:

The measured UV-vis diffuse reflectance spectroscopy (UV-DRS) of ZnFe,O4
samples (Z1, Z2, Z3, Z4, and Z5) are shown in Fig. 3.12(a-e). It can be seen that
ZnFe204 nanoparticles absorb an excessive amount of visible light. These values decrease
from Z1 to stoichiometric sample Z3 and again increased. These are comparable to
previously obtained ZnFe,Os band gap values [37]. The synthesised ZnFe;Os
nanoparticles may have the capacity to degrade various contaminants in the visible-light
spectrum. It is concluded that the optical band gap energy decreases with increasing the

crystallite size of the materials (Table 3.5) which was observed in degradation study. As
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a result, there are more molecular orbitals, both bonding and antibonding, and this will
result in a smaller band gap. Here, As fuel increases to the stoichiometric ratio, the
crystallite size grows, reducing the band gap due to diminished quantum confinement. In
fuel-rich samples, rapid combustion leads to smaller crystallites and increased surface
defects, causing the band gap to increase again. This reflects how fuel levels control
crystallite size and band gap through growth rate and defect formation.
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Fig. 3.12: UV-DRS spectrum of different G/N ratios, (a) Z1, (b) Z2, (c) Z3, (d) Z4, and
(e) Z5.

Table 3.5. The effect of G/N ratio on crystal size and band gap.

Sample Dxgrp (nm) Optlcal(:}\il)nd Gap
Z1 9.74 1.84
72 10.36 1.62
Z3 22.85 1.6
74 20.07 1.82
VA 16.83 1.87
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3.4. Conclusions:

The structural, morphological, and optical properties of ZnFe,O4 nanoparticles
synthesized with varying glycine-to-nitrate (G/N) ratios are analyzed. The
thermodynamic study reveals that increasing G/N ratio elevates the reaction and adiabatic
flame temperatures, influencing the nanoparticle formation process. Structural
characterization through XRD confirms the cubic spinel structure of ZnFe,O4, with shifts
in lattice parameters indicating changes in lattice strain. FT-IR spectroscopy supports the
formation of the spinel structure and highlights variations in cation distribution. The SEM
analyses show that G/N ratio affects the porosity, agglomeration of the nanoparticles. The
TEM analysis observed that average particle size about 12.86 nm + 3.42 nm. The XPS
analysis identifies the oxidation states of Zn, Fe, and O ions, while BET studies indicate a
decrease in surface area from 41 to 7 m?/g with increasing G/N ratios. DRS analysis
demonstrates that ZnFe.Os nanoparticles absorb visible light and that their band gap
energy decreases with increasing crystallite size, suggesting their potential for
photocatalytic applications. Overall, this chapter elucidates the significant impact of G/N
ratio variations on the properties of ZnFe,O4 nanoparticles, providing valuable insights
for optimizing their performance in photocatalytic dye removal and environmental

remediation.
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4.1 Introduction:

The emergence of nanotechnology a transformative approach to reduce water pollution,
primarily through the disposal of nanomaterials designed for the efficient diminish of
contaminants [1-3]. Notably, dyes such as methylene blue (MB), rhodamine B (RhB), and
chloramine T (ChT), predominantly discharged by the textile industry, have been identified as
significant pollutants owing to their harmful impacts on both environmental matrices and
human health [4-6]. The array of technologies earlier employed in wastewater treatment
surrounds diverse techniques including coagulation, ozonation, microbial degradation,
electrochemical processes, precipitation, adsorption, and photocatalytic degradation [7-9]. The
recent, an example of advanced oxidation processes, is distinguished by its effectiveness and
cost-efficiency, predicated on the generation of reactive species proficient at organic pollutants

degradation.

The realm of photocatalysis is enhance by nano-sized semiconductors such as TiOa,
ZnO, Fe 03, CdS, CdO, and ZnS, noted for their eco-compatibility, facilitating the oxidative
degradation of organic dyes in aqueous environments [10-13]. A pivotal determinant of
photocatalytic efficiency is the catalyst's light-absorption capability, provide materials that are
active under visible light especially valuable due to the predominance of this spectrum in solar
radiation. In this context, semiconducting materials, inclusive of ferrites and their transition
metal-doped equivalents, are lauded for their proficient absorption of visible light. These
materials exhibit relatively narrow band gaps (<2.2 eV), conducive to the absorption of visible
solar radiation, with doping serving to augment their photocatalytic efficacy by introducing
surface defects and reducing electron-hole pair recombination [14-16].

Despite the widespread use of TiO2 and ZnO as photocatalysts, their utility is somewhat
inhibited by their substantial band gaps, which hinder effective sunlight absorption [17-19]. To
avoid this limitation, scholarly inquiries have delved into the photocatalytic potentials of nickel
and zinc-doped cobalt ferrites, along with a spectrum of spinel ferrite nanocrystals [20, 21]. The
magnetic attributes of ferrites, moreover, simplify the recovery of these materials post-

photocatalytic application, thus underscoring their efficiency in contaminant removal [22, 23].

The investigation for ferrite nanoparticles characterized by uniform size distribution,

elevated surface area, and pronounced porosity remains a formidable challenge, although
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crucial for the amplification of photocatalytic performance. The combustion synthesis method
stands out for its proficiency in fabricating nanoparticles that meet these criteria, using its
inherent advantages of homogeneity control, operational simplicity, cost efficiency, and time
effectiveness, utilizing readily available precursors [24-29]. This investigation introduces the
utilization of the combustion method for the fabrication of manganese-doped zinc ferrite
nanoparticles (MZNPs), with a focus on illustrating the influence of Mn ion concentration on
the photocatalytic degradation efficiencies against RhB, MB, and ChT dyes. By spotlighting the
combustion synthesis approach, this study endeavors to reveal novel insights into optimizing
spinel ferrites for environmental remediation, elucidating the contribution of a wider array of
reactive species in photocatalysis, including but not limited to hydroxyl radicals (OH°),
superoxide anions (O2"), and singlet oxygen (O2), which are instrumental in the photocatalytic

degradation mechanism [30, 31].
4.2 Experimental Process of MZNPs:

The MZNPs were synthesized by a simple and cost-effective combustion method.
Mn(NO3)2-6H.0, Fe(NO3)3-9H20, and Zn(NO3)2-6H20 were used as oxidants and NH2-CHa-
COOH as fuel. The careful consideration of oxidation valences from metal nitrates and their
balancing with the reduction valences of glycine ensured an fuel lean ratio that optimized the
energy released during the combustion reaction. This meticulous balancing act was essential to
achieve the desired efficiency in the initiation and progression of the reaction, paving the way
for successful synthesis. The Mn concentration was varied in MnyZn;.xFe;O4 as X=0, 0.2, 0.4,
0.6, 0.8, and 1 for Mn substituted ZnFe,O4 nanocomposites and denoted by Z1, MZ1, MZ2,
MZz3, MZ4, and M1, respectively.

4.3. Results and discussion:
4.3.1 XRD analysis:

The XRD patterns in Fig. 4.1a provide insight into the crystallographic characteristics
of MZNPs. The diffraction peaks corresponding to various crystallographic planes, such as
(220), (311), (222), (400), (422), (511), and (440), are observed for all samples [31, 32].

X-ray diffraction patterns of pure zinc ferrite are well matched with the ICDD card 22-

1012, indicating structural conformity. For pure manganese ferrite, a good agreement is
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observed with the ICDD card 01-073-1964. In Fig 4.1b, the enlarged peak (311) suggests a
shift towards lower angles as manganese substitutes in zinc ferrite. The lattice parameter
exhibits an increasing trend with rising Mn2* ion concentration (8.44-8.51A), attributed to the
larger ionic radius of Mn2* (0.82 A) compared to Zn?* (0.65 A). This larger radius leads to bond
length stretching and an overall augmentation of the lattice parameter, influencing unit cell
volume [33]. The shift in the main peak (311) towards lower 26 angle supports the successful
incorporation of Mn?* into ZnFe,O4 lattice. [detailed in Table 4.1]. These alterations in lattice
parameters and peak positions offer insightful information about the crystallographic
characteristics of the synthesized materials. Crystallite size is calculated from characteristic

peak (311) by scherrers formula is found to be between 21.54 to 28.14 nm for mn substituted

zinc ferrite.
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Fig. 4.1: (a) XRD patterns (b) enlarged version of (311) peak in XRD patterns, (c) FT-IR
spectra, and (d) Raman spectra of Z1, MZ1, MZ2, MZ3, MZ4, and M1.
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4.3.2 FT-IR analysis:

The confirmation of spinel MnyZni.xFe,O4 structure in nanocrystalline form is supported
by the FT-IR spectra, as depicted in Fig. 4.1c. In the spectrum for ZnFe;O4 (x=0) nanoparticles,
the absorption band v1 appears near 542 cm™, and the second absorption band v, appears near
461 cm™. These bands are associated with the bending vibration of Fe-O and stretching

vibration in the octahedral and tetrahedral complexes, respectively [34, 35].

Notably, with the addition of Mn, the v1 and v2 bands exhibit a linear shift to lower
frequencies. The difference in intensities between v1 and v is attributed to changes in bond
lengths (Fe—O) within octahedral and tetrahedral sites, suggesting alterations in the molecular
structure induced by the introduction of Mn ions. The observed variations in intensity (l,; and
l,2) indicate changes in cation redistribution, possibly influenced by the combustion synthesis
process. The positions and intensities of v1 and vz slightly vary due to the differences in the Fe—
O distances for the tetrahedral and octahedral complexes. The replacement of Zn?* ions with
Mn?* ions, having a larger ionic radius and higher atomic weight, at the tetrahedral site in the
ferrite lattice affects the stretching vibrations of Fe—O. Overall, the FT-IR analysis provides
supportive information about the molecular structure changes in the ferrite due to the
introduction of Mn ions, contributing to a comprehensive understanding of the synthesized
nanomaterials [36]. The absorption band at 777 cm™ is related to C-C stretching vibration and
the band observed at 1019 cm™ is about C-O cm™ vibration. Additionally, the N-O stretching
band intensity was observed at 1318 cm™. Band observed at 1626 cm™ corresponds to OH

bending vibration.
4.3.3 Raman analysis:

Further, Raman spectroscopy was employed to investigate the microscopic vibrations
associated with slight structural distortions in MZ1, MZ2, MZ3, MZ4, and M1 nanoparticles.
The Raman spectra for all samples were recorded and the results reveales distinct vibrational
modes as shown in Fig. 4.1d. The Raman spectrum exhibited six first-order Raman modes,
including Tag, Eg, and Azg, with corresponding frequencies. The Raman spectra of Mn-doped
ZnFe,O4 samples at room temperature indicated a normal spinel structure, allowing the
occurrence of five active Raman modes (Aig + Eq +3T2g) [37]. The observed variations in

frequency bands are attributed to changes in the tetrahedral and octahedral environments. It is
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evident that the spinel ferrite structure, with the molecular formula M?*Fe®*,02, involves
divalent and trivalent metal cations occupying tetrahedral and octahedral local symmetry within
the lattice of O~ ions. Depending on the arrangement of these cations, the spinel structure is
classified as normal, inverse, or mixed spinel. In present case, the shift toward higher wave
numbers, as Zn is substituted by Mn, suggests that Mn-substituted Zn ferrites possess a spinel
structure lying between normal and inverse [38]. The absence of broadening in the Raman
peaks in the current study confirms an increase in unit cell size due to substituting smaller Zn
ions with larger Mn ions as confirmed from XRD results. Overall, the Raman spectroscopy
results affirm the spinel structure of MnyZn1.xFe2O4 nanoparticles, providing valuable insights

into the composition and arrangement of cations within the ferrite lattice.

Table 4.1: Structural parameters obtained from XRD analysis of all the samples.

Lattice Density Volume cell
Sample ID X Parameter (9/cmd) D311 (nm)
(10%pm?)
A)

Z1 0 8.44 5.32 601 21.54
MZ1 0.2 8.46 5.24 605 25.31
MZ2 0.4 8.47 5.16 609 23.23
MZ3 0.6 8.49 5.08 613 28.14
MZ4 0.8 8.51 5.01 617 25.31
M1 1 8.51 4.96 617 27.09

4.3.4 SEM analysis:

The SEM analysis was carried out to examine the surface morphology of the
synthesized samples. In Fig. 4.2 (a-f). micrographs show soft agglomeration in all samples.
This agglomeration could be due to attractive forces between particles during the synthesis
process. SEM images demonstrate the presence of voids and pores in the samples. These voids
and pores are likely a result of the release of large amounts of gas during the combustion
process. The spongy structure observed in the samples suggest the formation of multigrain
agglomerations consisting of very fine crystallites [39]. The SEM analysis clearly shows that as
the concentration of Mn ions increases, the porosity of the samples also increases. The porous
morphology observed in the images contribute to the enhancement of surface area. This

increase in surface area is significant for photocatalytic applications, as it provides more active
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sites for catalytic reactions. Consequently, the material becomes more effective in degrading

dyes through photocatalysis.

The TEM analysis provided valuable insights into the morphology and size distribution
of the MZ4 nanoparticles. The TEM images in Fig. 4.2(g) and (h) reveal well-dispersed
nanoparticles that confirmed the successful formation of nanoparticles with size of 54.32 nm,

+22.49 nm through the combustion method.

(440)
(511).
(422).
(400)-
311)
(220)

Fig. 4.2: SEM images of (a) Z1, (b) MZ1, (c) MZ2, (d) MZ3, (e) MZ4, and (f) M1. And (g, h)
TEM image, (i) SAED pattern for MZ4 sample.

Selected Area Electron Diffraction (SAED) in TEM is a technique that provides

diffraction patterns from a specific, localized region within a sample. This method enables the
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analysis of crystal structures, phase identification in nanoscale materials. By examining the
resulting diffraction spots or rings, information on lattice spacing, crystal symmetry, and degree
of crystallinity can be deduced. The SAED pattern is presented in Fig. 4.2(i), exhibited a
characteristic ring pattern that is associated with the XRD pattern. The presence of diffraction
rings indicated the crystalline nature of the nanoparticles, further confirming the spinel structure
as identified by XRD. The congruence between SAED and XRD patterns provided additional
confirmation of the crystalline nature of the MZ4 sample. In summary, the TEM analysis
demonstrated that the MZ4 sample was well-formed, uniform in size, and exhibited a

crystalline structure.

4.3.5 Elemental composition analysis:

W Spectrum 1

Fig.4.3: EDS images of the (a) MZ1, (b) MZ2, (c) MZ3, (d) MZ4, and (e) M1.
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The EDS analysis confirms the elemental composition of the MnyZn;.xFe2O4 samples.
Strong peaks related to Mn, Zn, and Fe are observed in the spectrum with distinguishable
intensities [40]. Fig. 4.3 shows EDS patterns of (a) MZ1 (b) MZ2 (c) MZ3, (d) MZ4, and (e)
M1, highlighting the elemental composition. Elemental analysis of Z1 sample is already
comfirmed and verified using XPS in previous chapter (please refer Fig. 3.6 for details). The
patterns exhibit clear and distinct peaks corresponding to Mn, Zn, and Fe, emphasizing the
effectiveness of substitution and the presence of these elements in the product.

The EDS pattern reflects the compositional stoichiometry of the Mn-substituted
ZnFe;04. The presence of Mn?*, Fe3*, Zn?*, and O% ions in proper proportions suggest that the
expected stoichiometry is maintained in the prepared samples as shown in supporting Table
4.2. This is crucial for the consistent and targeted properties of the nanocomposites. The EDS
results indicate that the precursors have fully undergone the chemical reaction to form single-
phase Mn-substituted ZnFe2O4 nanocomposites. Thus, the EDS analysis demonstrates the
elemental composition, stoichiometry, and homogeneity of the Mn-substituted ZnFe;O4

nanocomposites.

Table 4.2: The element atomic percentage by energy dispersive X-ray (EDS) analysis.

Mn?* Conc. Element Atomic percentage (%)

Mn 2.24

Zn 8.94

0.2 Fe 31.38
o 57.44

Mn 2.36

Zn 7.53

04 Fe 27.13
@) 62.98

Mn 7.55

Zn 2.63

0.6 Fe 44.09
O 45.73

Mn 8.11

Zn 4.50

08 Fe 30.52
@) 56.87

Mn 11.73

1 Zn 0

Fe 37.20

0] 51.07
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4.3.6 XPS analysis:

To determine the oxidation states and presence of elements, such as Fe, Mn, Zn, and O,
the XPS was performed and results for the MZ4 sample are presented in Fig. 4.4a. Given that
the binding energy varies for different elements, the binding energy values are used to find out
the elements present in the samples. Fig. 4.4b shows the deconvoluted spectra of photoelectron
Zn2p in nanoparticles, where Zn2ps; splits into two peaks centered at 1021.3 and 1023.2 eV.
The peak at 1021.3 eV is attributed to Zn2p cations occupying tetrahedral sites, while the peak
at 1023.2 eV is assigned to Zn2p cations occupying octahedral sites [41] The unique splitting of
the Zn2ps/, peak in this study may be related to an improved ordering degree of Zn?*. The high-
resolution Mn 2p spectra are shown in Fig. 4.4c. The XPS spectra that correspond to Mn2p
show two major peaks at 641.21 eV (Mn 2pz) and 653.09 eV (Mn 2p12). This result reveals
that the Mn2p peak detected at the surface of the sample is considered as divalent Mn ions, in
agreement with other reports [42]. Hwang et al. [43] previously reported for Gai-xMnyN thin
films that Mn ions incorporate into the tetrahedral sites of the wurtzite structure as
substitutional impurities and that their valence is divalent. The Fe2p peaks in Fig. 4.4d consist
of Fe2psz and Fe2pyz with binding energies at 710.5 and 723.8 eV, respectively. Two small
peaks at about 718.8 and 731 eV are identified as satellite peaks of Fe2ps» and Fe2pis,
indicating the presence of Fe®* on the nanoparticle surface/near-surface. The Fe2ps. peak
shows contributions at about 709.8, 711, and 712.3 eV, suggesting different circumstances of
Fe** ions. The peaks at 709.8 and 711 eV correspond to Fe3* in different coordination
environments (tetrahedral or octahedral), while the higher binding energy at about 712.3 eV is
associated with Fe®* bonded with hydroxyl groups. Fig. 4.4e shows the high-resolution
spectrum for O1s displays three distinct oxygen peaks at 529.7, 530, and 531.5 eV. At 529.7
eV, the peak signifies oxygen bonded to metal atoms such as Zn, Mn, and Fe. Oxygen
deficiency permits the adsorption of functional groups like —OH, commonly referred to as
surface oxygen, indicated by the peak at 530 eV. Oxygen absorbed from moisture is
characterized as loosely bonded oxygen, as indicated by the peak at 531.5 eV [41, 44]. The
presence of these elements and their respective oxidation states provides conclusive evidence

for the formation of the Mn-ZnFe,O4 composite.

The XPS data collectively indicates that the surface of the sample MZ4 has a

composition containing Mn?*, Zn?*, Fe®*, and O%. Notably, a portion of Zn?* is identified as

Page 83



Chapter IV

occupying octahedral sites on the particle surface, representing Mn?* substitution in ZnFe,Oa.
The unique features in the XPS spectra, such as the splitting of Zn2ps, peaks, provide insights
into the specific coordination environments and ordering of elements in the samples. The
presence of Fe3* and Zn?* in different coordination environments suggests a complex and well-

defined chemical structure at the surface of the nanoparticles.
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Fig. 4.4: XPS spectra of MZ4: (a) survey spectrum of MZ4, high resolution core spectrum of
(b) Zn 2p, (c) Mn 2p, (d) Fe 2p, and (e) O 1s.

Fig 4.5 shows XPS spectra of M1. The high-resolution Mn 2p spectra are shown in
Fig. 4.5a. The XPS spectra that correspond to Mn2p show major peak at 641.62 eV (Mn 2p3p).
This result reveals that the Mn2p peak detected at the surface of the sample is considered as
divalent Mn ions. The Fe2p peaks in Fig. 4.5b consist of Fe2ps» and Fe2py. with binding
energies at 711.30 and 725.02 eV, respectively. Significantly, the Fe 2p deconvolution spectra
can be fitted into two distinct peaks at 711.12 eV, and 713.89 eV. The binding energies of Fe
2pa-Fe?*, Fe 2psp-Fe®, and Fe 2pi-Fe?* are shown by these peaks. As a result, the oxidation

states of Fe in the formed nanoparticles must contain both Fe3* and Fe?* ions. The O 1s
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spectrum in Fig. 4.5¢c shows that oxygen is present in three distinct states. Lattice-oxygen is
responsible for the 531.55 eV binding energy peaks. The deconvolution spectra can be fitted
into two distinct peaks at 530.92 eV and 532.46 eV as the chemical binding of Fe-O and Zn-O.
(for XPS of Z1 sample please see Fig. 3.6 for detail information in chapter I11)

In conclusion, it is observed that all tested samples stoichiometry in terms of
elemental composition which is in good agreement with that calculated from EDS.
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Fig. 4.5: XPS spectra of M1: (a) Mn 2p, (b) Fe 2p, and (c) O 1s.
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4.3.7 BET analysis:

The low-temperature nitrogen (N2) adsorption and desorption isotherms were utilized to
examine the surface area and porous nature of the synthesized ferrite nanoparticles as shown in
Fig. 4.6. A type-VI isotherm with a narrow hysteresis loop at a relatively high-pressure range
was observed. This characteristic indicates the presence of typical mesoporous solids [45],
suggesting that the as-prepared ferrites possess mesoporous structures. The specific surface area
of these nanoparticles was quantified using the BET equation, and the pore size distributions
were determined from the desorption branch using the BJH method. The BET surface areas for
MZ1, MZ2, MZ3, MZ4, and M1 were measured to be 3.41, 4.19, 5.77, 6.07, and 4.68 m#g,
respectively. These values provide insights into the extent of surface exposure and the potential
for various applications based on surface interactions. The BJH plot illustrated in Fig. 4.6
(Inset), indicates the mesoporous nature of the synthesized ferrites with pore size lies in 14 to
17 nm. Substitution of Mn ions in ZnFe;O4 can introduce defects and vacancies in the crystal
lattice. These defects can create additional sites on the surface, contributing to an increase in
surface area. The increased surface area provides more active sites for the adsorption of dye
molecules and the subsequent photocatalytic degradation. This can lead to a more efficient
degradation process, as there are more opportunities for the interaction between the dye

molecules and the catalyst [46].

The porous morphology observed in the SEM images contributes to the enhancement of
surface area. The increase in surface area observed in the BET analysis aligns with the SEM
analysis showing an increase in porosity, especially with the higher concentration of Mn ions.
In summary, the data indicates a positive correlation between the porosity observed in SEM

analysis and the surface area measured through BET analysis.
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Fig. 4.6: BET adsorption-desorption isotherm graph of different Mn substitution (a) MZ1, (b)
MZ2, (c) MZ3, (d) MZ4, and (e) ML1.

4.3.8 UV-DRS analysis:

The UV-DRS analysis was conducted to assess the optical properties of various
samples, namely Z1, MZ1, MZ2, MZ3, MZ4, and M1. The results, as depicted in Fig. 4.7,
reveales a noteworthy trend in the band gap variations corresponding to different Mn
concentrations in ZnFe,O4 NPs. Mn substitution in ZnFe;Os NPs can influence the electronic
structure and alter the band gap. The specific impact on the band gap depends on several
factors, such as the concentration, electronic configuration of Mn ions, and the crystal field
effects. The band gap is a crucial parameter in understanding optical behavior, and in this case,
the band gap was observed to decrease systematically with substitution of Mn concentration in
ZnFe;O4 NPs. The specific band gap values observed for each sample were as follows: For
ZnFe;,O4 NPs (Z1), the band gap was measured to be 1.8 eV. With the addition of Mn
concentration in ZnFe;O4 NPs, the band gap exhibited a decreasing order as the MZ1, MZ2,
Mz3, MZzZ4, and M1 samples showed band gap of 1.56, 1.54, 1.47, 1.46, and 1.43 eV,
respectively. This reduction could be attributed to the creation of additional energy levels

within the band structure, making it easier for electrons to move from the valence band to the
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conduction band. A decreased band gap allows the material to absorb a broader range of
wavelengths, especially in the visible light region. This expanded absorption range can enhance

the efficiency of the photocatalytic process, as visible light is more abundant in sunlight.
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Fig. 4.7: UV-DRS spectrum of different Mn substitution (a) MZ1, (b) MZ2, (c) MZ3, (d)
MZ4, and (e) ML1.

4.4. Conclusions:

The successful synthesis of manganese-substituted zinc ferrite nanoparticles (MZNPs)
via a combustion method, has achieved which demonstrating varying manganese concentration
influencing structural, morphological, and optical properties. The spinel structure was
confirmed by XRD. The increase in lattice parameters due to Mn?* substitution has been
observed for Mn-Zn ferrite. FT-IR and Raman spectroscopy indicated molecular changes and
spinel phase. The SEM and TEM analyses showed formation nanoparticles, with size 54.32 nm
+22.49 nm and EDS confirms the elemental composition. The XPS confirmed the oxidation
states of the constituent elements. BET analysis revealed mesoporous structures with increased
surface area. UV-DRS studies showed a decreased band gap with higher Mn2* concentration
from 1.56 to 1.43 eV, enhancing visible light absorption. These tailored properties make
MZNPs are highly effective for photocatalytic dye degradation and environmental remediation

which are studied in subsequent chapters.
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Chapter V

5.1. Introduction:

Photocatalytic degradation is a promising approach for the removal of organic
pollutants from wastewater, utilizing catalysts that can be activated by light to break down
contaminants [1]. Zinc ferrite (ZnFe204) has emerged as an effective photocatalyst due to
its favourable properties such as high stability, non-toxicity, and efficient light absorption
[2]. The synthesis of ZnFe;O4 can be optimized by adjusting the fuel-to-oxidizer ratio,
which impacts the material's photocatalytic performance by influencing particle size,
surface area, and the number of active sites. This study focuses on the degradation of three
dyes: Methylene Blue (MB), Rhodamine B (RhB), and Chloramine T (ChT) by ZnFe;O4
NPs. These dyes were selected due to their widespread use in various industries, their
environmental persistence, and their distinct chemical structures, which provide a

comprehensive assessment of ZnFe.O4 as a photocatalytic capability.

MB is a commonly used dye in the textile industry, known for its recalcitrance in
the environment. Its molecular structure includes aromatic rings and sulfur atoms, which
contribute to its stability and resistance to degradation [3]. RhB is extensively used in
biological staining and dye lasers, presenting a different structural challenge for
degradation [4]. RhB has a complex aromatic structure with amino groups that contribute
to its stability and vivid color, making it a persistent pollutant [5]. ChT, a chlorinated
aromatic compound, is used in organic synthesis and as a disinfectant, posing a significant
threat due to its stability and potential toxicity. The chlorine atoms in ChT add to its

resistance to biodegradation and its toxicity to aquatic life [6].

The selection of these dyes allows for a thorough evaluation of ZnFe,QO; efficiency
in degrading diverse pollutants. Photocatalytic degradation efficiency is closely related to
the positions of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the dyes [7]. The HOMO-LUMO gap determines the dye's
stability and reactivity. ZnFe>Oa, with its suitable band gap, can absorb visible light and
generate electron-hole pairs. The photo-generated electrons in the conduction band (CB)
and holes in the valence band (VB) can migrate to the surface and participate in redox

reactions [2].
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MB, with a relatively higher HOMO energy level, can easily donate electrons to
the photo-generated holes in ZnFe;O4, facilitating its degradation. RhB, on the other hand,
has a lower LUMO level, making it an efficient acceptor of electrons from the CB of
ZnFe>0q4. This electron transfer can enhance the breakdown of RhB molecules [8-9]. ChT,
with its chlorinated aromatic structure, presents a challenge due to its lower reactivity, but
the electron-hole pairs generated in ZnFe2O4 can still effectively initiate the degradation

process.

By varying the fuel-oxidizer (F/O) ratio during combustion synthesis of ZnFeOa,
the study aims to determine the optimal conditions for maximizing photocatalytic
degradation efficiency across these different types of dyes. Adjusting (F/O) ratio impacts
the material’s crystallinity, surface area, and defect density, which in turn affects the
generation and separation of electron-hole pairs, and thus the overall photocatalytic
activity. These findings will provide insights into the design of efficient photocatalysts for
environmental cleanup applications, particularly in degrading diverse and persistent
organic pollutants like MB, RhB, and ChT.

5.2. Photocatalytic dye degradation study experimental setup:

Synthesis of ZnFe,O; at different F/O ratio as mention in Chapter 3 and labeled as
Z1, Z2, Z3, Z4, Z5. In this study, the photocatalytic degradation capability of ZNPs for
MB, RhB, and ChT dyes under visible light irradiation was systematically investigated
using a Xenon lamp (35 W) as the light source. To ensure selective visible light irradiation,

an infrared, AM 1.5 G, and a 400 nm cut-off filters were employed (see Fig. 5.1).

The experiments were conducted with a controlled light intensity of 100 mW cm?,
measured using a solar power meter. Batch experiments were carried out, tracking the
decrease in the concentration of the dye solution over time by performing UV-Visible
absorption measurements at regular time intervals. Initially, 30 mL solution containing 10
ppm of dye was prepared, and a predetermined amount of the ZNPs catalyst was introduced
into the photoreactor. The system was left in the dark for 30 minutes to establish
adsorption—desorption equilibrium between the dye and the catalyst. Subsequently, 2 mL

of the effluent was extracted from the photoreactor, filtered using a syringe filter (PTFE
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0.45 micron), and the UV—Vis absorption spectrum was recorded. This procedure was
repeated at 30-minute intervals to monitor the decrease in the absorption intensity. The
collected data, consisting of UV—Vis absorption spectra recorded over time, allows the
assessment of the catalyst's effectiveness in degrading dye under visible light irradiation.
The analysis of absorption intensity variations provides insights into the kinetics and
efficiency of the photocatalytic degradation process, offering a comprehensive
understanding of the material's photocatalytic performance in water treatment applications.

IR filter <—

AM15G ﬁlteri
Optical filter

Dye solution <

Magnetic
stirrer

Fig. 5.1: Assembly of photocatalytic dye degradation experiment

The % dye degradation was calculated by the following equation,
% dye degradation = % x 100, (5.1)
0

where Co and C;represent the absorption intensity at initial and at time t, respectively.
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Fig. 5.2: (a) Control experiment (without light) for MB (black) and RhB (blue) dyes and
ChT (red). (b) Control experiment (without catalyst) for MB (black) and RhB (red) dyes
and ChT (blue).

Further, to verify that the degradation is not taking place by photolysis, blank
experiments were performed in presence of light for MB, RhB and ChT dyes without using
a catalyst. As shown in Fig. 5.2a and b, the photolysis of MB, RhB and ChT is very less
as compared to the degradation performance in the presence of a catalyst. In addition, the
photoactivity of Z1 was checked in the absence of light for all three dyes. The results show
a significant difference in the degradation performance of Z1 in the presence and absence

of light confirming the excellent visible light activity of Z1 material.

5.3. Photocatalytic Degradation of MB, RhB, and ChT Dyes:

The percentage of MB dye removal was examined as a function of Z1 to Z5
catalysts. We investigated the removal of MB dye over ZnFe,O4 under the influence of
visible light and observed that it was 90.65% in 5h. Yadav et al. [10] synthesized ZnFe,QO4
by co-precipitation technique. Prepared nano-ferrites used for photocatalytic studies and
the depletion of MB dye over a radiation time of 5 h to 50 minutes was observed. It showed
an initial concentration of 10 mgL™ contaminants and about 74% efficiency for 50 mg
nanophotocatalysts. In the current study, the photocatalytic degradation performance of
MB, RhB, and ChT dyes was systematically studied using ZnFe.Os4 Nps synthesized

through different fuel-oxidizer ratios.
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Fig 5.3 shows Photocatalytic dye degradation of MB by using different G/N ratios
Z1 to Z5 upto 300 min. The Z1 sample demonstrate the highest activity against all three
dyes under visible light irradiation, showcasing its superior photocatalytic properties. For
MB dye, the Z1 sample achieves a remarkable 90.65% degradation efficiency within 5
hours, significantly higher compared to other samples such as Z2 (85.10%), Z3 (81.95%),
Z4 (83.58%), and Z5 (65.64%) as shown in Fig. 5.3. This performance can be attributed to
the optimal glycine-to-nitrate ratio in Z1, which facilitated the formation of active sites and
enhanced photocatalytic activity. In contrast, increasing the glycine and nitrate content in
other samples resulted in decreased degradation efficiency due to lower specific surface

areas and fewer active sites.

Similarly, for RhB dye, Z1 exhibites the highest degradation percentage at 88.40%,
while samples Z2 to Z5 showed a gradual decline in performance, with degradation
percentages ranging from 87.94% to 83.44% as shown in Fig. 5.4. The fuel-lean Z1 sample
contributed to a more reduced state of metal ions and increased defect sites, which are
crucial for photocatalytic activity. Conversely, higher oxidizer ratios in other samples
produced more stable but less reactive materials, reducing the number of catalytically

active sites.

For ChT dye, the Z1 sample again demonstrates superior photocatalytic activity
with an 81.92% degradation efficiency. Samples Z2 to Z5 showed decreased performance,
with degradation percentages from 77.5% to 72.28% as shown in Fig. 5.5. This decline
indicates that deviations from the optimal fuel-oxidizer ratio in Z1 resulted in less effective

photocatalytic properties, such as larger particle sizes and reduced surface areas.

Overall, the study highlights that the specific synthesis conditions, particularly the
fuel-to-oxidizer ratio, have a significant impact on the photocatalytic efficiency of
ZnFe204. The optimal conditions achieved in the Z1 sample facilitated maximum
degradation of MB, RhB, and ChT dyes, emphasizing the importance of precise control

over synthesis parameters for environmental cleanup applications.
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Fig. 5.3: Photocatalytic dye degradation of MB by using different G/N ratios, (a) Z1, (b)

Z2, (c) Z3, (d) Z4, and (e) Z5.

Z1 shows the best photocatalytic performance due to its smaller crystallite size 9.74

nm, which provides a larger surface-to-volume ratio, increasing the number of active sites
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for the reaction. Its porous structure, observed in SEM, further enhances dye adsorption.

Z1 also has an optimal band gap of 1.84 eV, suitable for absorbing visible light, promoting

efficient electron-hole pair generation. Additionally, its high surface area 41.86 m?/g allows

for better interaction with dye molecules, resulting in superior degradation efficiency

90.65%. However, as the content of glycine and nitrate increases, degradation activity

decreases due to the formation of larger particles and excess carbon residues, reducing

active surface sites and overall efficiency.

The ZnFe;O4 prepared by combustion method displays excellent photocatalytic

performance compared with the available literature (given in Table 5.1) [11-14].

Table 5.1. Comparison with the reported literature.

Catalyst

ZnFe;04 (1)

ZnFe20q4
ZnFe20q4
ZnFe20q4

ZnFe20q4

Time
(min)

300
60

160
90

Degradation

Light Source (%) References
Visible Light
90.65 Present work
(A>400 nm)
Visible Light 65 11
Visible Light 66.4 12
sunlight 89 13
Visible Light +
100 14
H20>
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Fig. 5.4: Photocatalytic dye degradation of RhB by using different G/N ratios, (a) Z1, (b)
Z2, (c) Z3, (d) Z4, and (e) Z5.
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5.3.1. Catalyst dosage for MB RhB and ChT dyes:

The efficiency of photocatalytic dye degradation process is significantly influenced
by the dosage of the catalyst used. Catalyst dosage plays a crucial role in determining the
overall surface area available for photocatalytic reactions, the number of active sites, and
the light absorption capacity of the system. Understanding the optimal catalyst dosage is
essential for maximizing the degradation efficiency while maintaining cost-effectiveness

and minimizing potential drawbacks such as catalyst aggregation and light shading.

At lower catalyst dosages, the available surface area and number of active sites may
be insufficient to facilitate effective interactions between the catalyst and the pollutant
molecules. This limitation can result in lower degradation rates and reduced overall
efficiency. As the catalyst dosage increases, the surface area and number of active sites
also increase, leading to improved photocatalytic activity and higher degradation rates.
However, beyond a certain point, further increases in catalyst dosage can lead to adverse
effects. Excessive catalyst concentrations can cause aggregation of catalyst particles, which
reduces the effective surface area and blocks light from reaching all active sites. This
phenomenon, known as light shading, hinders the photocatalytic process and decreases the

overall efficiency.

Page 104



Chapter V

E 0 min

E [l 30 min
76.28% E| 60 min
E (I 90 min

120 min

3 150 min
E (0 180 min
E [ 210 min
10 E 240 min

E 270 min

E | 300 min

Absorbance
Absorbance

500 600 700 800 500 600 700 800

2.0 g I I [T
: 65.85% (d)
1.5 f
= = H
2 2 1.0 {
g Tl
o 2
< -
0.5
s 0.0 Boooeeon e 1S
500 600 700 800 500 600 700 800
Wavelength(nm) Wavelength (nm)

Fig. 5.6: Photocatalytic dye degradation of MB by using G/N=0.48 (Z1) Effect of catalyst
loading (a) 15 mg, (b) 30 mg, (c) 45 mg, and (d) 60 mg.

Optimizing the catalyst dosage of optimized Z1 catalyst is therefore critical to
achieving the best performance in photocatalytic degradation processes. It ensures that the
maximum number of active sites are available for the reaction without causing significant
aggregation or light shading. The following study evaluates the degradation performance
of three different dyes, Methylene Blue (MB), Rhodamine B (RhB), and Chloramine T
(ChT) under various catalyst dosages (15 mg, 30 mg, 45 mg, and 60 mg) to identify the

optimal dosage for each dye as shown in Fig. 5.6-5.8 respectively.
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Fig. 5.7: Photocatalytic dye degradation of RhB by using G/N=0.48 (Z1) Effect of catalyst
loading (a) 15 mg, (b) 30 mg, (c) 45 mg, and (d) 60 mg.

The study evaluates the photocatalytic degradation performance of MB, RhB, and
ChT dyes using various catalyst dosages (15 mg, 30 mg, 45 mg, and 60 mg). At a 15 mg
dosage, MB, RhB, and ChT dyes showed reduction percentages of 76%, 82.97%, and
73.80%, respectively. This lower catalyst loading resulted in suboptimal degradation due
to insufficient surface area and active sites. The 30 mg dosage proved to be the most
effective, with MB, RhB, and ChT dyes achieving reduction percentages of 90%, 88.40%,
and 81.92%, respectively. This dosage offered an optimal balance of surface area and
active sites, maximizing photocatalytic efficiency. However, increasing the catalyst dosage
to 45 mg led to a decline in degradation efficiency for all dyes, with MB, RhB, and ChT
achieving 68%, 84%, and 76.19% reduction, respectively. This decrease is likely due to
catalyst aggregation and diminished light penetration [15-17]. At the highest dosage of 60
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mg, the degradation performance further declined, with MB, RhB, and ChT reduction
percentages dropping to 65%, 81.15%, and 64.70%, respectively. This reduction is
attributed to excessive catalyst causing light shading and reduced active site availability.
Overall, the 30 mg dosage is identified as the optimal loading for effective photocatalytic
degradation of MB, RhB, and ChT dyes.

Furthermore, the pseudo-first-order kinetic model is employed to understand the
kinetics of the degradation process as shown in Fig. 5.9 The present study suggests that Z1
exhibit rate constant of 0.0086016, 0.0071613, and 0.0056924 min* for MB, RhB, and
ChT dyes with R? value of 0.98787, 0.96945, and 0.99477 respectively. The R? values and

kinetic constants for kinetic model are tabulated in Table 5.2.

73.80%
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Fig. 5.8: Photocatalytic dye degradation of ChT by using G/N=0.48 (Z1) Effect of catalyst
loading (a) 15 mg, (b) 30 mg, (c) 45 mg, and (d) 60 mg.
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Table 5.2. Kinetic parameters of Z1 for MB, RhB, and ChT dyes.

Dyes Degradation (%) | Rate constant (min™) R?

MB 90.65 0.0086016 0.98787
RhB 88.40 0.0071613 0.96945
ChT 81.92 0.0056924 0.99477

-In(C-Cq)

100 150 200 250

Time (min)

0 50 100

150 200 250 300

Time (min)

-In(C-Cy)

100 150 200 250 300
Time (min)

Fig. 5.9: Pseudo first-order Kkinetics for (a) MB, (b) RhB, and (c) ChT dyes of Z1.

5.3.2. Scavenger studies for MB RhB and ChT dyes:

Scavenger studies are essential for elucidating the underlying mechanisms of

photocatalytic degradation processes. Understanding the specific reactive species involved

in the degradation of pollutants allows for the optimization of photocatalysts and reaction
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conditions, thereby improving efficiency and effectiveness. In photocatalysis, reactive
species such as hydroxyl radicals ("OH), superoxide radicals (O."), and photogenerated
holes (h™) play crucial roles in breaking down contaminants. Identifying which of these
species are most active in the degradation process is vital for designing targeted strategies

to enhance photocatalytic performance.

For this study, scavenger experiments were conducted to determine the primary
reactive species responsible for the degradation of MB (blue color), RhB (pink color), and
ChT (colorless) dyes using the Z1 photocatalyst. We have used same color combination as
that of dyes to depict scavenger activity. By introducing specific scavengers that selectively
inhibit different reactive species, the study aims to reveal the contributions of hydroxyl
radicals, superoxide radicals, and holes in the photocatalytic processes. This detailed
understanding is necessary to optimize the conditions for maximum degradation efficiency

and to tailor the photocatalyst for diverse environmental applications.

100 p

No scavenger Oxalic acid IsopropanolL-ascorbic acid
Fig. 5.10: Scavenger study of Z1 photocatalyst for MB dye.

The scavenger studies provided crucial insights into the primary reactive species
involved in the photocatalytic degradation of MB, RhB, and ChT dyes using the Z1
photocatalyst. For MB, the investigation revealed that hydroxyl radicals (*OH) play a

predominant role in the degradation process. When isopropanol, a hydroxyl radical
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scavenger, was introduced, the degradation efficiency dropped significantly to 32%,
highlighting the critical involvement of hydroxyl radicals. The presence of L-ascorbic acid,

a hole scavenger, results in a moderate reduction in efficiency to 47% as shown in Fig.
5.10, indicating that holes also contribute to the process, albeit to a lesser extent. Oxalic
acid, a superoxide radical scavenger, led to a degradation efficiency of 67%, suggesting

that superoxide radicals are involved but are not the primary reactive species.

In the case of RhB, the degradation efficiency decreased markedly to 24% when
isopropanol was used, again underscoring the essential role of hydroxyl radicals in the
photocatalytic degradation process. The introduction of L-ascorbic acid results in a 52%
degradation efficiency as shown in Fig. 5.11, further demonstrating that holes play a
secondary role compared to hydroxyl radicals. With oxalic acid, the degradation efficiency
was 64%, indicating that superoxide radicals have a moderate impact on the degradation

process.

100
90
80
70
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50
40
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20
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% dye degradation

0 IIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

No scavenger Oxalic acid IsopropanolL-ascorbic acid
Fig. 5.11: Scavenger study of Z1 photocatalyst for RhB dye.
For ChT, the scavenger study similarly identified hydroxyl radicals as the primary

reactive species. The degradation efficiency dropped significantly to 29% in the presence

of isopropanol, affirming the crucial role of hydroxyl radicals. The presence of L-ascorbic
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acid reduces the efficiency to 48%, while oxalic acid decreases it to 61% as shown in Fig.
5.12. These results suggest that while superoxide radicals and holes do contribute to the

degradation process, their roles are secondary to that of hydroxyl radicals.

% dye degradation
S

10 i
0
No scavenger Oxalic acid IsopropanolL-ascorbic acid

Fig. 5.12: Scavenger study of Z1 photocatalyst for ChT dye.

Overall, the scavenger studies for MB, RhB, and ChT dyes consistently
demonstrated the dominant role of hydroxyl radicals in the photocatalytic degradation
process facilitated by the Z1 photocatalyst. This finding is pivotal for optimizing
photocatalytic processes for environmental remediation, emphasizing the need to enhance
the generation and utilization of hydroxyl radicals to maximize degradation efficiency

across different types of pollutants.
5.3.3. Investigation of the reusability and chemical stability of the Z1 sample:

Recyclability studies are essential for assessing the durability and long-term
efficiency of photocatalysts in practical applications. These studies simulate real-world
conditions where photocatalysts are subjected to repeated use, providing insights into their
stability, robustness, and potential for commercial viability. Understanding how well a
photocatalyst maintains its activity over multiple cycles is crucial for industrial processes,

such as wastewater treatment and environmental remediation, where sustained
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performance is key to cost-effectiveness and environmental sustainability. The ability to
recycle and reuse photocatalysts reduces the need for frequent replacement, thereby
minimizing operational costs and environmental impact. In this context, the recyclability
of the Z1 photocatalyst was evaluated for its performance in degrading Methylene Blue
(MB), Rhodamine B (RhB), and Chloramine T (ChT) dyes over multiple cycles.

The recyclability study demonstrated the robust performance and sustained
efficiency of the Z1 photocatalyst across multiple cycles for degrading MB, RhB, and ChT
dyes. We have used same color combination as that of dyes to depict recyclability activity.
For MB, the Z1 photocatalyst maintain a high degradation efficiency of 74% after five
consecutive cycles as shown in Fig. 5.13. This indicates the durability and resilience of the
photocatalyst, which are essential for continuous operation in practical applications. The
process involved separating the photocatalyst via an applied magnetic field and drying at
room temperature to prevent thermal degradation. These steps ensured that the activity of
the photocatalyst was preserved for subsequent cycles.

100 g
88.04%

85.22%

80

60

40

% dye degradation

20

No. of cycles

Fig. 5.13: Recyclability study of Z1 photocatalyst for MB dye.
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In the case of RhB, the Z1 photocatalyst exhibits an end efficiency of 75.17% after
five cycles as shown in Fig. 5.14, highlighting its stability and robustness. The minimal
decline in performance underscores the ability of the photocatalyst to withstand repeated
use without significant loss of activity. This stability is crucial for reducing operational

costs in industrial applications, as it decreases the frequency of catalyst replacement.

75.17%

% dye degradation

No. of cycles

Fig. 5.14: Recyclability study of Z1 photocatalyst for RhB dye.

For ChT, the Z1 photocatalyst shows a degradation efficiency of 63.4% after five
cycles as shown in Fig. 5.15. This sustained high performance over multiple cycles
indicates the long-term stability and effectiveness of the photocatalyst. The consistent
degradation efficiency across cycles demonstrates the potential of the Z1 photocatalyst for

practical applications in various industrial and environmental contexts.

Overall, the recyclability study confirms the suitability of the Z1 photocatalyst for
commercial applications, as it maintains high degradation efficiencies for MB, RhB, and
ChT dyes over multiple cycles. This capability enhances its attractiveness for use in
sustainable and cost-effective water treatment and pollutant remediation processes,

aligning with environmental and economic goals.
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Chapter V

5.4. Plausible dye degradation mechanism:

In photocatalysis, when a photocatalyst is exposure to solar radiation, resulting
electrons transfer from valence band to the conduction band and holes generate in the
valence band [eq" 5.2]. The surface hydroxyl group on the catalyst's surface combines with
the photogenerated hole to form the hydroxyl radical [eq" 5.3]. Contrarily, the
photogenerated electron in the conduction band reacts with the dissolved oxygen to form
superoxide radical [eq" 5.4], then the superoxide produced gets protonated forming
hydroperoxyl radical and then subsequently H>O> which further dissociates into highly
reactive hydroxyl radicals [eq" 5.5-5.7]. Both oxidation and reduction processes commonly
take place on the surface of the photoexcited semiconductor photocatalyst [eq" 5.8-5.10s]
[20-22]. Several variables have been explored in order to explain Z1 sample's greater
catalytic activity. Among all samples, Z1 demonstrated remarkable photocatalytic activity
in the photocatalytic reduction of MB. In general, a larger surface area is better for
photocatalytic reactions. The surface area of the photocatalysts synthesized at the Z1 ratio
was higher, at 41.861 m?/g. As a result, there are more active sites available for
photocatalytic reactions, increasing the activity of the overall structure. In comparison to
Z3 (1.6 eV) and Z5 (1.87 eV), Z1 has a lower electron hole recombination energy and a
higher absorptive power in the visible spectrum. This improves free charge carrier
separation. As a result, the main cause of strong photocatalytic activity is the huge number

of free electrons and holes [23].

ZnFe,0, + hv (UV) - ZnFe,0, (e"(CB) + h*(VB)) (5.2)
H,0(ads) + h*(VB) —» OH*(ads) + H* (ads) (5.3)
0, + e (CB) - 05" (ads) (5.4)
0;°(ads) + H* 2 HOO" (ads) (5.5)
2HO0O0*(ads) - H,0,(ads) + 0, (5.6)
H,0,(ads) —» 20H" (ads) (5.7)
Dye + OH® - CO, + H,0 (dye intermediates) (5.8)
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Dye + h*(VB) — Oxidation products (5.9)
Dye + e~ (CB) — reduction product (5.10)
5.5. Conclusions:

In conclusion, this chapter comprehensively investigates the photocatalytic
degradation of Methylene Blue, Rhodamine B, and Chloramine T dyes using zinc ferrite
nanoparticles under visible light irradiation. The study demonstrates the superior catalytic
performance of ZnFe,O4 (Z1) 30 mg catalyst, achieving 90.65% for MB dye, 88.40% for
RhB dye, and 81.92% for ChT dye, emphasizing the importance of glycine and nitrate
content, catalyst dosage, and the presence of scavengers in the degradation process.
Hydroxyl radicals are identified as the primary reactive species driving the degradation
mechanism. The findings underscore the significant impact of catalyst composition,
surface area, and charge carrier separation on the photocatalytic efficiency, providing

valuable insights for optimizing photocatalytic processes for environmental remediation.
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Chapter VI

6.1 Introduction:

In recent years, the degradation of organic pollutants in water has become a
critical environmental challenge [1]. Among these pollutants, synthetic dyes pose a
significant threat due to their persistence, toxicity, and potential to cause environmental
pollution [2]. Rhodamine B, Methylene Blue, Chloramine T dye, a commonly used
fluorescent dye in various industrial applications such as textiles, printing, and cosmetics,
is known for its resistance to degradation and adverse effects on aquatic ecosystems [3-
6]. As discussed in the previous chapter, zinc ferrite (ZnFe204) has been studied for its
structural and photocatalytic properties. Building on this, the following sections will
examine the effect of manganese substitution, specifically exploring how Mn doping

influences the structural and functional behavior of ZnFe.O4 in photocatalytic activity.

To address this issue, substitution with Mn?" ions was selected to tailor the
structural, and optical properties of Zn ferrite due to the difference in ionic radii and
electronic configuration between Mn?* and Zn?" ions. This substitution allows for
controlled tuning of the bandgap and charge carrier dynamics, leading to improved
photocatalytic efficiency. Additionally, Mn?** doping is known to influence the spinel
structure of ferrites, which further contributes to enhanced magnetic and photocatalytic
properties. This investigation introduces the utilization of the combustion method for the
fabrication of manganese-doped zinc ferrite nanoparticles (MZNPs), with a focus on
illustrating the influence of Mn ion concentration on the photocatalytic degradation
efficiencies against RhB, MB, and ChT dyes. By spotlighting the combustion synthesis
approach, this study endeavors to reveal novel insights of investigating the effect of
manganese substitution on the structural and optical properties of zinc ferrite
nanoparticles, an area not extensively explored. Furthermore, we evaluate the visible-
light-mediated photocatalytic dye degradation efficiency of manganese-substituted zinc
ferrite nanoparticles against various dyes, providing new insights into tailoring the
photocatalytic properties of spinel ferrites for environmental applications. The
combustion synthesis method used in this work is shown to be proficient for fabricating
these nanoparticles, revealing novel insights into optimizing spinel ferrites for

environmental remediation, elucidating the contribution of a wider array of reactive
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species in photocatalysis, including but not limited to hydroxyl radicals (OH"),
superoxide anions (O2™), and singlet oxygen (Oz), which are instrumental in the
photocatalytic degradation mechanism [7- 11].

This chapter aims to investigate the photocatalytic degradation of Rhodamine B
dye using various compositions of metal ferrite nanoparticles as catalysts. Specifically,
we focus on metal ferrite compositions including ZnFe;04, MZ1, MZ2, MZ3, MZ4, and
M1. By systematically varying the composition of metal ions in the ferrite structure, we
aim to elucidate the influence of composition on the photocatalytic activity and
degradation efficiency towards Rhodamine B, Methylene Blue, Chloramine T dye.
Through a comprehensive investigation and analysis of the experimental results, this
study seeks to contribute to the understanding of the photocatalytic degradation
mechanisms of Rhodamine B dye and provide insights into the design and development
of efficient metal ferrite-based photocatalysts for environmental remediation applications.

Improvements in Dye Degradation:

Given the theoretical enhancements discussed, the substitution of Mn in zinc
ferrite is predicted to result in significant improvements in the photocatalytic degradation
of dyes. Enhanced charge carrier separation, shifted absorption edges into the visible light
range, and increased generation of reactive oxygen species contribute to a more efficient
and effective photocatalytic process. Consequently, Mn-substituted zinc ferrite is
expected to exhibit higher degradation rates and improved efficiencies in less irradiation

time compared to bare zinc ferrite.

In terms of specific dyes, Mn- substituted zinc ferrite should be particularly
effective against a wide range of organic dyes, including methylene blue, rhodamine B,
chloramine T dyes. These dyes are commonly used in industries and are known for their
stubborn persistence in the environment due to complex molecular structures that resist
breakdown. The enhanced photocatalytic activity of Mn- substituted zinc ferrite could
lead to more complete degradation of these dyes, breaking them down into less harmful

or inert compounds.
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6.2. Photocatalytic dye degradation study Experimental Setup:

The experimental setup for photocatalytic dye degradation followed the same

procedure as for zinc ferrite, described in Chapter V, Section 5.2, Fig.5.1.
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Fig. 6.1: (a) Control experiment (without light) for MB (black) and RhB (red) dyes and
ChT (Blue). (b) Control experiment (without catalyst) for MB (black) and RhB (red) dyes
and ChT (green).

Further, to verify that the degradation is not taking place by photolysis, blank
experiments were performed in presence of light for MB, RhB and ChT dyes without
using a catalyst. As shown in Fig. 6.1a and b, the photolysis of MB, RhB and ChT is
very less as compared to the degradation performance in the presence of a catalyst. In
addition, the photoactivity of MZ4 was checked in the absence of light for all three dyes.
The results show a significant difference in the degradation performance of MZ4 in the
presence and absence of light confirming the excellent visible light activity of MzZ4

material.
Photocatalytic activity:

In order to assess the applicability of synthesized MZ catalyst, photocatalytic
degradation of MB, RhB, and ChT were carried out under visible light irradiation. Fig.
6.2-6.4 shows absorbance spectra for MB, RhB, and ChT dye using MZ photocatalyst.
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6.3. Photocatalytic degradation of MB, RhB, and ChT dyes:

In this study, the photocatalytic activity of various metal ferrite nanoparticles was
tested for the degradation of Rhodamine B dye under identical experimental conditions to
enable a fair comparison of their efficiencies. The results are as follows:

ZnFe04 (Z1) catalyst achieved a degradation efficiency of 79.13%. While it was
the least efficient among the tested catalysts, it still showed a substantial capability to
degrade Rhodamine B. The lower efficiency of ZnFe.O4 compared to its manganese-
substituted counterparts may be attributed to its relatively lower surface area and lesser
generation of reactive species essential for the degradation process. (MZ1) manganese-
substituted zinc ferrite catalyst showed a significant increase in degradation efficiency,
achieving 84.66%. The incorporation of Mn into the zinc ferrite structure likely enhances
the charge separation efficiency and provides more active sites for the photocatalytic

reaction.

Fig 6.2 explains photocatalytic dye degradation of RhB using Z1, MZ1, MZ2,
MZ3, MZ4, and M1. From Fig. 6.2, MZ2 Slightly outperforming the MZ1, this
composition achieved a degradation efficiency of 84.71%. The slight increase in
manganese concentration may contribute to better electron-hole pair generation, thus
slightly enhancing the photocatalytic activity. MZ3 with a degradation efficiency of
87.82%, this composition indicates further improvement in photocatalytic activity with
increased manganese content. The higher content of Mn seems to favor the photocatalytic
process possibly by modifying the band gap and improving the redox potential of the
material. MZ4 composition achieved the highest degradation efficiency of 90%. The
substantial manganese content could have optimized the structural and electronic
properties of the ferrite nanoparticles, thus maximizing the photocatalytic degradation of
Rhodamine B dye. This suggests a favorable balance between zinc and manganese for
effective dye degradation. M1 pure manganese ferrite achieved a degradation efficiency
of 85%. Despite being highly efficient, it did not outperform the MZzZ4, which might
suggest that a small amount of zinc presence could be critical in achieving the optimal

photocatalytic activity within this series of ferrite nanoparticles.
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Fig. 6.2: Photocatalytic dye degradation of RhB using (a) Z1, (b) MZ1, (c) MZ2, (d)

MZ3, (e) MZ4, and (f) M1.
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Fig. 6.3: Photocatalytic dye degradation of MB using (a) Z1, (b) MZ1, (c) MZ2, (d)
MZ3, (e) MZ4, and (f) M1.

The varying efficiencies of these catalysts illustrate the impact of metal ion

substitution in the ferrite structure on photocatalytic performance. Each composition
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offers unique benefits that influence the rate of dye degradation, attributed to differences

in electronic properties, surface chemistry, and interaction with the dye molecules.

Further exploration into the physical and chemical properties of these nanoparticles can

provide deeper insights into their photocatalytic mechanisms.
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Fig 6.3 shows photocatalytic dye degradation of MB using Z1, MZ1, MZ2, MZ3,
MZz4, and M1. It is observed that MZ4 shows 90.90% of efficiency for MB dye
degradation in 240 min. Fig 6.4 shows photocatalytic dye degradation of ChT using Z1,
MZ1, MZ2, MZ3, MZ4, and M1. It is observed that MZ4 shows 88.09% of efficiency for
ChT dye degradation in 240 min.

The superior performance of MZ4 is attributed to its mesoporous structure.
Mesoporous materials have a network of pores with diameters between 2 and 50
nanometers, which is crucial for creating more active sites for photocatalytic reactions.
These active sites provide locations where chemical reactions can occur, thus enhancing
the catalyst's efficiency in degrading dyes. The mesoporous structure not only provides
more active sites but also facilitates the diffusion of dye molecules within the catalyst.
This means that dye molecules can more easily access the active sites where the
photocatalytic reactions occur, further enhancing the catalyst's performance. The findings
are consistent with prior research on ferrites, which emphasizes the importance of
specific surface area in enhancing photocatalytic efficiency. A higher specific surface
area means there is more surface area available for interactions with dye molecules,

leading to increased degradation efficiency.

The MZ4 sample has a narrow optical bandgap of 1.46 electron volts (eV). The
bandgap refers to the energy difference between the valence band and the conduction
band in a material. A narrow bandgap means that the material can absorb a wider range
of wavelengths of light, including visible light, which is important for photocatalytic
reactions since visible light constitutes a significant portion of sunlight. Another
advantage of the spinel samples, including MZ4, exhibit magnetic properties that allow
them to be rapidly separated from the solution under the influence of an applied magnetic
field following the photocatalytic reaction. This means that the catalyst can be easily
recovered and reused multiple times, reducing the need for fresh catalyst material and
improving the overall sustainability of the process. The degradation performance of other

photocatalysts is tabulated in Table 6.1.
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Table 6.1: Degradation percentages of all the samples for MB, RhB, and ChT dyes.

Sample ID MB l?ye RhB Pye ChT I?ye
Degradation (%0) Degradation (%0) Degradation (%0)
Z1 86.8 79.13 75
MZ1 80.68 84.66 78.57
MZ2 85.05 84.71 79.76
MZ3 89.77 87.82 87.95
MZ4 90.90 90 88.09
M1 88.25 85 84.52

The experimental findings underscore a significant variation in the photocatalytic
degradation efficiency of MB, RhB, and ChT dyes contingent upon the specific
composition of the metal ferrite nanoparticles utilized. Here, this study presents a detailed
analysis of the critical factors influencing the photocatalytic activity of these

nanoparticles, focusing on the effects of compositional composition.

The degradation efficiencies observed reveal a clear pattern as the concentration
of manganese in the zinc ferrite structure increases, there is generally an enhancement in
photocatalytic activity, up to a point. MZ4, with the highest manganese content among
the mixed compositions, exhibits the most elevated degradation efficiency at 90.90%,
90%, and 88.09% for MB, RhB, and ChT dyes. This high efficiency can be attributed to
the unique electronic structure imparted by manganese, which may facilitate more
effective separation of charge carriers and extend their lifespan, thereby increasing the

likelihood of interacting with and degrading the dye molecules.

In contrast, ZnFe;O4, lacking in manganese substituting, shows the lowest
degradation efficiency. Zinc ferrite typically has a higher bandgap compared to
manganese- substituted variants, which can result in less efficient utilization of visible
light for the generation of electron-hole pairs, a key aspect of photocatalytic activity

under sunlight.

The surface area of the photocatalysts is crucial as it directly influences the
adsorption of dye molecules onto the catalyst's surface, an essential step before

photocatalytic degradation can occur. Nanoparticles with higher surface areas provide
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more active sites for photocatalytic reactions. Substituting ferrites with manganese can
alter the physical properties, including changes to surface area and pore structure, which

can enhance the adsorption capacity and consequently, the photocatalytic efficiency.

The generation and subsequent dynamics of electron-hole pairs play a pivotal role
in the efficiency of photocatalytic processes. The separation of these charge carriers is
crucial; recombination leads to loss of efficiency as the energy is dissipated as heat rather
than being used for photocatalytic reactions. The composition of the nanoparticles
significantly affects these dynamics. Manganese in the ferrite structure enhances the
magnetic properties, which can influence the electronic properties by reducing the
recombination rate of electron-hole pairs through spin-related effects. In summary, the
analysis suggests that the interplay between manganese and zinc within the ferrite
structure critically influences the photocatalytic properties through modifications in

electronic band structure, surface properties, and magnetic effects.

-In(C-Cq)

Fig. 6.5: Pseudo first-order kinetics for (a) MB, (b) RhB, (c) ChT dyes of MZ4.
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To understand the degradation process, kinetic graphs are plotted as shown in Fig.
6.5 The present study suggests that MZ4 exhibit rate constant of 0.010086, 0.00928, and
0.00945 mint for MB, RhB, and ChT dyes with R? value of 0.9705 0.9421, and 0.9838
respectively. The R? values and kinetic constants for kinetic model are tabulated in Table
6.2. From the values of R? can be considered as a pseudo first order Kinetic reaction
involved in a dye degradation.

Table 6.2. Kinetic parameters of optimized MZ4 for MB, RhB, and ChT dyes.

Dyes Degradation (%) | Rate constant (min) R2

MB 90.90% 0.010086 0.97058
RhB 90% 0.00928 0.94217
ChT 88.09% 0.00945 0.98383

6.3.1. Catalyst dosage for MB RhB and ChT dyes:

To investigate the influence of MZ4 photocatalyst dose on the degradation of RhB
(Fig. 6.6), MB (Fig. 6.7), and ChT (Fig. 6.8) under visible light, the impact of varying
photocatalyst amounts (15 mg, 30 mg, 45 mg, and 60 mg) on the degradation
performance is observed. For this study, optimized MZ4 samples were used. The results
demonstrated a clear correlation between the photocatalyst dose and RhB degradation
efficiency. As shown in fig. 10, 30 mg photocatalyst shows higher degradation
performance than that of 15, 45, and 60 mg under scoring significance of use of optimum
amount of photocatalyst during photocatalytic reaction. The observed enhancement in
photodegradation efficiency using 30 mg photocatalyst can be attributed to the increased
number of photons absorbed by the catalyst and the availability of additional surface-
active sites for photocatalytic reactions. The decrease in performance for 45 and 60 mg is
attributed to the aggregation of catalyst which blocks the visible light [12]. This aligns
with previous studies [13], which emphasize the positive impact of catalyst dosage on

photocatalytic performance.
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Fig. 6.6: Photocatalytic dye degradation of RhB using MZ4 catalyst loading (a) 15 mg,
(b) 30 mg, (c) 45 mg, and (d) 60 mg.

The effect of catalyst loading on the photocatalytic activity, as observed in the
degradation of RhB, MB, and ChT with varying amounts of the MZ4 photocatalyst,
reflects an interplay between several factors. At lower doses, such as 15 mg, there might
not be enough photocatalyst surface area to effectively absorb a significant amount of
visible light or provide sufficient active sites for the photocatalytic reactions to occur.
When the catalyst amount is increased to an optimal level, in this case, 30 mg, the
available surface area for light absorption and the number of active sites both increase,

enhancing the degradation efficiency of the dyes.

At higher catalyst loadings, such as 45 mg and 60 mg, the photocatalyst particles

can aggregate, reducing the effective surface area that comes in contact with the dye
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molecules. This aggregation can also hinder light penetration, as the packed particles
create a shadowing effect, blocking light from reaching the inner layers of the catalyst
mass. Furthermore, aggregation reduces the dispersion of catalyst in the solution, limiting

the interaction between the catalyst active sites and dye molecules.
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Fig. 6.7: Photocatalytic dye degradation of MB by using MZ4 Effect of catalyst loading
(a) 15 mg, (b) 30 mg, (c) 45 mg, and (d) 60 mg.

The increase in photocatalytic activity up to a certain catalyst dose and the
subsequent decrease beyond this optimal point can be attributed to the balance between
the increased availability of active sites (up to the optimal dose) and the limitations posed
by aggregation and reduced light penetration at higher doses. The optimal catalyst

loading maximizes the interactions between the dye molecules and the photocatalyst
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under the given light intensity, balancing effective light absorption, minimization of

aggregation effects, and efficient mass transport.
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Fig. 6.8: Photocatalytic dye degradation of ChT by using MZ4 Effect of catalyst loading
(a) 15 mg, (b) 30 mg, (c) 45 mg, and (d) 60 mg.

In summary, the influence of catalyst dose on photocatalytic activity is a result of
the interplay between the increased availability of active sites and light absorption at
optimal doses and the negative effects of aggregation and diffusion limitations at higher

doses. Identifying the optimal catalyst dose is crucial for maximizing photocatalytic

degradation efficiency.

This highlights the importance of finding a balance in catalyst dosage for optimal
photocatalytic performance. In summary, the study underscores the significance of MZ4
photocatalyst dosage in influencing RhB, MB, ChT degradation efficiency. The results
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emphasize the need for careful consideration and optimization of catalyst dosage to

achieve the highest photocatalytic performance.

6.3.2 Scavenger studies of MB, RhB, ChT dyes:
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Fig. 6.9: Scavenger study of MZ4 photocatalyst for MB, RhB and ChT dyes.

The scavenger study conducted in the research aimed to identify the primary
reactive species involved in the photodegradation process of MB (blue color), RhB (pink
color), and ChT (colorless) using MZ4 photocatalyst. We have used same color
combination as that of dyes to depict scavenger activity. Three scavengers viz. L-ascorbic
acid, isopropanol (IPA), and oxalic acid were employed to capture superoxide radicals,
hydroxyl radicals, and holes, respectively and to determine the dominant reactive species
influencing the photocatalytic performance. As shown in Fig. 6.9. the results demonstrats
distinct responses to the scavengers, highlighting the crucial role of hydroxyl radicals in
the degradation process. For MZ4 photocatalysts, the presence of IPA as a hydroxyl
radicals scavenger led to significantly less photocatalytic performance compared to

solutions containing L-ascorbic acid and oxalic acid. Specifically, the
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degradation efficiency for IPA-containing solutions was 29% for MB, 26% for RhB and
27% for ChT. On the contrary, solutions containing L-ascorbic acid and oxalic acid
demonstrated significantly higher degradation efficiencies. Specifically, observed
efficiencies reached 45%, 48%, 42% for the L-ascorbic acid, and 52%, 61%, and 57% for
the oxalic acid. These findings strongly suggest that the predominant reactive species
responsible for the enhanced photocatalytic activity of MZ4 photocatalysts are hydroxyl
radicals. In summary, the scavenger study provides crucial insights into the
photocatalytic degradation mechanism, emphasizing the pivotal role of hydroxyl radicals
in the enhanced performance of MZ4 photocatalyst for MB, RhB, and ChT degradation.

6.3.3. Investigation of the reusability and chemical stability of the MZ4 sample:

The investigation into the reusability of the optimum photocatalyst MZ4 for RhB,
MB, and ChT photodegradation revealed valuable insights into its practical application.
We have used same color combination as that of dyes to depict recyclability activity

Which is helpful for the implementation of photocatalysts in real-world scenarios.

In this study, the recycled MZ4 photocatalyst was subjected to multiple cycles,
and its photoactivity was assessed for RhB, MB, and ChT degradation. After degradation
process, the catalyst was collected, separated via an applied magnetic field, washed with
water, and dried after each cycle. Fig. 6.10 illustrates the recyclability of MZz4

photocatalyst over five experimental cycles.

The results showed a consistent photodegradation efficiency for RhB, and steady
stability. In the fifth cycle, a ~17% loss in photocatalyst activity compared to the first
cycle for MB, and 10% loss in photocatalyst activity compared to the first cycle for RhB,
and a 20% loss in photocatalyst activity compared to the first cycle for ChT dye was
noted, potentially due to the slight solubility of MZ4 sample in the aqueous solution and
the loss during washing. Additionally, the reduction in photocatalytic efficiency over
cycles could be linked to the reduction in surface area due to annealing treatment after
each cycle, leading to the aggregation of the photocatalyst. The study emphasized the
importance of catalyst stability and recyclability, crucial for long-term applications in

wastewater treatment. The magnetic characteristics of MZ4 photocatalyst facilitated easy
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separation from the reaction medium, making it a promising candidate for practical use
[14].
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Fig. 6.10. Recyclability study of MZ4 photocatalyst.

Fig. 6.11 shows XRD patterns of MZ4 before and after the degradation
process. It is evident from the literature that a stable photocatalyst sustain its structural
stability even after degrading a specific dye [15, 16]. Nevertheless, the continuous
reaction in the dye solution has the potential to reduce the crystallinity of the catalyst [17-
19]. In present case, the catalyst shows a similar XRD pattern after degradation, with

slightly decreased crystallinity.
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Fig. 6.11: Stability study of MZ4 before and after irradiation using an XRD.
6.4. Plausible dye degradation mechanism:

The provided information elucidates the mechanistic aspects underlying the
photocatalytic degradation of all the dyes using MZ4 as the photocatalyst under visible
light shown in Fig. 1.2. The process involves the excitation of electrons from the valence
band to the conduction band upon visible light irradiation, generating electron-hole (e™-
h*) pairs. These electrons and holes are responsible for the formation of reactive oxygen
species (ROS), which further results in the degradation of organic molecules. Along with
ROS, such as OH" radicals and O™, the redox potentials of the radicals and the valence
band and conduction band edges of the photocatalyst determines the degradation

performance of a photocatalyst.

The redox potentials of OH" radicals and O,™ are considered, emphasizing the
higher oxidation potential of OH® radicals compared to hydrogen peroxide. The
introduction of Mn?*, Zn?*, and other metals in the spinel structure of ferrites modifies

their redox properties. The holes in the valence band oxidize water, generating OH"
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radicals, while electrons in the conduction band react with H2O> to produce more OH’
radicals. Fe3* ions on the catalyst surface also capture photo-generated electrons,
contributing to the formation of OH" radicals. These radicals efficiently oxidize dye
molecules adsorbed on the photocatalyst surface, enhancing photocatalytic degradation

efficiency.
6.5. Conclusions:

Mn substitution in zinc ferrite enhances charge carrier separation and shifts
absorption into the visible range, improving photocatalytic efficiency. This makes Mn-
substituted ZnFe:Os more effective in degrading stubborn organic dyes like methylene
blue, rhodamine B, and chloramine T. In conclusion, Chapter VI offers a thorough
investigation into the photocatalytic degradation of MB, RhB, ChT dyes using various
compositions of Mn-Zn ferrite nanoparticles, highlighting the environmental challenge
posed by synthetic dyes and the potential of these catalysts for remediation. The study
demonstrates that MZ4 exhibits the highest photocatalytic degradation efficiency, with
manganese substituting significantly enhancing charge carrier separation and overall
activity. The MZ4 catalyst achieved 90% degradation for both Methylene Blue (MB) and
Rhodamine B (RhB), and 88.09% for Chloramine T (ChT), showcasing its superior
performance across all dyes. The kinetics of the degradation process, optimal catalyst
dosage, and the reusability and chemical stability of the catalysts are explored, with
hydroxyl radicals identified as key reactive species. This chapter provides valuable
insights for designing efficient Mn-Zn ferrite-based photocatalysts for effective

environmental remediation.
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Chapter VII

Summary and Conclusion of the Research Work:

This comprehensive research work focuses on developing and optimizing
photocatalytic materials for environmental remediation, particularly for degrading
synthetic dyes in wastewater. The study highlights the growing environmental threat
posed by contaminants like dyes and evaluates modern water purification techniques,
with a focus on Advanced Oxidation Processes (AOPs) like photocatalysis due to its
simplicity, eco-friendliness, and effectiveness. Traditionally, TiO. and ZnO
semiconductors are explored for visible-light photocatalysis. However, their limitations
such as wide band gap can be overcome by introducing metal ferrites, as promising
visible-light-active photocatalysts. In all metal ferrites, Zinc ferrite (ZnFe2Oa)
nanoparticles have been selected and synthesized using solution combustion synthesis
(SCS). An effort has been taken to tune the physico-chemico properties of ZnFe>Os Nps
by varying Fuel to oxidizer ratio (glycine-to-nitrate). It is found to influence structural,
morphological, and optical properties, enhancing photocatalytic efficiency. The
composition for which the material shows highest efficiency is fuel lean composition and
the same has been used for further study. The research further examines manganese-
doped zinc ferrite nanoparticles, where increased Mn?" concentration reduces the band
gap and enhances visible-light absorption, optimizing their photocatalytic properties. The
work further explores the photocatalytic degradation of Methylene Blue (MB),
Rhodamine B (RhB), and Chloramine T (ChT) dyes using both ZnFe.Os and MZNPs
under visible light irradiation. The said work is presented in six chapters systematically
correlating the obtained results with characteristic properties of material. The study
concludes with insights into the design and optimization of metal ferrite-based

photocatalysts for effective environmental remediation applications.

In conclusion, this research successfully demonstrates the development and
optimization of zinc ferrite (ZnFe2O.) and manganese-doped zinc ferrite (MZNP)
nanoparticles as efficient photocatalysts for the degradation of synthetic dyes in
wastewater. Through solution combustion synthesis (SCS), the study highlights varying
the glycine-to-nitrate (G/N) ratio and substitution with manganese significantly influence

the structural, optical, and photocatalytic properties of these materials. The reduced band
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gap and enhanced visible-light absorption of MZNPs, particularly the MZ4 catalyst, these
findings underscore the potential of Mn-substituted zinc ferrite nanoparticles in
addressing environmental challenges by providing a sustainable and effective solution for
water purification. The research offers valuable insights into the design of advanced
photocatalysts, paving the way for future innovations in environmental remediation

technologies.

The chapter | delves into the significance of water purification techniques in
combating pollution and environmental degradation. It emphasizes the increasing
challenges posed by contaminants, particularly dyes, to aquatic systems. Traditional and
conventional purification methods, dating back to ancient times, are discussed alongside
modern approaches like AOPs. photocatalysis, are highlighted for their efficacy,
simplicity, and eco-friendliness in degrading organic pollutants into harmless byproducts

using atmospheric oxygen.

The chapter explores the limitations of current photocatalysts, such as their
reliance on UV light and difficulties in catalyst separation and recycling, are
acknowledged. The introduction of metal ferrites as visible-light-active photocatalysts,
their synthesis methods, and efforts to enhance their efficiency through modifications are
discussed. Furthermore, the chapter outlines factors influencing photocatalytic activity,
such as catalyst loading and light intensity. It concludes by highlighting the urgency of
addressing water contamination issues and the potential of photocatalysis, especially
using manganese-substituted zinc ferrite nanoparticles, in achieving efficient water
treatment. The next step involves studying the photocatalytic performance of these
nanoparticles in degrading various dyes like methylene blue, chloramine T, and

rhodamine B, to advance water purification efforts.

The chapter 11 explores the synthesis of nanostructured metal oxides, focusing on
the solution combustion synthesis (SCS) technique. It highlights the advantages of
bottom-up methods like SCS, which stands out for its simplicity, cost-effectiveness, and

ability to produce high-purity products and scalability.

The chapter presents the chemistry of SCS, discussing key parameters like the

fuel-to-oxidizer ratio, choice of fuel, and their impact on the combustion process and
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resulting material properties. The combustion synthesis process is elucidated,
emphasizing the role of fuel in complexing metal ions and providing energy for synthesis
reactions. The use of fuel to oxidizer ratio is explored for their ability to create porosity

and unique microstructures in the final product.

Zinc ferrite (ZnFe2O4) nanoparticles are highlighted as a target material
synthesized via SCS due to their tunable physico-chemical properties. The synthesis
process for ZnFe>O4 nanoparticles using glycine as a fuel is outlined, with variations in
the fuel-to-oxidizer ratio. The combustion reaction mechanism and synthesis steps are
discussed.

Furthermore, the chapter discusses characterization techniques crucial for
analyzing the morphology, composition, and physio-chemical properties of materials
synthesized via SCS. Common techniques such as scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy, (FT-IR), UV—Vis Diffuse Reflectance Spectroscopy (UV-DRS),
Transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and

Brunauer-Emmett-Teller (BET) analysis are outlined.

Overall, the chapter provides a comprehensive overview of SCS as a versatile
method for synthesizing metal oxides, with a focus on its application in producing zinc
ferrite nanoparticles. It offers insights into optimizing synthesis conditions and

characterizing the resulting materials

Chapter 111 correlates structural, morphological, and optical properties of
ZnFe204 NPs with varied G/N ratio. The study provides valuable insights into the impact
of G/N ratio variations on the characteristics of ZnFe,O4 nanoparticles, which is crucial
for optimizing their performance in photocatalytic applications, particularly in
wastewater treatment for dye removal. It includes the thermodynamic analysis, structural
characterization, and surface properties of ZnFe>Os4 nanoparticles synthesized using

different glycine-to-nitrate (G/N) ratios.

Theoretical calculations using thermodynamic factors such as reaction and flame

temperatures aid in predicting ignition and combustion. As the G/N ratio increases, both
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the reaction temperature and adiabatic flame temperature was found to be increased. The
cubic spinel structure of ZnFe204 is confirmed, with diffraction peaks corresponding to
specific crystallographic planes. The lattice parameters shift with changes in the G/N
ratio, indicating variations in lattice strain. Absorption bands in FTIR corresponding to
metal-oxygen bond stretching confirm the spinel cubic structure formation. The M-O
stretching band intensity varies with G/N ratio, indicating changes in cation distribution.
Morphological analysis from SEM reveals nanoparticle with varying degrees of porosity
and agglomeration, influenced by the G/N ratio. Particle size distribution from TEM
confirms nanometer-sized particles with a polycrystalline structure consistent with XRD
findings. Chemical states of ZnFe>O4 nanoparticles are examined by XPS confirming the
presence of Zn, Fe, and O ions with specific binding energies indicative of their oxidation
states. Surface area measured from BET decreases with increasing G/N ratio due to
changes in the porous structure, impacting catalytic activity. Higher surface area in fuel-
lean samples supports enhanced catalysis. ZnFe2O. nanoparticles exhibit visible light
absorption, with band gap energy ranging from 1.6 to 1.87 eV, which decreases as the
crystallite size increases from 9.74 to 22.85 nm. These results highlight potential of Zn-

Fe and SCS for photocatalytic degradation of contaminants.

Chapter 1V presents the experimental process and results of synthesizing
manganese-substituted zinc ferrite nanoparticles (MZNPs) with the formula MnyZn;-
xFe204 (where x = 0, 0.2, 0.4, 0.6, 0.8, 1) using the combustion method to enhance
photocatalytic dye degradation. MZNPs were synthesized using metal nitrates as
oxidizers and glycine as the fuel, with the manganese concentration varied to investigate
its influence on the structural, morphological, and optical properties of the nanoparticles.
Building upon the optimized glycine-to-nitrate (G/N) ratio for zinc ferrite (Z1), as
discussed in the previous chapter, this ratio was maintained while substituting zinc with
manganese. This approach allowed for precise tuning of the nanoparticle properties to

enhance photocatalytic performance.

XRD confirmed the spinel structure of MZNPs, with lattice parameter increasing
with Mn?* concentration. FT-IR revealed changes in molecular structure with Mn?
addition. Raman spectroscopy confirmed the spinel structure and suggested a normal to

inverse spinel transition. SEM showed porous morphology, with increasing porosity with
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higher Mn concentration, while EDS confirmed elemental composition. XPS indicated
the presence of Mn?*, Zn?*, Fe**, and O%. BET analysis revealed mesoporous structures
with increased surface area, beneficial for catalytic reactions. UV-DRS demonstrated a
decreasing trend in band gap energy from 1.56 to 1.43 eV with increasing Mn*
concentration, thereby enhancing visible light absorption. In summary, the experimental
results demonstrate the successful synthesis of Mn?*-doped zinc ferrite nanoparticles with
tailored properties suitable for efficient photocatalytic degradation of dyes, offering
insights into their structural, morphological, and optical characteristics.

Chapter V delves into the experimental setup and results of a photocatalytic dye
degradation study, primarily focusing on the degradation of Methylene Blue (MB),
Rhodamine B (RhB), and Chloramine T (ChT) dyes using zinc ferrite nanoparticles
(MZNPs) under visible light irradiation. This chapter introduces the experimental setup,
including the light source, filters, and measurement techniques. The % dye degradation
equation is provided, serving as a basis for evaluating the catalyst's effectiveness over

time.

This chapter explores the photocatalytic degradation of MB, highlighting the
superior activity of ZnFe,O, (Z1) catalyst and its dependence on glycine and nitrate
content. Catalyst dosage and scavenger studies further elucidate the degradation

mechanism, with hydroxyl radicals identified as primary reactive species.

The study to RhB and ChT dyes, respectively, emphasizing the impact of catalyst
dosage and scavenger presence on degradation efficiency. Z1 consistently outperforms
other catalysts, with hydroxyl radicals playing a crucial role in all three dye degradation
processes. The mechanism of photocatalytic degradation, explaining the generation and
role of reactive species in the process is discussed. Factors contributing to the superior
catalytic activity of Z1, such as surface area and charge carrier separation, are discussed
and tabulated in Table 7.1. In summary, Chapter V provides comprehensive insights into
the photocatalytic degradation of various dyes using zinc ferrite nanoparticles,
elucidating the role of catalyst composition, dosage, and reactive species in the
degradation mechanism. These findings offer valuable contributions to understanding and

optimizing photocatalytic processes for environmental remediation applications.
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In Chapter VI, the focus is on investigating the photocatalytic degradation of
MB, RhB, ChT dyes using various compositions of Mn-Zn ferrite nanoparticles as
catalysts. This chapter aims to contribute to understanding the photocatalytic mechanisms
involved and provide insights into the design of efficient metal ferrite-based
photocatalysts for environmental remediation applications. The chapter begins with an
introduction highlighting the environmental challenge posed by synthetic dyes in water
and the potential of photocatalysis using Mn-Zn ferrite nanoparticles as a solution. It
outlines the objectives of the study and discusses the theoretical enhancements expected
through manganese substitution in zinc ferrite. The experimental results present the
photocatalytic degradation efficiencies of various metal ferrite compositions, including
Z1, MZ1, MZ2, MZ3, MZ4, and M1, for the degradation of Methylene Blue (MB),
Rhodamine B (RhB), and Chloramine T (ChT) dyes. Among these, MZ4 demonstrated
the highest degradation efficiencies, achieving 90% for both MB and RhB, and 88.09%
for ChT.

The discussion delves into the factors influencing photocatalytic activity, such as
composition, surface area, and electron-hole pair dynamics, highlighting the role of
manganese substitution in enhancing charge carrier separation and overall efficiency. The
chapter also explores the kinetics of the degradation process using a pseudo-first-order
kinetic model, providing insights into the rate constants for different dyes. Furthermore,
the impact of catalyst dosage on photocatalytic activity is investigated, emphasizing the
importance of finding the optimal balance to maximize efficiency while avoiding
aggregation effects. The study evaluates the reusability and chemical stability of the
optimized MZ4 photocatalyst, demonstrating its potential for practical applications in
wastewater treatment. XRD patterns before and after degradation indicate the structural
stability of the catalyst, while a scavenger study confirms the crucial role of hydroxyl
radicals in the degradation process. Finally, mechanistic aspects underlying the
photocatalytic degradation process are discussed, detailing the generation of reactive
oxygen species and their role in dye degradation. Overall, Chapter VI provides a
comprehensive analysis of the photocatalytic degradation of MB, RhB and ChT dyes

using Mn-Zn ferrite nanoparticles, offering valuable insights for the design and
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development of efficient photocatalysts for environmental remediation is presented in
Table 7.2.

Table 7.1: Photocatalytic Degradation of MB, RhB, ChT dyes using Various G/N Ratios
for Different Pollutants.

Dye degradation efficiency (%) _ _
Photocatalyst Time (min)
MB RhB ChT
Z1 90.65 88.40 81.92 300
Z2 85.10 87.94 77.5 300
Z3 81.95 85.47 75.90 300
Z4 83.58 84.66 73.49 300
Z5 65.64 83.44 72.28 300

Table 7.2: Photocatalytic Degradation of MB, RhB, ChT dyes using Manganese
Substituted Zinc Ferrite.

Dye degradation efficiency (%) _ _
Photocatalyst Time (min)
MB RhB ChT
MZz1 80.68 84.66 78.57 240
MZ2 85.05 84.71 79.76 240
MZ3 89.7 87.82 87.95 240
MZz4 90.9 90 88.09 240
M1 88.25 85 84.52 240

MZ4 is the top performer across all dyes (MB, RhB, ChT), showcasing high
degradation efficiency. Increasing manganese in ZnFe;Os (up to MZ4) boosts
photocatalytic activity, attributed to factors like enhanced surface area and visible light
absorption. This catalyst efficiently generates hydroxyl radicals crucial for dye
degradation. Its stability and performance make it promising for wastewater treatment.
MZ4 emerges as the optimal choice for efficient dye degradation, underlining the
significance of manganese optimization for superior photocatalytic outcomes in

environmental applications.
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Chapter VIII

8.1 Recommendations:

Based on the findings of this study, it is recommended to further explore the
optimization of manganese doping concentrations in zinc ferrite nanoparticles to
maximize photocatalytic efficiency for the degradation of various organic dyes.
Additionally, future research should investigate the effects of different synthesis
parameters, such as temperature and precursor ratios, on the structural and optical
properties of the nanoparticles. It would also be beneficial to evaluate the long-term
stability and reusability of Mn-doped zinc ferrite in practical applications. Lastly,
expanding the scope of photocatalytic tests to include a wider range of pollutants could
provide valuable insights into the versatility and effectiveness of these materials in

environmental remediation.
8.2 Conclusions of the Research Work:

In conclusion, this research has demonstrated the successful synthesis of zinc
ferrite nanoparticles via the combustion method, showcasing their performance in
degrading dyes as Methylene blue (MB), Rhodamine B (RhB), and Chloramine T (ChT),
through photocatalysis. Additionally, the incorporation of manganese into the zinc ferrite
lattice further enhanced the photocatalytic activity of the nanoparticles. The
characterization of the synthesized materials confirmed their structural integrity,
morphology, and optical properties, elucidating the mechanisms behind their enhanced

performance.

These findings underscore the potential of zinc ferrite nanoparticles, both pristine
and manganese-substituted, as promising candidates for wastewater treatment
applications, particularly in the degradation of organic dyes under visible light
irradiation. The scalability and recyclability of these photocatalysts warrant further
investigation to assess their practical feasibility for large-scale environmental
remediation. Scalability of manganese-substituted zinc ferrite nanoparticles involves
adapting the combustion synthesis method for large-scale production while maintaining
high performance. This includes optimizing reaction conditions, scaling up equipment,

and ensuring consistent quality across batches. Economic feasibility is crucial, requiring
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an assessment of raw material costs, energy consumption, and operational expenses.
Pilot-scale studies are essential to test the photocatalysts in real-world scenarios, such as
treating industrial wastewater or natural water bodies, to confirm their effectiveness on a

larger scale.

Recyclability is critical for practical applications, as it determines the ability of
the photocatalysts to be reused without significant performance loss. This involves
evaluating the long-term stability of the photocatalysts over multiple cycles and
developing efficient regeneration methods, such as physical cleaning or chemical
treatments. Additionally, the environmental impact of the recycling process and the
associated costs must be assessed to ensure that the economic benefits of recycling
outweigh the costs. A thorough investigation into both scalability and recyclability will
determine the practical feasibility of these photocatalysts for large-scale environmental

remediation.

Overall, the insights gained from this research pave the way for the development
of advanced photocatalytic materials with improved efficiency, addressing the pressing

challenges associated with dye pollution in wastewater streams.
8.3 Summary:

e Zinc ferrite nanoparticles, synthesized via the combustion method with controlled
fuel-to-oxidizer ratios, displayed optimized photocatalytic properties, effectively
degrading methylene blue (MB), rhodamine B (RhB), and chloramine T (ChT)
dyes.

e Manganese substitution in zinc ferrite nanoparticles further enhanced their
photocatalytic performance, with the optimal composition (MZ4) demonstrating

exceptional dye degradation efficiency for MB, RhB, and ChT.

8.4 Future Findings:

e To Optimize of fuel-to-oxidizer ratios for other metal ferrites such as Manganese

Ferrite.
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e To substitute cobalt (Co), nickel (Ni), and copper (Cu) as substitution elements, as
these metals may influence the structural, magnetic, and catalytic properties of the
material. Their varied ionic radii and electronic configurations could enhance
performance characteristics, leading to improved efficiency in applications such
as catalysis or magnetic materials. Understanding their effects may help tailor the

properties of the material for environmental remediation.

e Studying the effects on band gap modification is crucial because the band gap
determines a material's ability to absorb and utilize visible light for photocatalytic
processes. Modifications to the band gap can enhance light absorption, increase
charge carrier mobility, and ultimately improve photocatalytic efficiency. By
understanding how changes in crystal structure influence band gap properties, we
can optimize materials for better performance in applications such as solar energy

conversion and environmental remediation.

e Testing photocatalysts in pilot-scale studies. Testing practical viability over

multiple cycles in larger-scale tests.

e Assessing effectiveness in real-world conditions (e.g., natural water bodies,

industrial wastewater systems).

e To explore possibility of ZnFe>O4 based composites with other semiconductors or

support materials (e.g., graphene, carbon nanotubes, TiO>).

e To Investigating synergistic effects on photocatalytic activity, stability, and

pollutant degradation range.
e Analyzing by-products formed during the photocatalytic degradation process.

e Evaluating economic feasibility considering synthesis, operation, and disposal

phases of the photocatalyst lifecycle.
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Abstract

In this study, we present the efficient degradation of methylene blue (MB) under visible light using nanostructured zinc ferrite
(ZnFe,0,) photocatalysts. The ratio of glycine and nitrate as a fuel and oxidant, respectively employed for the preparation
of ZnFe,0, nanoparticles by using the combustion method. The ratio variation of glycine and nitrate shows an effect on
crystal structure, texture, and pores formation which is supported for photodegradation. The X-ray diffraction and scanning
electron microscopy study exhibited cubic spinel structure and highly porous morphology respectively. X-ray photoelectron
spectroscopy, and ultra-violet diffuse reflectance spectroscopy techniques utilized for the confirmation of ZnFe,O, material
and band gap energy measurement. Furthermore, the adiabatic flame temperature (T,;) and the properties of the resulting
product were studied in various combinations of nitrates and glycine. Thermodynamic analyses reveal that both the number of
gases produced, and adiabatic flame temperature increase with a rising fuel-to-oxidant ratio. The synthesized photocatalysts
are evaluated for their efficacy in the MB dye degradation under visible light (A >400 nm). The ZnFe,O, nanoparticles (GN™!
ratio of 0.48 (Z1)) showed efficient photocatalytic activity up to 90.65% degradation of MB dye in 5 h (h). These results
played a crucial role due to the formation of hydroxyl radicals (*OH) reactive species, leading to the efficient degradation
of MB under visible light irradiation. ZnFe,O, (Z1) nanoparticles demonstrated excellent recyclability and stability study.
The highly porous morphology as well as the reduced band gap enabled the photodegradation of MB dye. Also, this work
highlights the influence of the fuel-to-oxidizer ratio for MB dye degradation under visible light.

Keywords Combustion method - Nanoparticles - Photocatalysis - Porous morphology - Zinc-iron-oxide

1 Introduction

Water pollution is a critical environmental issue primar-
ily caused by the release of harmful substances, including
organic dyes and heavy metals, in industrial wastewater
[1]. These pollutants pose a serious threat to humans, ani-
mals, plants, and aquatic ecosystems [2]. Various types of
dyes, such as synthetic, azo, acidic, basic, reactive, diazo,
and anthraquinone, further contribute to water pollution
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[3]. Cationic dyes like methylene blue (MB) are challeng-
ing to remove from wastewater due to their harmful effects,
and they are commonly used in industries for applica-
tions like coloring paper, clothing dye, photosensitizers,
and redox indicators [4-6]. Several wastewater treatment
methods exist, including physical-chemical processes like
coagulation, irradiation, ozonation, chemical oxidation, ion
exchange, adsorption, and reverse osmosis [7]. Photoca-
talysis, particularly visible light-driven photocatalysis, has
emerged as a promising technology for wastewater cleanup,
effectively breaking down dyes by absorbing a broad spec-
trum of light and promoting the formation of hydroxyl
groups [8]. Nanoparticles responding to visible light, such
as zinc ferrite (ZnFe,0,), have shown effectiveness in pho-
tocatalytic degradation of MB and other dyes, making them
promising for wastewater treatment [9—13]. Their choice is
driven by affordability, non-toxicity, and magnetic proper-
ties, especially under visible light exposure [14, 15].
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ABSTRACT: Optimization of manganese-substituted iron oxide nanoferrites having
the composition Mn,Fe, ,Fe,0, (x = 0—1) has been achieved by the chemical co-
precipitation method. The crystallite size and phase purity were analyzed from X-ray
diffraction. With increases in Mn?* concentration, the crystallite size varies from 5.78
to 9.94 nm. Transmission electron microscopy (TEM) analysis depicted particle sizes
ranging from 10 + 0.2 to 13 + 0.2 nm with increasing Mn?* substitution. The
magnetization (M,) value varies significantly with increasing Mn** substitution. The
variation in the magnetic properties may be attributed to the substitution of Fe** ions Tl “ \ =
by Mn>" ions inducing a change in the superexchange interaction between the Aand B ' B
sublattices. The self-heating characteristics of Mn,Fe,;_,Fe,O, (x = 0—1) nanoparticles

(NPs) in an AC magnetic field are evaluated by specific absorption rate (SAR) and o
intrinsic loss power, both of which are presented with varying NP composition, NP Hyperthermia o e T T
concentration, and field amplitudes. Mn,sFe,sFe,O, exhibited superior induction

tic Moment (emulgm)

Magnetic Moment (emu
Bk & s

‘\

Magnetic

Magnetic field Strength (Oc)

heating properties in terms of a SAR of 153.76 W/g. This superior value of SAR with an optimized Mn>" content is presented in
correlation with the cation distribution of Mn*" in the A or B position in the Fe;O, structure and enhancement in magnetic
saturation. These optimized Mn,,sFe;,sFe,O, NPs can be used as a promising candidate for hyperthermia applications.

B INTRODUCTION

Due to their unique physical features, known biocompatibility,
ease of production, and highly adjustable nature at the
nanoscale, maghemite (y-Fe,O;) and magnetite (Fe;O,)
nanoparticles (NPs) are especially well suited for various
biomedical applications."”” Magnetization in Fe;0, can be tuned
by replacing iron ions with transition metal cations, especially
manganese ions, which have higher magnetic moments.” It is
explored for many applications which include catalysts, humidity
sensors, biomedicine, MRI, microwave technologies, drug
delivery, and magnetic fluid hyperthermia.2 The properties of
manganese ferrites such as their high electrical resistance, high
curie temperature (bulk MnFe,0, is T. 577 K), low coercivity
value, and a low eddy current loss allow them to serve a wide
range of applications.”” The integration of secondary cations
Mn*" in Fe;O, and synthesis reproducibility have been studied.®
In the past decade, the general term MFe,O, (M = Co, Mg, Ni,
etc.) of spinel ferrites has been widely used for a variety of
technological and biomedical applications.”” The magnetic and
electrical properties of these compounds strongly depend on the
synthesis process, chemical content, annealing temperature, and
cation distribution. The cation distribution in spinel ferrite
materials among two interstitial sites of the structure is one of
the most challenging aspects of studying these materials due to
its effect on the properties of ferrites.” Shahane et al. reported the

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

MnFe,0, magnetic NPs (MNPs) showing the antiparallel spin
moments among Fe®*, Mn**, and Fe®" ions at A-sites and inverse
spinel structures.'” The polycrystalline spinel ferrite
Co,Ni,_,Fe,0, (x = 0—1) was obtained by the sol—gel
autocombustion method with the Co substitution. In Co**-
substituted nickel ferrite, the density is higher than Ni?* ions,
owing to the higher magnetocrystalline anisotropy and the
smaller particle size. The saturation magnetization (M,) was
increased to x = 0.8, at which point there was a small reduction in
M, for CoFe,0,."" There have been several proposals for
substituted magnetite NPs, M,Fe;_,O, (M = Nj, Zn, Mn, and
Co, 0 < x < 1) for various bio-applications since their magnetic
properties can be easily controlled by replacing divalent or
trivalent metal ions without modifying the crystal structure by
either replacing them completely or partially.

Mn,Fe; ,O, NPs among these ferrites show stronger
magnetization (M), low coercivity (H.), and low inherent
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