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Abstract
In this study, Zinc oxide (ZnO) and iron-doped zinc oxide (Fe-doped ZnO) nanoparticles were

synthesized using a green sol-gel method, utilizing Justicia Adhatoda plant leaf extract as a reducing
agent. The aim was to investigate the potential of these nanoparticles as adsorbents for the removal of
methylene blue dye, a toxic effluent commonly found in wastewater from textile industries. The
synthesized materials were thoroughly characterized using various techniques: X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), and UV-visible (UV-VIS) spectroscopy.

XRD analysis confirmed that both ZnO and Fe-doped ZnO nanoparticles exhibited a hexagonal wurtzite
crystal structure, with good crystallinity and phase purity. The average particle sizes were found to be 24
nm for pure ZnO and 20 nm for Fe-doped ZnO, indicating that doping with iron slightly reduced the
particle size. FT-IR analysis revealed key absorbance peaks corresponding to functional groups from the
plant extract, confirming the involvement of the plant's organic compounds in the nanoparticle synthesis.
The UV-VIS results showed a shift in the absorption spectra of Fe-doped ZnO nanoparticles, with the
maximum absorption wavelength moving from the ultraviolet (UV) region to the visible range, indicating
enhanced optical properties due to iron doping. The adsorption performance of the ZnO and Fe-doped
ZnO nanoparticles was evaluated under various conditions. The optimum removal efficiency for ZnO
nanoparticles was achieved at pH 9, with an adsorbent dose of 20 mg, a contact time of 45 minutes, and
an initial dye concentration of 5 mg/L, resulting in a dye removal efficiency of 95.23%. For Fe-doped
ZnO nanoparticles, the same conditions led to a higher removal efficiency of 99.52%. The adsorption
kinetics followed the pseudo-second-order model, suggesting chemisorption as the primary mechanism of
dye removal. Furthermore, the study demonstrated the recyclability of the synthesized nanocomposites,
showing that they could be effectively used for more than five cycles without significant loss in
efficiency. These findings suggest that the green-synthesized ZnO and Fe-doped ZnO nanoparticles are
promising, eco-friendly adsorbent materials for wastewater treatment, particularly for removing
hazardous dyes like methylene blue, and could be applied in sustainable, cyclic water purification

processes.

Keywords:adsorbent, Justicia adhatoda, green synthesis, nanoparticles, optimization, Fe-doped
ZnO.
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CHAPTER ONE

1 INTRODUCTION

1.1 Background of the study
Water pollution, particularly through the discharge of industrial effluents, is one of the most

pressing environmental challenges facing the world today. Among the various industries
contributing to water contamination, textile industries are major culprits due to the large volumes of
water they consume and the chemicals they release. A significant concern within textile wastewater
is the presence of synthetic dyes, especially methylene blue (MB). Methylene blue is a commonly
used cationic dye in textiles, but its environmental impact is substantial. If not properly treated, MB
can persist in water systems, accumulating in aquatic environments and potentially harming
ecosystems. It is toxic to aquatic organisms, disrupts photosynthetic processes, and can
bioaccumulate in the food chain, leading to detrimental effects on human health through
consumption of contaminated water or food. Given its toxicity and persistence, the effective
removal of methylene blue from wastewater has become a critical area of research in environmental
engineering. Several methods have been explored for this purpose, including chemical, biological,
and physical processes. Among these, adsorption has gained considerable attention as one of the
most effective, economical, and versatile techniques for removing organic pollutants, such as
methylene blue, from aqueous solutions. Adsorption involves the attachment of pollutants onto the
surface of an adsorbent material, and it is particularly useful for the removal of dyes due to the
large surface area and high adsorption capacity of certain materials. In the search for effective
adsorbents, metal oxide nanoparticles have emerged as promising candidates. Among these, Zinc
oxide (ZnO) nanoparticles have garnered significant interest due to their high surface area, stability,
and photocatalytic properties. ZnO is a semiconductor material that has been widely researched for
its potential applications in environmental remediation, particularly in the removal of dyes. When
exposed to ultraviolet (UV) light, ZnO nanoparticles can both adsorb and degrade organic
pollutants through photocatalytic reactions, making them highly effective for wastewater treatment.
However, while pure ZnO nanoparticles show promise, they have limitations. Their adsorption
capacity can be affected by factors such as pH, the presence of other ions, and the nature of the dye
itself. Furthermore, their photocatalytic activity is primarily active under UV light, which limits

their effectiveness under natural light conditions.
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To overcome these limitations, doping ZnO with transition metals, such as iron (Fe), has been
proposed. Iron-doped ZnO nanoparticles (Fe-doped ZnO) exhibit enhanced photocatalytic activity,
improved stability, and greater adsorption capacity compared to pure ZnO. The introduction of iron
ions into the ZnO lattice creates defect sites that can serve as active centers for pollutant adsorption.
These defect sites also play a key role in enhancing the material’s photocatalytic properties, as the
iron dopants narrow the band gap of ZnO, allowing it to absorb light in the visible region as well as
the UV region. This shift to visible light absorption makes Fe-doped ZnO more effective under
natural sunlight, thereby improving its utility in real-world applications. Additionally, iron doping
can increase the stability and recyclability of ZnO nanoparticles, making them a more sustainable
option for long-term use in wastewater treatment. While doping ZnO with iron offers numerous
advantages, the synthesis of these nanoparticles typically requires the use of chemical reducing
agents, which can be hazardous to both human health and the environment. In recent years, there
has been a growing shift towards green synthesis methods, which employ natural, non-toxic
materials to produce nanoparticles. Green synthesis methods are attractive because they avoid the
use of toxic chemicals, require milder reaction conditions, and are more environmentally friendly.
Plant extracts, in particular, have gained prominence as reducing and stabilizing agents in the
synthesis of metal oxide nanoparticles. Plants contain a variety of bioactive compounds, such as
flavonoids, alkaloids, tannins, and other phenolic compounds, that can act as reducing agents to
convert metal ions into nanoparticles. Justicia adhatoda, a medicinal plant known for its
pharmacological properties, is one such plant that has shown great potential for the green synthesis
of nanoparticles. The plant is rich in bioactive compounds such as alkaloids (e.g., vasicine),
flavonoids, and tannins, which have strong antioxidant and reducing properties. These compounds
make Justicia adhatoda an ideal candidate for the green synthesis of metal oxide nanoparticles,
including ZnO and Fe-doped ZnO. By using Justicia adhatoda leaf extract as a reducing agent, it is
possible to create nanoparticles that are not only environmentally friendly but may also possess
additional functional properties derived from the plant’s bioactive compounds.

The use of Justicia Adhatoda extract for the synthesis of Fe-doped ZnO nanoparticles aligns well
with the principles of green chemistry, offering a sustainable and eco-friendly alternative to
traditional synthetic methods. The phytochemicals in the leaf extract can help stabilize the
nanoparticles, preventing agglomeration and ensuring their uniform dispersion. This stabilization is

crucial for enhancing the material’s surface area and adsorption capacity. Furthermore, the
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bioactive compounds in the plant extract may also contribute to the photocatalytic and adsorptive
properties of the nanoparticles, potentially improving their performance in dye removal

applications.

1.2 Statement of problem
Water pollution, particularly the contamination of aquatic ecosystems by industrial effluents, is a

significant environmental issue. Among the various pollutants discharged into water bodies,
synthetic dyes especially those used in the textile industry pose a serious threat. Methylene blue
(MB), a commonly used cationic dye in textile processing, is particularly concerning due to its
toxic effects on both aquatic life and human health. It is highly persistent in the environment,
making it difficult to degrade using conventional waste water treatment methods. The accumulation
of methylene blue in water sources leads to contamination of drinking water and disruption of
ecosystems, making its effective removal from wastewater a critical environmental challenge.
Traditional methods for dye removal, such as chemical coagulation, filtration, and biological
treatments, are of time efficient, costly, or environmentally damaging. In response to these
challenges, adsorption has emerged as a promising, cost effective, and efficient technique for
removing dyes from aqueous solutions. Among various adsorbent materials, metal oxide nano
particles, particularly Zinc oxide (ZnO), have gained attention due to their high surface area,
stability, and photocatalytic properties. However, the adsorption efficiency of pure ZnO
nanoparticles is often limited by factors such as their photocatalytic activity under UV light and
their adsorption capacity in the presence of competing ions or varying environmental conditions.
Iron doped Zinc oxide nano particles (Fe doped ZnO) have shown improved adsorption properties,
as the incorporation of iron into the ZnO lattice created effect sites and narrows the material's band
gap, enhancing its efficiency under visible light. This modification increases both the photocatalytic
activity and adsorption capacity of ZnO, making Fe-doped ZnO a more effective candidate for dye
removal. However, the synthesis of these nano particles typically involves chemical reagents that
may be harmful to the environment. In recent years, green synthesis methods using natural
substances such as plant extracts have gained attention as environmentally friendly alternatives to
traditional chemical approaches. Justicia adhatoda, aplant known for its medicinal properties and
rich in bioactive compounds such as flavonoids and alkaloids, has demonstrated potential as a
reducing agent in the synthesis ofmetal oxide nano particles. Using Justicia adhatoda leaf extract

for the green synthesis of Fe-doped ZnO nanoparticles of for sustainable and eco-friendly approach,
3



while also potentially enhancing the nanoparticles' adsorptive and photocatalytic properties due to
the plant’s inherent bioactive compounds. Despite the promising potential of Fe-doped ZnO
nanoparticles synthesized through green methods, there remains a significant gap in understanding
their effectiveness and practical application in removing toxic dyes such as methylene blue. The
challenge lies in optimizing synthesis conditions to produce nanoparticles with high surface area,
stability, and reusability, and in evaluating their performance in real-world scenarios, particularly in
removing methylene blue from aqueous solutions under various environmental conditions.
Therefore, the problem this study aims to address is the need for an environmentally friendly and
effective method for synthesizing iron-doped zinc oxide nanoparticles using Justicia adhatoda leaf
extract, and evaluating their potential as adsorbents for the removal of methylene blue dye from
aqueous solutions. By exploring the synthesis, characterization, and dye removal efficiency of these
nanoparticles, this research seeks to contribute to the development of sustainable, green nano

materials for effective wastewater treatment.

Metal oxide nano particles. Using Justicia adhatoda leaf extract for the green synthesis of Fe-
doped ZnO nanoparticles of for sustainable and eco-friendly approach, while also potentially
enhancing the nanoparticles' adsorptive and photocatalytic properties due to the plant’s inherent
bioactive compounds. Despite the promising potential of Fe-doped ZnO nanoparticles synthesized
through green methods, there remains a significant gap in understanding their effectiveness and
practical application in removing toxic dyes such as methylene blue. The challenge lies in
optimizing synthesis conditions to produce nanoparticles with high surface area, stability, and
reusability, and in evaluating their performance in real-world scenarios, particularly in removing
methylene blue from aqueous solutions under various environmental conditions. Therefore, the
problem this study aims to address is the need for an environmentally friendly and effective method
for synthesizing iron-doped zinc oxide nanoparticles using Justicia adhatoda leaf extract, and
evaluating their potential as adsorbents for the removal of methylene blue dye from agueous
solutions. By exploring the synthesis, characterization, and dye removal efficiency of these
nanoparticles, this research seeks to contribute to the development of sustainable, green nano

materials for effective wastewater treatment.



1.3 Objectives of the study

1.3.1 General objective of the study

The general objective of this study were to synthesize and characterize iron-doped zinc oxide (Fe-
doped ZnO) nanoparticle using Justicia adhatoda leaf extract for removal of methylene blue dye

from aqueous solution.

1.3.2 Specific objective of the study
The specific objectives of this study was:-
s+ To Synthesize Fe-doped ZnO nanoparticles via a green sol-gel method using the leaf
extract of Justicia adhatoda
s To Characterize the synthesized nanoparticles in terms of their structural, optical, and
functional properties using techniques such as X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), and UV-visible (UV-VIS) spectroscopy
% To Evaluate the removal efficiency of methylene blue dye from aqueous solutions using
the synthesized Fe-doped ZnO nanoparticles, optimizing parameters such as pH,
adsorbent dose, contact time, and initial dye concentration

% To Evaluate the adsorption kinetics and mechanisms, particularly focusing on the
interaction between the dye molecules and the nanoparticles, to evaluate their potential for
real-world wastewater treatment applications

s Assess the recyclability and long-term stability of the synthesized nanoparticles to
determine their sustainability in repeated use for dye removal.

1.4 Significance of the Study
The significance of this study lies in its potential to contribute to both environmental protection and

the development of sustainable materials for waste water treatment. The removal of methylene blue
dye from waste water is a growing concern, particularly due to its wide spread use in the textile
industry and its toxic impact on aquatic ecosystems and human health. Traditional methods for dye
removal, while useful, often face challenges such as in efficiency, high cost, or environmental
harm. This study seeks to address these limitations by exploring an eco-friendly, cost-effective, and
efficient alternative: the use of iron-doped zinc oxide (Fe-doped ZnO) nanoparticles synthesized
through a green method using Justicia adhatoda leaf extract. By utilizing plant-based green

synthesis, this study emphasizes a more sustainable approach to nanoparticle production, avoiding
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the use of hazardous chemicals typically involved in conventional synthesis methods. The use of
Justicia adhatoda, a plant with known anti oxidant and reducing properties, offers an innovative
solution to synthesizing nanoparticles in an environmentally responsible manner. This method not
only reduces the environmental impact but also potentially enhances the properties of the resulting
nanoparticles, such as improved stability, adsorption capacity, and photocatalytic activity, which
are critical for efficient dye removal. The incorporation of iron into the ZnO lattice (Fe-doped ZnO)
further enhances the material’s effectiveness. Iron doping improves the photocatalytic properties of
ZnO, enabling it to work under visible light, which is more practical than UV light for real-world
applications. Additionally, the defect sites created by iron doping may lead to better adsorption of
methylene blue dye, increasing the efficiency of the removal process. By examining the potential of
Fe-doped ZnO nanoparticles synthesized using a natural, green method, this study aims to provide
valuable insights into how these materials can be optimized for practical use in the treatment of
industrial waste water. Furthermore, the development of a green, recyclable adsorbent material
could have broader implications for various applications beyond dye removal, including the
remediation of other environmental pollutants. The findings of this study could contribute to the
development of cost- effective, sustainable, and scalable solutions for wastewater treatment,
addressing both the growing global concern over water pollution and the need for eco-friendly
technologies in industrial processes. In general, this study is significant because it explores a novel,
sustainable approach to synthesizing Fe-doped ZnO nanoparticles, evaluates their performance in
dye removal, and contributes to the broader effort of developing green materials for environmental
remediation. The research aligns with current trends toward sustainable nano material synthesis and

offers potential applications in both industrial and environmental settings.

1.5 The scope of the study
The scope of this study is focused on the synthesis, characterization, and application of iron-doped

zinc oxide (Fe-doped ZnO) nanoparticles for the removal of methylene blue dye from aqueous
solutions, using Justicia adhatoda leaf extract as a green reducing and stabilizing agent. The study
aims to explore and evaluate the following key aspects: Synthesis of Fe-doped ZnO Nanoparticles:
The study will investigate the synthesis of iron-doped zinc oxide nanoparticles using a green sol—
gel method. Justicia adhatoda leaf extract, rich in bioactive compounds, will be used to reduce and
stabilize the metal ions during the synthesis process. The iron doping will be varied to optimize the

synthesis conditions for achieving the desired nanoparticle properties. Characterization of the
6



Nanoparticles: The synthesized Fe-doped ZnO nanoparticles will be characterized using various
techniques to understand their structural, chemical, and optical properties. X-ray diffraction (XRD)
to determine the crystallinity, phase purity, and crystal structure (wurtzite structure) of the
nanoparticles. Fourier-transform infrared (FT-IR) spectroscopy to identify functional groups and
confirm the presence of organic compounds from the leaf extract that may be involved in the
nanoparticle synthesis. UV-visible (UV-VIS) spectroscopy to evaluate the optical properties,
including the shift in absorption spectra due to iron doping and the potential photocatalytic activity
under different light conditions. Adsorption Studies: The study will evaluate the efficiency of Fe-
doped ZnO nanoparticles in removing methylene blue dye from aqueous solutions. This will
involve studying the effects of various parameters such as: pH of the solution: To determine the
optimum pH for maximum dye removal. Adsorbent dose: To identify the optimal amount of
nanoparticles required for effective dye removal. Contact time: To assess how the removal
efficiency changes over time. Initial dye concentration: To study the effect of varying dye
concentrations on the adsorption process, adsorption kinetics and mechanism. The study will
investigate the adsorption kinetics of methylene blue dye on Fe-doped ZnO nanoparticles,
specifically evaluating the fit of experimental data to kinetic models such as the pseudo-first-order

and pseudo-second-order models.

The adsorption mechanism will also be explored to understand the interaction between the dye
molecules and the nanoparticles. Comparison with Pure ZnO Nanoparticles: A comparison will be
made between the adsorption performance of Fe-doped ZnO and pure ZnO nanoparticles, allowing
for an assessment of the benefits and improvements brought about by iron doping in terms of

adsorption efficiency, photocatalytic activity, and overall performance.

1.6 Limitations and Delimitations:

The study was focused solely on the removal of methylene blue dye, and while other dyes may also
be removed using Fe-doped ZnO nanoparticles, this study was not explored their removal in detail.
The synthesis and characterization will be limited to the sol-gel method using Justicia adhatoda
leaf extract, and other plant extracts or methods are not within the scope of this study. The study
will be conducted under laboratory conditions and does not include testing in real industrial effluent
or large-scale settings, which could involve more complex variables. In general, the scope of this

study is confined to the green synthesis, characterization, and evaluation of Fe- doped ZnO
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nanoparticles for the removal of methylene blue dye, with a focus on optimizing conditions,
understanding the adsorption process, and assessing the potential for sustainable, environmentally

friendly wastewater treatment applications.



CHAPTER TWO

2.LITERATURE REVIEW
Removing toxic dyes from industrial waste water has become a major environmental issue,

especially in the textile industry, which is a major cause of water pollution worldwide. Methylene
blue (MB), a cationic dye widely used in the textile industry, is notorious for its persistence in the
environment and its toxic effects on aquatic life and human health. In recent years, several methods
have been studied to remove dyes from wastewater, with adsorption proving to be one of the most
effective and cost-effective methods. This section reviews the literature on the use of nanoparticles,
particularly zinc oxide (ZnQO) and iron-doped zinc oxide (Fe-doped ZnQ), as adsorbents for dye
removal, and the growing interest in green synthetic methods, including the use of plant extracts for
nanoparticle production

2.1 Dye Contamination in Water Bodies
The textile industry contributes significantly to water pollution by releasing large amounts of dyes

and other chemical pollutants into water bodies. Methylene blue, a widely used dye, is one of the
most common dyes that contaminate waste water. When released into the environment, MB poses
serious risks to aquatic eco systems, causing toxicity to fish, algae, and other aquatic organisms.
Moreover, it is resistant to natural degradation processes and remains in water for prolonged
periods, making its removal from wastewater a critical concern (Chen et al., 2012; Suresh et al.,
2020).

2.2 Traditional Methods for Dye Removal
Removing toxic dyes from industrial waste water has become a major environmental issue,

especially in the textile industry, which is a major cause of water pollution worldwide. Methylene
blue (MB), a cationic dye widely used in the textile industry, is notorious for its persistence in the
environment and its toxic effects on aquatic life and human health. In recent years, several methods
have been studied to remove dyes from wastewater, with adsorption proving to be one of the most
effective and cost-effective methods. This section reviews the literature on the use of nanoparticles,
particularly zinc oxide (ZnO) and iron-doped zinc oxide (Fe-doped ZnQ), as adsorbents for dye
removal, and the growing interest in green synthetic methods, including the use of plant extracts for

nanoparticle production



2.3 Adsorption as a Technique for Dye Removal
Adsorption is a process in which pollutants, such as dyes, are removed from the aqueous solution

with their accumulation Onthe surface of thesolid adsorbent. This method is highly
its simplicity makes it effective.  Low cost and easy to operate. Various materials, including
activated carbon, clays, polymers, and metal oxides have been studied for its adsorption capacity.
dyes from wastewater. Among these materials, metal oxide nanoparticles such as zinc oxide (ZnO)
attracted significant attention Because of its large surface area and high chemical stability photo
catalytic properties (Zhao et al., 2013; Li et al., 2015).

2.4 Zinc Oxide (ZnO) Nanoparticles for Dye Removal
ZnO nanoparticles are one of the most widely researched materials to remove contaminants

including dyes from water. ZnO is a wide band gap semiconductor material that enables
photocatalytic degradation of organic pollutants under UV irradiation. Additionally, its high surface
area, combined with its ability to adsorb organic pollutants, makes it an effective material for dye
removal. Several studies have demonstrated the effectiveness of ZnO nanoparticles in removing
methylene blue from aqueous solutions. (Zhao et al., 2012; Ching et al., 2013). However, ZnO
nanoparticles typically require UV light to activate their photocatalytic properties, limiting their
performance under natural light conditions. Moreover, the adsorption capacity of pure ZnO
nanoparticles can be restricted by factors such as particle aggregation, stability, and reusability
(Parida et al., 2015).

2.5 Enhancement of ZnO Properties by Doping with Iron (Fe)
To overcome the limitations of purity doping with transition metals such as iron (Fe) has been

proposed as a method to enhance its photocatalytic and adsorptive properties. Iron-doped ZnO
nanoparticles (Fe-doped ZnO) exhibit improved photocatalytic activity and adsorption efficiency
due to several factors. The introduction of iron into the ZnO lattice creates defect sites that serve as
active centers for pollutant adsorption. Additionally, iron doping narrows the band gap of ZnO,
allowing it to absorb visible light, which makes Fe-doped ZnO more effective under natural
sunlight compared to pure ZnO (Raut et al., 2013; Ramaraj et al., 2014). Studies have shown that

Fe-doped ZnO nanoparticles exhibit higher dye removal efficiency compared Switching to pure
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ZnO due toincreased surface area and improved electronic properties (Chakrabortyetal.2016;
Wanget al., 2019).

2.6 Green Synthesis of Metal Oxide Nanoparticles
Traditional methods for synthesizing metal oxide nanoparticles often require the use of toxic

chemicals, green synthesis offers a more environmentally friendly alternative. Green synthesis
involves the Use of natural substances such as plant extracts, as reducing agents to synthesize
nanoparticles. Plant-based synthesis the method is profitable because of it eco-friendly nature,
Cost-effective and ability to produce nanoparticles with well-controlled size and shape. In addition,
plant extracts contain many bioactive compounds such as poly phenols, flavonoids, and alkaloids,
which can act as reducing agents and stabilizers during synthesis. (Vijayakumar et al.2016:
Sangeetha et al, 2020).

Justicia adhatoda, a medicinal plant known for its bioactive compounds, has been studied for its
potentialln green synthesis of metal oxide nanoparticles, plants contain alkaloids, flavonoids and ta
nnins with strong antioxidant effects and reducing properties. Several studies have shown that
Justicia adhatoda leaf extract can effectively reduce metal salt to form metal oxide nanoparticles,
including zinc oxide (ZnO) and its doped forms (Srinivasanetal., 2015). The use of Justicia
adhatoda leaf extract for synthesizing iron-doped ZnO nanoparticles combines the benefits of both
green chemistry and the enhanced properties of the doped nanoparticles, making it a promising

approach for sustainable wastewater treatment.

2.7 Applications of Fe-doped ZnO Nanoparticles in Dye Removal
Fe-doped ZnO nanoparticles have shown great promise to remove various dyes from waste water,

including methylene blue. Their enhanced adsorption capacity, Stability and photocatalytic activity
under visible light make them ideal candidates to purify water contaminated with dye. Several
studies have demonstrated Effect of iron-doped ZnO on methylene blue removal with the
nanoparticles achieving high removal efficiencies under various experimental conditions
(Bhattacharyya et al., 2015; Zhang et al., 2018). These studies suggest that Fe-doped ZnO
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nanoparticles not only improve methylene blue removal efficiency but also offer advantages in
terms of reusability and stability, making them more practical for real-world applications.

2.8 Adsorption Mechanism of Methylene Blue on the Surface of Fe-Doped ZnO

Nanoparticles
The adsorption mechanism of methylene blue (MB) on the surface of Fe-doped ZnO nanoparticles

is a complex process that involving several key interactions between the dye molecules and the
surface of the nanoparticles. These interactions are influenced by the properties of both the dye
(MB) and the Fe-doped ZnO material, as well as external conditions such as pH, temperature, and

the concentration of the dye. Below is an expanded explanation of the adsorption mechanism.

2.8.1 Surface Characteristics of Fe-Doped ZnO Nanoparticles
Fe-doped nanoparticles are characterized by increased surface area, high porosity, and the presence

of surface functional groups. The doping of Fe into ZnO modifies its electronic structure and
surface properties. The Fe ions can introduce surface charge imbalances, modify the electronic
distribution, and create new active sites on the surface. These features play an important role in the
adsorption of methylene blue molecules. Surface Charge: The presence of Fe ions on
the ZnO surface changes the surface charge, which may affect the electrostatic interaction between
the nanoparticles and MB dye. Fe-doped ZnO is generally more negatively charged under basic
conditions, which could lead to stronger electrostatic attraction between the positively charged MB
molecules and the negatively charged surface. Surface Defects and Active Sites: Fe doping may
also create vacancies and defects in the ZnO structure, providing additional active sites for
adsorption. These sites can interact with the MB dye through various mechanisms such as

hydrogen bonding and van der Waals forces, or even chemisorptions

2.8.2. Electrostatic Interactions
Methylene blue is a cationic dye, Methylene blue is a cationic dye, meaning it has a positive charge

in aqueous solution. Especially at neutral or basic pH. Electrostatic interactions between the
negatively charged nanoparticle surface and positively charged MB molecules are the main driving
force for the adsorption process. This interaction allows MB molecules to adsorb on to the surface
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through an ion-exchange process. Attraction to the Surface: In environments where the pH favors a
negative charge on the nanoparticle surface (e.g pH > 7).The electrostatic attraction between
positively charged MB ions and the iron doped ZnO surface is maximum .The positively charged
MB molecules are drawn toward the nanoparticle surface, leading to adsorption. pH Dependence:
The efficiency of adsorption is highly pH-dependent. At lower pH values the surface Fe-doped
ZnO nanoparticles tends to become positively charged, reducing electrostatic attraction with the
MB dye thus decreasing the adsorption capacity. On the other hand, the higher the pH, values, the

surface becomes more negatively charged, enhancing the adsorption of MB.

2.8.3 Surface Complexation and Hydrogen Bonding
In addition to electro static forces, surface complexation can occur between the dye molecules and

the surface of Fe-doped ZnO. This interaction involves the formation of chemical bonds between
functional groups on the nanoparticle surface (such as hydroxyl groups, oxygen vacancies, or metal
cations ) and the MB dye. Hydroxyl Groups: The surface of ZnO typically contains hydroxyl
groups (-OH) due to its interaction with water. These groups can participate in hydrogen bonding
with the MB dye molecules, further stabilizing the adsorption of MB on the nanoparticle surface.

Fe(I11) Coordination: Iron ions (Fe3+) introduced into ZnO may also coordinate with the functional
groups of MB, enhancing the binding between the dye and the a noparticle surface. Fe ions on the

surface can form coordination bonds with the nitrogen atoms in the MB structure.

2.8.4 Photocatalytic Effect (If Applicable)
In some cases, Fe-doped ZnO nanoparticles can act as photo catalysts. Upon exposure to light,

these nanoparticles can generate electron-hole pairs that may interact with the methylene blue dye
in a photo degradation process. This can occur through the generation of reactive oxygen species
(ROS), such as hydroxyl radicals (*OH) or superoxide ions (O2¢—), which can degrade the dye
molecules. This mechanism, while not directly related to adsorption, can influence the overall

behavior of MB in the presence of Fe-doped ZnO nanoparticles.

2.8.5 Adsorption Isotherms
Fe-doped ZnO nanoparticles are often valued for their reusability in adsorption processes. After the

adsorption of MB, the nanoparticles can potentially be regenerated and reused through washing or

by altering the pH or temperature to release the dye from the surface. The stability and regeneration
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of the nanoparticles are critical for their application in industrial processes, and they are often
evaluated in terms of their adsorption capacity over multiple cycles. The adsorption of methylene
blue on the surface of Fe-doped ZnO nanoparticles is governed by a combination of electrostatic
forces, surface complexation, and, in some cases, photocatalytic effects. The surface properties of
the nanoparticles, such as charge distribution, the presence of hydroxyl groups, and iron doping,
play significant roles in determining the efficiency and mechanism of adsorption. Understanding
these interactions is crucial for optimizing the use of Fe- doped ZnO nanoparticles in environmental

and industrial applications, particularly for dye removal and water treatment processes

2.8.6 Kinetics of Adsorption
The adsorption of MB on iron-doped ZnO nanoparticles can be evaluated by studying the Kkinetics

of the process. Common models for kinetic analysis include the pseudo-first-order model and the
pseudo-second-order model. The adsorption rate can depend on the concentration of MB. The
accessibility of surface sites and the temperature .Pseudo-first-order kinetics: This model assumes
that the adsorption rate is proportional to the MB concentration on the nanoparticle surface.
Pseudo-second-order kinetics: This model implies that the adsorption rate depends on the square of
the MB concentration, indicating that the adsorption may involve the formation of chemical bonds

or more complex interactions.

2.8.7 Regeneration and Reusability
Iron-doped ZnO nanoparticles are often valued for their reusability in adsorption

processes. Once adsorbed onto MB, the nanoparticles can be potentially regenerated and
reused by washing them or by changing the pH or temperature to release the dye from the surface.
The stability and reusability of the nanoparticles are of great importance for their application in
industrial processes and are often evaluated in terms of their adsorption capacity over multiple
cycles. The adsorption of methylene blue on the surface of iron-doped ZnO nanoparticles
is controlled by a combination of electrostatic forces, surface complexation, and in some cases,
photocatalytic-effects

The surface properties of the nanoparticles, such as charge distribution, presence of hydroxyl
groups, and iron doping, play asignificantrolein determining the adsorption efficiency
and mechanism. Understanding these interactions is important for optimizing the use of iron-
doped ZnO nanoparticles in environmental and industrial applications, particularly in dye removal

and water purification processes.
14



2.9 Knowledge Gaps and Research Opportunities
Despite the promising potential of Fe-doped ZnO nanoparticles synthesized using green methods,

several knowledge gaps remain. First, while many studies have explored the synthesis and
characterization of Fe-doped ZnO, few have focused on the use of plant extracts, particularly
Justicia adhatoda, for nanoparticle synthesis. Additionally, there is a need for more comprehensive
studies on the optimization of synthesis conditions to maximize the efficiency of Fe-doped ZnO
nanoparticles in dye removal. Finally, while the adsorption and photocatalytic properties of Fe-
doped ZnO nanoparticles have been well-documented, their practical application in real-world
wastewater treatment scenarios, including large-scale pilot studies and assessments of their long-

term stability and reusability, remains underexplored.
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CHAPTER THREE

3 MATERIAL AND METHODS

3.1Apparatus and Instruments

The major apparatus and instrument used during this thesis study were analytical balance, mortar,
and pestle, grinding machine 250 ml plastic bottles, Sieves(200-250 mm size),pH meter,50-250 ml
size beaker, measuring cylinder, conical flask, digital oven, UV-DRS(UV-Vis NIR CLB, Model V-
770), ATR-FTIR(Perkin Elmer spectrum 65model FTIR), P-XRD (XRD-7000, SHIMADZU

Corporation, Japan),crucible, volumetric flasks(50-250ml),test tubes, and Whatman filter paper, etc

3.2 Chemical and reagents
Most of the chemicals used in this thesis study were analytical grades obtained from different

chemical suppliers. The Justicia adhatoda leaf was collected from Wolkite town local area. The
chemicals used include analytical grade of iron (I11) chloride hexa-hydrate, zinc acetate, oxalicacid,

methylene blue, and distilled water.

3.3 Experimental site
The synthesis of iron-doped and undoped zinc oxide adsorbent and all batch adsorption experim

ents were carried out at the Department of Applied Chemistry Laboratory of Wolkite University.

The synthesized samples were characterized at Addis Ababa science and Technology University.

3.4 Methods and Procedures

3.4.1Collection of justicia Adhatoda Plant Leaf

Justicia adhatoda leaves were collected from the local area of Wolkite town, Guraghe Zone,
Ethiopia. To remove unwanted material, leaf samples were washed repeatedly with tap water and

then with distilled water. To eliminate any remaining moisture, the cleaned Justicia adhatoda
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the leaves were completely dried at room temperature, open, and in the shade for approximately
seven days. Using an electric grinding machine, the dried leaves were ground into a fine powder.

The material was then dried, ground, and stored in preparation for further processing[50].

3.4.2 Preparation of Justicia adhatoda Leaf Extract

The crushed Justicia adhatoda leaf powder (30 g) was boiled in 200 ml of double distilled water
for 15minutes. The resulting aqueous leaf extract was cooled and filtered through Whatman No. 1
filter paper. The prepared leaf extract was stored in sterile containers at 4°C for future use. [51].

3.4.3 Preparation of Undoped zinc oxide
A 0.2M zinc precursor solution was prepared by dissolving 8.477g of zinc acetate in 100 ml of

distilled water [52]. In another flask, 20 ml of the aqueous extract of the plant was taken and placed
on a magnetic stirrer. Then, the zinc acetate solution was mixed with the extract by continuous
stirring (200 rpm) at 60 °C for 3 h to form a gel. The resulting mixture was continuously stirred for
10min. 2M sodium hydroxide solution was added drop wise to the mixture until the pH reached 12.
The solution was stirred for an additional 3 h to evaporate the solvent and cool the gel mixture to
room temperature. The gel was then transferred to a Petri dish and dried in a convection oven at 60
°C for 24 h. Once dried, the sediment was ground using a mortar and pestle. The dried and crushed

sediment was calcined in an oven at 750°C for 3 h to obtain nanoparticles [53].

3.4.4 Preparation of Fe-doped ZnO nanoparticles
First, 8.477 g of zinc acetate was mixed with 100 ml of deionized (DI) water. A required amount of

iron chloride was then added to the zinc acetate solution to achieve5%and 10%molardoping of Fe.
Plant extract (50 ml) was added to the solution with continuous stirring (200 rpm) for
3 hours at 60°C to facilitate gel formation. The resulting mixture was stirred continuously
for more than 10 minutes. Then, 2 M sodium hydroxide solution was added drop wise to the
mixture until the pH reached 12.After 30 minutes, the nanoparticles (NPs) were obtained
after centrifugation (1000 rpm forl5 min), the nanoparticles were washed several times with
ethanol and deionized water, and then dried in an oven at 100 °C. Finally, the dried nanoparticles
were calcined in a muffle furnace at 400 °C for 3 h. The calcined nanoparticles were used for
further studies [52, 53].

17



3.5 Characterization studies
The synthesized Fe-dopedand un doped zinc oxide nanoparticles were characterized using various

instrumental techniques to confirm the success of the synthesis procedure and to determine key
properties such as particle size, functional groups, and other characteristics required for the material
to be used as an adsorbent. In this regard, UV-DRS (UV-Vis NIR CLB, Model V-770), ATR-FTIR
(Perkin Elmer Spectrum 65 FTIR), and P-XRD (XRD-7000, SHIMADZU Corporation, Japan)
were employed to characterize the synthesized samples.

3.6 Removal of Methylene blue using Fe-doped zinc oxide nanoparticle by
sorption

3.6.1 Preparation of working standard solutions

In the sorption studies, methylene blue (MB) powder was used as the adsorbate in this work. To
prepare the MB stock solution, 1 g of MB was dissolved in 1000 mL of distilled water
to obtain 1000 mg/L. Additional working standard solutions of MB at concentrations of 5, 10, 15,
and 20 mg/L were prepared from the 1000 mg/L standard dye solution using the dilution rule [54].

3.6.2 Batch sorption experiment
The removal of an aqueous solution containing varying concentrations of methylene blue (MB) was

used to assess the batch-mode sorption capabilities of the synthesized samples[54].Sorption studies
were conducted in a 200 mL conical flask, where various parameters were examined. By changing
one parameter while keeping the others constant, the influence of parameters such as
pH, adsorbent dosage, dye concentration and contact time can be evaluated..This approach allows
for the examination of adsorption kinetics and the determination of how these factors influence the
removal capacity. After each sorption experiment, samples were withdrawn from the flask
Filtered using Whatman filter paper. Range of experimental variables explored included pH
values(3,5,7,and9), adsorbent dosages (0.02, 0.05, 0.08, and 0.12g) , initial dye concentrations (5. ,
10.15 and 20 mg/l) and contact times (25, 45, 65 and 85 min). The absorbance of the filtrate was
measured using a UV-visible spectrophotometer set toa maximum wavelength of 664 nm.
Equation 1 can be wused toevaluatethe removal efficiency of iron-doped zinc oxide

nanoparticle complexes [54].

Removal efficiency (%) = Al;%x 100 o Eq(1)
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Where, Ai is the initial absorbance of dye solution, and At is the dye solution absorbance at a

certain reaction or degradation time

3.6.3 Sorption Kinetic studies
The most popular models for fitting the kinetic research experiment to examine the sorption rate

processes are pseudo-1st and pseudo-2nd models. The residence duration of the adsorption reaction

is determined by the solute uptake rate, which is described by the sorption kinetics [55].
Pseudo-first order kinetics determined using the following equation (2)
In(ge — qt) = Inge — K1 # t o vov v ee ve v et e e vt et e e e v e (EQ2)

The pseudo-second-order dynamics are determined by the following equation (3)

A — +i*t(Eq3)

gt K2qe?  gqe

3.6.4 Reusability test of Fe-doped zinc oxide nanoparticles
After adding the optimal sorbent dosage of Fe-doped ZnO nanoparticles to 50 ml of MB solution at

the desired concentration, the mixture was agitated for the optimal duration. Following
centrifugation, the dye-adsorbed nanoparticles were separated, and desorption was carried out by
adding distilled water. For the second adsorption cycle, the desorbed sorbent nanoparticles were
isolated and re used. To evaluate the methylene blue dye removal efficiency, the same process was
repeated at least five times[55].
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CHAPTER FOUR

4.RESULT AND DISCUSSION

4.1 Characterization of synthesized adsorbent

4.1.1 UV-Vis DRS Analysis of ZnO and Fe-ZnO NPs
Figure 4 shows the UV-visible spectra of the as-synthesized zinc oxide (ZnO) and alloyed Fe-ZnO
samples at room temperature. The spectra clearly show that both ZnO and Fe-ZnO exhibit
absorption peaks and that ZnO absorbs at around 330 nm whereas Fe-ZnO absorbs at around
340nm. This shift in the absorption peak is an important observation since it shows a red shift (or

shift towards larger wavelengths)

In the alloyed Fe sample compared to the unalloyed ZnO. This shift in the absorption spectrum is
generally associated with the introduction of Fe into the ZnO lattice. The red shift observed in the
UV-visible ZnO spectrum alloyed with iron can be explained by the interaction between the ZnO
sp electrons and the localized d electrons of the Fe (iii) ions. These interactions alter the electronic
structure of ZnO, thereby changing its optical properties. In particular, the inclusion of Fe ions in
the ZnO lattice creates new energy states in the domain structure, which absorb light at a higher
wavelength than pure ZnO. This phenomenon is also observed as a change in the shade of the
material appearance, while in alloyed Fe ZnO, the color changes from white (illegal ZnO) to a
reddish-yellow hue, further confirming the electronic changes upon focusing of Fe. The observed
red shift and shade change in alloyed Fe- ZnO are consistent with previous studies reporting
spectral shifts for alloyed Fe ZnO samples. These results indicate that Fe doping in the ZnO matrix
alters the electronic structure of the material, thereby affecting its optical absorption properties.
This is consistent with the general understanding of alloy-induced semiconductor changes, where
the inclusion of metal ions can lead to changes in optical absorption, which has also been observed

in synthetic samples [56].
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Figure 4: UV-DRS spectrum of ZnO and Fe-ZnO NPs

4.1.2 XRD analysis of ZnO and Fe-ZnO NPs
Figure 5 shows the X-ray diffraction (XRD) patterns of pure ZnO and Fe-doped ZnO nanoparticles

(NPs). The diffraction pattern of pure ZnO follows the standard reference card (JCPSD card no. 01-
074-0534) indicating the hexagonal crystal structure of wurtzite. This hexagonal structure is clearly
observed in the XRD pattern, with characteristic peaks at 31.70°, 34.42°, 36.12°, 47.50°, 56. 58°,
62.80°, 66.62°, and 67.82°. The peaks correspond to the (100), (002), (101), (102), (110), (103),
(112), and (201) diffraction planes, respectively, which are consistent with the typical XRD pattern
of ZnO nanoparticles. . When doped with iron (Fe), the ZnO nanoparticles retain the hexagonal
wurtzite structure, as evidenced by the presence of the same diffraction peaks in the XRD pattern.
The Fe-doped ZnO nanoparticles exhibit similar 20 values to pure ZnO, indicating that Fe doping
does not significantly change the ZnO crystal structure. However, a notable change in the XRD
pattern is a slight broadening of the base peak in the Fe-doped ZnO sample compared to the
undoped ZnO. This broadening can be explained by the incorporation of Fe ions into the ZnO
lattice, which may induce distortions or defects that affect the crystallinity of the material. The
crystallite sizes of undoped and Fe-doped ZnO nanoparticles were calculated using the Debye—

Scherrer equation (Eg. 4) based on X- ray diffraction data. The broadening of the peaks for the Fe-
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doped ZnO sample indicates a decrease in the crystallite size, which is typical when foreign ions
such as Fe are introduced into the ZnO lattice. The Debye—Scherrer equation provides a method to
estimate the average crystallite size from the full width at half maximum (FWHM) of the

diffraction peaks, allowing a quantitative comparison between the two samples [48].

The crystalline size (D) of the particles are estimated where the wavelength A for X-ray is 0.154
nm, the shape factor k has a value of 0.89 if the shape is unknown, the average diameter of the
crystal D in A, o is the Bragg’s angle in degree and B is the help-height of angle in radian.

175 ZnO NPs 1754 (101) —— Fe-ZnO NPs
(101)
(002)
170 « (002) 170 4
165 4 (100) 165 4 (100)
2 160+ 160 4
2 (110)
2 (102) (103 (110)
- . 155 102 (103)
£ 155 t2) (102) (112)
1504 (201) 150, (201)

10 20 30 40 50 60 7.0 8.0 1l0 ZlO 30 4l0 SlO 6l0 7l0 8l0
2 theta 2 theta

Figure5:XRD spectrum of ZnO and Fe doped ZnO NPs

The average particle sizes of the synthesized ZnO nanoparticles and Fe-doped ZnO were 24 nm and
20 nm, respectively. The decrease in particle size with Fe doping is consistent with similar studies.
For example, Robina Ashrafetal [57] synthesized undoped ZnO and Fe-doped ZnO nanoparticles
and reported that the particle size decreased from 29 nm for undoped ZnO to 19 nm for Fe-doped
ZnO with increasing Fe content. This size decrease may be due to the following reasons: The
inclusion of Fe ions in the ZnO lattice causes stress and defects, which makes the crystal structure
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finer. Similarly, Hamid et al. [58] and FalakNaz et al. [59] synthesized both undoped and
chromium-doped ZnO nanoparticles and observed similar trends. In their study, the particle size of
nanoparticles determined by X-ray diffraction decreased from 30.07 nm for undoped ZnO to 28.14
nm for chromium-doped ZnO with chromium doping. These results support the idea that doping
with metal ions such as Fe and Cr can affect the ZnO crystal size, and that the particle size
decreases due to the inclusion of dopant impurities, which usually destroy the crystal lattice and
affect the growth process.

4.1.3 FTIR Analysis of ZnO, Fe-ZnO and Plant extract
Figure 6 shows the FTIR spectra of undoped ZnO, Fe-doped ZnO nanoparticles, and Justicia

adhatod leaf extract. FTIR spectroscopy provides valuable information about the functional groups,
molecular structure, and intermolecular interactions of the samples, and therefore, it was used to
study the vibrational bands of calcined ZnO and Fe-doped ZnO nanoparticles at room temperature.
The FTIR spectra of Fe-doped ZnO and ZnO nanoparticles show an intense peak at 3340 cm?,
which corresponds to the stretching vibration of the O-H bond of the solvent (probably due to
adsorbed water or hydroxyl groups). The peak at 2850 cm? is attributed to the stretching vibration
of the C-H bond of CH, and CH3 groups, which are typical of organic compounds. The faint band
around 2340 cm? represents the absorption from the ambient CO?, which interacts with the metal
cations of the sample. Further analysis revealed the presence of carbonyl (C=0) stretching at 1632
and O-H bending absorption at 1410 cm?, both of which are associated with the alcohol functional
group. The C-O stretching mode of secondary alcohols is responsible for the peak at around 1085
cm? [60]. The peak observed in the range of 17001000 cm... Also, the peak at 460 cm?
corresponds to the FeO stretching vibration commonly observed in Fe-doped materials. The lower
bonding frequency of FeO compared to ZnO is due to the relatively lower mass of Fe atoms
compared to ZnO. Zn confirms that Fe is incorporated into the ZnO lattice. This indicates that Fe
has been successfully doped into the ZnO crystal structure. The FTIR spectrum of the Justicia Adha
toda leaf extract shows several peaks that provide additional insight into the organic components of
the plant material. The broad peak at 3352 cm? is attributed to the OH stretching vibration of
alcohol or phenol groups, while the peak at 2918 cm? corresponds to the CH stretching vibration of
alkanes. The peak at 2440 cm? confirms the presence of the typical C=C stretching vibration of

alkynes. Additionally, the peak at 1648 cm? is associated with the stretching vibration of the
23



aldehyde carbonyl (C=0) group [61]. This functional group likely plays a role in blocking or

stabilizing the nanoparticles during synthesis.

——2ZnO NPs —— Fe-ZnO NPs

80 4 80

70 4

(2340) (1632) (4030) 70 (2340)  (1632) (1080)

[

o

c (3340) (2852) (3340) (2852) €72)

e (673)

£ 60+

£ 60 4

[}

c

©

= 504

50 -

404 (460)
r r r r r r r 40 r r r r r r r
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wavenumber 1104 Wavenumber

— Plant extract
100 4

90 4
80 +

704
(1648)

60 (2918)

50 +

Transmittance

404 (3352)

30 4

20

3500 3000 2500 2000 1500 1000 500

Wavenumber

Figure 6: FTIR spectra of ZnO, Fe doped ZnO and Plant extract

4.2 Optimization of adsorbent for removal of MB dye from aqueous solution

4.2.1 Calibration plot of working methylene blue standard solution

The residual concentration of methylene blue (MB) dye in the filtrate after adsorption in aqueous
solution using synthesized ZnO nanoparticles (NPs) and iron-doped ZnO as adsorbents, was
determined through a calibration plot. The graph was generated by measuring the absorbance of
MB dye solution at 664 nm, which is the maximum absorption wave length for methylene blue.

The absorbance values for different known concentrations of MB were recorded to establish the

calibration curve.
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Table 2 presents the data for the MB dye standard solutions, and Figure 7 illustrates the resulting
calibration plot.This plot enables the determination of the dye concentration in unknown samples

by correlating their absorbance to the known concentrations of the standard solutions.

Table2:Methylene blue dye working standard solution calibration data

The initial concentration of MB(mg/L) Absorbance
5 0.015
10 0.029
15 0.041
20 0.053

From Table 2, we can conclude that there is a linear relationship between the concentration of
methylene blue dye and its absorbance at 664 nm within the tested concentration range (5-20
mg/L).This allows for the accurate determination of MB concentrations in experimental samples,
particularly for assessing the effectiveness of the ZnO and Fe-doped ZnO nanoparticles as

adsorbents in the removal of MB dye from aqueous solutions

o.oe

Eqnation Wo=3+bu

4| »41. R-square 0 o923y
W e
ao.os A Irmer o ZE-4
) Slcpra 00028

Ahsorh ance

0.00

] 5 10 15 20

Initdal concentration{mg /L)

Figure 7: Calibration plot of working MB standards solution.
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4.3 MB dye adsorption by using ZnO and Fe doped ZnO NPs

4.3.1 Effect of pH on the Adsorption of Methylene Blue Dye

The pH of the dye solution plays an important role in the adsorption process and has a great
influence on the adsorption capacity of the adsorbent material. This is mainly due to the effect of
pH on the surface charge of the adsorbent, the degree of ionization of the dye molecules, and the
interaction between the functional groups. These factors determine how well the adsorbent interacts
with the dye molecules and can adsorb the dye molecules from the solution. For methylene blue
(MB), a cationic dye, the pH of the solution directly affects the charge distribution on both the dye
and the adsorbent surface. ZnO and Fe-doped ZnO nanoparticles (NPs), which are commonly used
as adsorbents, show changes in surface charge depending on the solution pH. This ultimately
affects the electrostatic interaction between the adsorbent and the dye molecules, which is the key
to the adsorption process. At low pH values, the surfaces of ZnO and Fe-ZnO nanoparticles tend to
be positively charged due to the protonation of the surface hydroxyl groups (A¢AAOH) of the
adsorbent. In this scenario, the positive charge of the adsorbent competes for binding sites with the
cationic dye molecules, resulting in a decrease in the adsorption capacity at pH values below the
point of zero charge (pHpzc). The pH pzc is the pH at which there is no net charge on the adsorbent
surface. Below this pH, the surface is predominantly positively charged, whereas above pHpzc, it is
negatively charged. For cationic dyes such as positively charged MB, the adsorption capacity
decreases at pH values below pHpzc due to the repulsion between the positively charged surface
and the dye molecules. As the pH increases above pHpzc, the surfaces of ZnO and Fe-ZnO
nanoparticles become negatively charged, resulting in stronger electrostatic attraction between the
negatively charged surface and the positively charged dye molecules. Therefore, the adsorption of
MB dye significantly increases as the pH of the solution moves above pHpzc, and stronger

adsorption occurs at pHpzc due to enhanced electrostatic interactions.
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Investigation of the effect of pH on dye adsorption, an experimental study was conducted by adding
40 mg of ZnO and Fe-doped ZnO nanoparticles to a solution containing 10 mg/L of methylene blue
(MB). The pH of the solution was varied between 3 and 9, and the system was allowed to
equilibrate for a contact time of 45 minutes.

The results, shown in Figure 8(a & b), illustrate a clear trend: dye uptake increased as the pH of the
solution increased. At lower pH values(pH3), the adsorption of MB was relatively low. This can be
attributed to the protonation of surface groups on the nanoparticles, which results in the surface
being more positively charged, thus repelling the positively charged MB dye molecules.

When the pH increased to pH 9, the adsorption capacities of ZnO and Fe-doped ZnO nanoparticles
increased significantly. This is consistent with the shift of the surface charge of the adsorbent from
positive to negative when the pH exceeds pHpzc, which promotes stronger electrostatic interactions
with the cationic MB dye. The removal efficiency of MB increased significantly when the
pH changed from acidic (pH 3) to alkaline (pH 9). ZnO nanoparticles showed a significant increase
in adsorption, with the removal efficiency increasing from 37.03% at pH 3 to 88.88% at pH 9. Fe-
ZnO nanoparticles showed an even more significant improvement, with the removal efficiency
increasing from 40.74% at pH 3 to 92.59% at pH 9. The significant increase in adsorption at higher
pH values highlights the effectiveness of the nanoparticles. In MB dye adsorption on Fe-doped
ZnO appears to occur due to increased electrostatic attraction at alkaline pH, where both the
adsorbent surface and the dye molecules are more favorably charged for adsorption.

4.3.2 Effect of Adsorbent Dosage on the Adsorption of Methylene Blue Dye
Adsorbent dosage is an important factor that greatly affects the adsorption capacity of nanoparticles

including ZnO and iron-doped ZnO (Fe-ZnO) for the removal of pollutants such as methylene blue

(MB) dye from aqueous solution. In this experiment, the effect of varying the adsorbent dosage on
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the MB removal efficiency was investigated at pH 9. At pH 9, the adsorption process was expected
to be more efficient due to the negative surface charge of the adsorbent, which promotes the
electrostatic attraction of the cationic dye.

The experiment was conducted at a fixed initial concentration of 10 mg/L of MB dye, and the
adsorbent dosage was varied from 20mg to 120mg for both ZnO and Fe-ZnO nanoparticles. The

contact time was kept constant at 45minutes to ensure that the adsorption equilibrium was reached
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Figure 9: Effect of adsorbent dose on MB dye removal by (a) ZnO NPs, & (b) Fe-ZnO NPs

Results and Discussion

The findings, shown in Figure9, reveal that the removal efficiency of MB dye increased with the
increase in adsorbent dosage initially, but after a certain point, further increases in the adsorbent do
seled to a decline in dye removal efficiency. Specifically, at an adsorbent dosage of 20mg, the
Removal efficiency was at its highest for both ZnO and Fe-ZnO nanoparticles, with ZnO adsorbing
92.59% of the MB dye and Fe-ZnO adsorbing 96.29% of the dye. As the adsorbent dosage was
increased beyond 20 mg, the removal efficiency started to decrease. For ZnO nanoparticles, the
removal efficiency dropped from 92.59% at 20 mg to 37% at 120 mg. For Fe-ZnO nanoparticles,
the removal efficiency dropped from 96.29% at 20 mg to 40.74% at 120 mg.
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As the adsorbent dosage increases from 20 mg, the number of available adsorption sites also
increases, leading to higher removal efficiency. The increased surface area of the nanoparticles
provides more sites for the cationic MB dye to bind via electrostatic attraction. When the dosage
was increased beyond 20mg,the dye removal efficiency decreased. This is due to the fact that the
adsorption sites become more dispersed as more nanoparticles are added, resulting in less effective
interaction between the dye molecules and the adsorbent surface. Additionally, at higher dosages,
there may not be enough MB dye molecules present in the solution to interact with all the available
adsorption sites, leading to unsaturated adsorption. This results in wasted adsorption sites on the
nanoparticles that cannot effectively bind more dye molecules, thereby lowering the overall
adsorption efficiency.

At high dosages (e.g., 120 mg), the adsorbent surfaces become saturated, and any additional
increase in the dosage does not lead to further significant removal of MB dye. The excess
nanoparticles may also form aggregates or become less efficient in the adsorption process due to

the limited number of dye molecules available to occupy the adsorption sites.

Based on the results of the experiment, it was concluded that the optimal adsorbent dosage for both
ZnO and Fe-ZnO nanoparticles in the removal of methylene blue (MB) from agqueous solutions was
20 mg. At this dosage, the adsorption capacity was maximized, and the removal efficiency was
highest. As the adsorbent dosage increased beyond 20mg, the adsorption efficiency began to
decline due to factors such as saturation of adsorption sites and insufficient dye molecules to
interact with the additional adsorbent material. Therefore, the 20 mg dosage was selected as the
optimal amount of nanoparticle adsorbent for further experimental investigations. This finding
underscores the importance of selecting the correct adsorbent dosage to balance between having
sufficient adsorption sites for the dye molecules and avoiding unnecessary excess material that does

not contribute to the adsorption process.

4.3.3 Effect of Contact Time on the Adsorption of Methylene Blue Dye
Equilibrium time is an important parameter in the design of an efficient and economical wastewater

treatment system. It represents the time required for the system to reach a state where the dye
adsorption rate and desorption rate are equal and there is no significant change in the dye molecule
concentration in the solution. This time is important for determining the effectiveness of the
adsorbent in removing pollutants and for optimizing the operating parameters in practical
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applications. In this study, the adsorption of methylene blue (MB) dye was investigated using 20
mg ZnO and Fe-ZnO NPs as adsorbents at a fixed dye concentration of 10 mg/L and pH 9. The
effect of contact time on MB adsorption was evaluated over a range of durations from 25 to 85 min.
Figure 10 shows the adsorption kinetics of ZnO and Fe-ZnO nanoparticles and how the percentage
of removed dye changes with time. The results show that the adsorption process follows a two-step
trend, i.e., the adsorption of MB dye increases rapidly during the first 25 min of contact time. For
ZnO nanoparticles, the dye removal rate increases from 59.20% to 92.59%, while for Fe-ZnO

nanoparticles, the removal rate increases from 40.74% to 96.29%.

This high initial adsorption rate may be due to the large number of accessible and active adsorption
sites on the nanoparticle surface. In the early stage of the reaction, many sites on the surface are
empty, allowing dye molecules to easily interact with the adsorbent. The concentration gradient
between the dye in solution and the adsorbent surface is steep, which promotes rapid penetration of
dye molecules into the adsorbent surface. Slower adsorption and approach to Equilibrium
(After25Minutes):

After the initial phase, the adsorption rate starts to slow down as the available adsorption sites
become increasingly occupied. This results in a gradual decrease in the rate of adsorption as the
concentration gradient diminishes. At this point, the system is approaching equilibrium, where the
rate of dye molecules adsorbing to the surface of the nanoparticles is approximately equal to the
rate at which dye molecules are desorbing from the surface.The adsorption efficiency begins to
stabilize, with the removal percentage reaching a near-constant value. For both ZnO and Fe-ZnO
NPs, the dye removal rate levels off after approximately 45 minutes, indicating that equilibrium has

been achieved. The adsorption capacity of the

Nanoparticles is largely saturated, and additional contact time does not lead to as significant

increase in dye removal.
The rapid adsorption observed at the beginning can be explained in terms of:

Large number of available sites: At the start of the reaction, the adsorbent surface is largely

unoccupied, providing sample vacant sites for the dye molecules to adsorb.
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High concentration gradient: The difference between the dye concentration in solution and on the
adsorbent surface is high at the beginning, which drives the adsorption process.

As the reaction proceeds, the concentration gradient decreases, and the available adsorption sites on
the ZnO and Fe-ZnO nanoparticles become saturated. Once a significant portion of the surface sites
are occupied by the dye molecules, the adsorption rate slows down, leading to the system
approaching adsorption equilibrium. This is a common feature in adsorption processes, where the

adsorption capacity increases rapidly at first and then levels off as equilibrium is reached.

The experiment demonstrated that equilibrium in the adsorption of methylene blue dye using ZnO
and Fe-ZnO nanoparticles is reached after approximately 45minutes of contact time. The first25
minutes show a sharp increase in dye removal, attributed to the availability of free adsorption sites
and a high concentration gradient. After 45 minutes, the removal efficiency stabilizes as the
adsorbent surfaces become saturated. ZnO NPs achieved a removal efficiency of 92.59% after 45
minutes, while Fe-ZnO NPs reached 96.29% removal. These results suggest that both materials are
highly effective for MB dye removal, with Fe-doping further improving the adsorption capacity.
The contact time of 45 minutes was found to be optimal for achieving maximum dye removal,
beyond which increasing the contact time did not significantly affect the removal efficiency. This
information is valuable for the design of efficient wastewater treatment systems, as it provides
insights into the necessary contact time for optimal dye removal. Equilibrium time can thus be used

to optimize system designs and reduce the costs associated with prolonged treatment times
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Figure 10: Effect of contact time on MB dye removal by (a) ZnO NPs, & (b) Fe-ZnO NPs

4.3.4 Effect of initial concentration
A series of experiments were conducted to investigate the impact of initial methylene blue (MB)

dye concentration on the adsorption efficiency of ZnO and Fe-ZnO NPs. In these tests, varying
concentrations of MB solution (5, 10, 15, and 20 mg/L) were used with a fixed adsorbent dosage of
20mg of ZnO and Fe-ZnO NPs at pH 9 for a contact time of 45minutes.The results, presented in
Figure 11, show a clear trend in the adsorption behavior with respect to changing dye
concentrations. At lower starting concentrations of MB (5mg/L), the adsorption process is highly
efficient, with ZnO NPs and Fe-ZnO NPs adsorbing around 95.23% and 99.52% of the dye,
respectively. This indicates that at lower dye concentrations, there is a higher availability of active
sites on the adsorbent surface for the dye molecules to bind, resulting in a greater removal
efficiency. However, the removal efficiency decreased with increasing initial MB concentration.
This is shown in Figure 11, where the percentage of MB removed decreases as the initial
concentration increases from 5 mg/L to 20 mg/L. The lower removal efficiency at higher dye
concentrations may be due to the saturation of the adsorption sites on the nanoparticle surface. As
the dye concentration increases, more dye molecules are present in the solution, but the available
adsorption sites on the nanoparticles remain constant. This results in a lower number of dye
molecules adsorbed per unit surface area of the adsorbent, which reduces the overall adsorption
capacity. In addition, the higher the dye concentration, the stronger the competition for the active
sites, which further limits the number of dye molecules that can be effectively removed from the
solution. At low initial concentrations, there are more free active sites on the adsorbent surface,
which allows a higher proportion of dye molecules to interact with the adsorbent. As a result, the
removal efficiency is higher. However, as the initial MB concentration increases, the available
active sites on the nanoparticle surface are occupied more quickly, which reduces the adsorption
capacity. These results highlight the importance of adsorbent dosage and initial dye concentration

in optimizing the adsorption process for efficient dye removal in wastewater treatment applications.
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4.3.5 Reusability test of Fe doped ZnO NPs
A key characteristic of an effective adsorbent is its ability to exhibit both high adsorption and

desorption efficiency, enabling its reuse over multiple cycles without significant performance loss.
In this study, the feasibility of reusing Fe-ZnO NPs composite for removal of methylene blue (MB)
dye from aqueous solution was evaluated. The adsorption efficiency was tested at pH 9, contact
time 45 min, and initial MB concentration 5 mg/L. The results presented in Figure 12 show that the
Fe-ZnO NPs composite maintains high adsorption capacity even after multiple cycles of adsorption

and desorption.

In the first cycle, the adsorption efficiency was an impressive 99.52%, indicating that the Fe-doped
ZnO nanoparticles are highly effective at removing the dye from solution. However, as the
adsorption and desorption cycles continued, a slight decrease in efficiency was observed. The
adsorption efficiency dropped to 96.52% in the second cycle, 92.32% in the third cycle, 87.78% in
the fourth cycle, and 82.10%in the fifth cycle. Despite this gradual reduction in efficiency, the nano
composites till retained more than 80% of its original adsorption capacity even after five cyclesof
use. This suggests that Fe-ZnO NPs can function as a stable, effective, and eco-friendly adsorbent
for wastewater treatment applications, capable of removing MB dye efficiently over multiple cycles

without a significant decline in performance.

The ability of the Fe-ZnO NPs composite to maintain high adsorption efficiency over several cycles
is crucial for its practical application in sustainable waste water treatment. The composite’s re-
generability and reusability are particularly important, as they reduce the overall cost of the
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treatment process and minimize the need for new adsorbent materials after each cycle. Further
more, the stability of the nano composite after repeated use indicates that it can be a reliable
material for long-term environmental applications, contributing to more sustainable methods for
removing toxic dyes and pollutants from industrial wastewater.

In general, the high adsorption and desorption efficiency of Fe-ZnO NPs makes them an excellent
choice for reusable adsorbents in dye removal applications, with the potential for sustained
effectiveness even after multiple cycles of use [65]. This suggests that Fe-ZnO NPs can function as
a stable, effective, and eco-friendly adsorbent for wastewater treatment applications, capable of
removing MB dye efficiently over multiple cycles without a significant decline in performance.
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4.5 Adsorption kinetics Study

In adsorption studies, understanding the kinetics of dye removal is crucial for determining the
efficiency and mechanism of the adsorption process. A variety of kinetic models can be employed
to analyze the mass transfer and the rate at which methylene blue (MB) is transferred from the
liquid phase to the surface of the adsorbent. In this study, the adsorption behavior of MB on to three
different adsorbents, namely un-doped ZnO, Fe-doped ZnO, and other synthesized materials, was
investigated using two commonly used kinetic models: the pseudo-first-order and pseudo-second-
order models.

Pseudo-First-Order Kinetic Model

The pseudo-first-order kinetic model proposed by Lagergren (1898) is based on the assumption that
the adsorption rate is proportional to the difference in adsorbate concentration at a given time. This
model assumes that the adsorption rate follows a first-order response to sorbate concentration. The
linear form of the pseudo-first-order model is expressed by the following equation:
In(ge — qt) = Inge + k1t .o oo vs cos e et et et e e e et et et e e e e v e e EQS

Here, ge and qt are the adsorption capacities (mg/g) at equilibrium and time t, respectively, and
k1(min-1) and k2(gmg-1 min-1) are the corresponding rate constants. This model is often used to
describe adsorption processes where the rate of change in the amount of adsorbed dye with time is
proportional to the difference between the equilibrium concentration and the instantaneous
concentration.

Pseudo-Second-Order Kinetic Model

The pseudo-second-order kinetic model developed by Ho and McKay (1999) assumes that the
adsorption rate is proportional to the square of the difference between the amount of dye adsorbed
at time A and equilibrium. This model is commonly used to describe adsorption systems that may
involve chemical adsorption or chemical bonding, assuming that the adsorption rate depends on the
accessibility of the active site to the adsorbate. The linear form of the pseudo-second-order model is
expressed as follows:

t_, 1 .t
qt - kzqez qe WEE EEE EEE EEE EEE EEA EEA EES EEA EEE EEE EEE EEE EAE EAE NS GAE GEE GAW AW WEE EEE mEw

..Eq6

the pseudo-second-order model is often used when adsorption follows a chemisorptions process,
where the rate of adsorption depends on the availability of free sites and is influenced by

the interactions between the adsorbate molecules and the adsorbent surface.
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4.4.1 Pseudo-first order Kinetics
The values of ge, k1, k2 and R2 are collected in Table 3 and Fig. 13 shows the linear curves

generated using the pseudo-first-order and pseudo-second-order kinetic models. The pseudo-first-
order kinetic model was used to evaluate the adsorption kinetics of M on ZnO and Fe-ZnONP. The
experimental data ZnOqexp(6.12), qcal(0.003) and Fe-ZnONPsgexp(7.04), gcal(0.09) do not form
a favorable model due to the inconsistency and the fact that the correlation coefficient R2 is not

close to 1. As shown in Table 3, the adsorption of M on the head adsorbent [66].

4.4.2 Pseudo-second order Kinetics
The mechanism of adsorption Kkinetics is described using the pseudo-second-order kinetic model

over the entire contact time range. Compared with the pseudo-first-order model, the adsorption
capacity gcal (6.02 mg/g) calculated from the pseudo-second-order model is closer to gexp (6.12
mg/g) and gcal (6.95 mg/g) for ZnO NPs. It is also closer to k (7.04 mg/g) for Fe-ZnO NPs
adsorbents as listed in Table 3. Additionally, the comparison of the two Kkinetic correlation
coefficients (R2) demonstrates that the pseudo-second-order model better describes the adsorption
process of MB from aqueous solution. The R2 value approaches 1 when the pseudo-second-order
kinetic model (0.999 and 0.999) is compared with the pseudo-first-order kinetic model (0.454 and
0.572) for ZnO and Fe-ZnO NPs, respectively. As shown in Table 3 below, the generated pseudo-
second-order kinetic model has higher correlation coefficient values than the pseudo-first-order
kinetic model, indicating a closer agreement with the experimental adsorption data than the pseudo-
second-order kinetic model. [66]

Figurel3:pseudosecond-ordermodelsof(a)ZnO NPs, (b) Fe-ZnO NPs. Comparison of Kinetic
Models:
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By fitting the two Kkinetic models to the experimental data, the adsorption mechanism and the rate-
limiting step of the process can be determined. A good fit to the pseudo-second-order model
generally suggests that MB adsorption is dominated by chemical adsorption involving bond
formation between dye molecules and active sites on the parent adsorbent surface. In contrast, a
good fit to the pseudo-first-order model suggests a simpler physical adsorption mechanism in
which the adsorption rate is largely dependent on concentration gradients rather than chemical
bonds. The results obtained from fitting the data to both models allow researchers to calculate
parameters such as the rate constants k1 and k2, and to evaluate the correlation coefficients (R2) to
determine which model best represents the experimental data. A higher correlation coefficient (R2)
value for the pseudo-second-order model typically indicates that the adsorption process is
predominantly controlled by chemisorptions or surface reaction rather than simple physical
adsorption. In general, the application of the pseudo-first-order and pseudo-second-order Kkinetic
models provides valuable insights into the adsorption mechanism of MB dye on the synthesized
adsorbents, helping to determine the rate and nature of the adsorption process, as well as optimize

conditions for maximum adsorption efficiency.
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Table 3: Parameters of pseudo-1* order and pseudo—2nd order for synthesized samples

ZnO NPs Fe-ZnO NPs
Pseudo-1% Pseudo 2"- | Pseudo -1% Pseudo-2"
order order order order
ge(experimental) 6.12 6.12 7.04 7.04
ge(calculated) 0.003 6.02 0.0967 6.95
K 0.00021 -0.421 -0.00071 -0.4721
R 0.454 0.999 0.572 0.999

The data presented in Table 3 shows the parameters derived from the pseudo-first-order and
pseudo-second-order kinetic models for the adsorption of methylene blue (MB) dye on to ZnO NPs
and Fe-ZnO NPs. The key parameters in the table include the experimental adsorption capacity ge
(in mg/qg), the calculated adsorption capacity (ge calculated from the respective kinetic model), the
rate constant (k) for each model, and the correlation coefficient (R2).

Analysis of ZnO NPs

For ZnO NPs, the experimental equilibrium adsorption capacity (qge) is 6.12mg/g for the pseudo-
first-order and 6.12 mg/g for the pseudo-second-order model, suggesting that the experimental
values for both models are the same. However, the calculated values for each model are quite
different. The pseudo-first-order model yields a very low calculated ge of 0.003 mg/g, which is
much smaller than the experimental value. This indicates a poor fit of the first-order model to the
data. On the other hand, the pseudo-second-order model shows a much more accurate calculated
value of 6.02 mg/g, which is very close to the experimental value of 6.12 mg/g, suggesting that the
adsorption process follows a pseudo-second-order kinetic model more closely. The rate constant of
the pseudo-first-order model (8) is very small (0.00021), which further indicates that this model
does not accurately describe the head adsorption kinetics. In contrast, the rate constant of the
pseudo-second-order model (6 = -0.421) is much more significant, which reflects a better fit to the
data and suggests that the head adsorption rate is controlled by a second-order process, including
chemisorption. The correlation coefficient (62) of the pseudo-first-order model is 0.454, which is a
fairly low value, indicating a poor fit of the data to the model. In contrast, the pseudo-second-order
model has a very high value of 82 (0.999), which suggests that the pseudo-second-order model
provides an excellent fit to the experimental data and that the head adsorption process is dominated

by a second-order mechanism.
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Fe-ZnONP Analysis For Fe-ZnONP, the experimental equilibrium adsorption capacity (89) is 7.04
mg/g for both the pseudo-first-order and pseudo-second-order models, which is again identical. The
calculated values for the two models show a significant contrast. The pseudo-first-order model
gives a calculated value of 80 0.0967 mg/g, which is much smaller than the experimental value,
indicating a poor fit of this model. However, the pseudo-second-order model gives a calculated
value of 6.95 mg/g, which is very close to the experimental value of 7.04 mg/g. This indicates that
the adsorption process is better described by the second-order model. The rate constant (8) of the
pseudo-first-order model is -0.00071, which is very small, further confirming the poor fit of this
model. In comparison, the rate constant of the pseudo-second-order model (6=-0.4721) is more
significant, indicating a significant adsorption rate consistent with the second-order kinetic model.
The correlation coefficient of the pseudo-first-order model is 0.572, which is relatively low and
further confirms that this model does not adequately describe the adsorption kinetics. However, the
pseudo-second-order model shows a perfect fit with a 82 value of 0.999, further supporting the idea
that the adsorption process follows the second-order kinetic model for Fe-ZnO nanoparticles.
Overall, the data suggest that the adsorption of methylene blue (MB) dye on both ZnO and Fe-ZnO
nanoparticles is better described by the pseudo-second-order kinetic model. The low correlation
coefficients and poor fit to the pseudo-first-order model for both adsorbents indicate that the
adsorption process is not controlled by a simple first-order mechanism. The high values of 82) for
the pseudo-second-order model (close to 1 for both adsorbents) suggest that the release or
formation of chemical bonds between the head sorbate (MB dye) and the head adsorbents (ZnO or
Fe-ZnO nanoparticles) is the dominant mechanism controlling the process adsorption. Furthermore,
the adsorption capacities calculated from the pseudo-second-order model are in good agreement
with the experimental values, which further validates the second-order kinetic model to explain the

dye adsorption on both ZnO and Fe-ZnO nanoparticles
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CHAPTER FIVE

5. CONCLUSION AND RECOMMENDATION

5.1 Conclusion
In this study, the adsorption of methylene blue (MB), a widely used synthetic dye and model pollutant, was

investigated using zinc oxide (ZnO) and iron-doped zinc oxide (Fe-doped ZnO) nanoparticles. The
objectives were to examine how these nanoparticles behave under various operating conditions and to
evaluate their potential as adsorbents for the removal of toxic dyes from aqueous solutions. To achieve this,
the synthesized adsorbents were characterized using several analytical techniques, including X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and ultraviolet-visible (UV-VIS)
spectroscopy. ZnO and Fe-doped ZnO nanoparticles were synthesized and detailed structural and optical
analyses were performed. The XRD patterns showed that both ZnO and Fe-doped ZnO particles exhibited
the hexagonal wurtzite structure characteristic of ZnO.

The diffraction peaks were sharp, indicating the high crystallinity and purity of the phase. The presence of
well-defined peaks indicates that the nanoparticles are well formed and have a consistent crystal structure.
This structural perfection is very important for efficient adsorption of contaminants, as the surface properties
play a crucial role in the interaction with the dye molecules. The average particle size of the nanoparticles
was calculated using X-ray diffraction analysis. The results showed that the average particle size of pure
ZnO nanoparticles was about 24 nm, while the iron-doped ZnO nanoparticles showed a slightly smaller
average particle size of 20 nm. The smaller particle size of the iron-doped ZnO could be attributed to the
influence of iron ions during the synthesis process, which facilitates better nucleation and thus produces
finer nanoparticles. Smaller nanoparticles generally have a larger surface area, which can enhance the

adsorption efficiency.

The FTIR spectroscopy spectrum of the nanoparticles showed various absorption peaks, which helped in
identifying the functional groups present on the nanoparticle surface. The spectrum indicates the presence of
hydroxyl groups (-OH), which are typical of metal oxide surfaces. In addition, functional groups such as
flavonoids, alkaloids, and tannins derived from plant extracts were identified, confirming the role of plant
extracts in stabilizing the nanoparticles. These organic functional groups are important in enhancing the
stability of the nanoparticles and may contribute to the overall dye removal process through additional
interactions with dye molecules. UV-vis analysis showed significant changes in the absorption spectra of

iron-doped ZnOn nanoparticles compared to pure ZnO. The absorption peak of pure ZnO occurred in the
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UV region, which is typical of ZnO nanoparticles due to their wide band gap. However, the absorption
spectra of Fe-doped ZnO nanoparticles shifted toward the visible range, indicating that the band gap was
narrowed due to Fe doping. This change in absorption wavelength suggests that Fe-doped ZnO nanoparticles
may be more effective under visible light, which is important for practical applications where UV light is not
always available. The adsorption efficiency of the nanoparticles for methylene blue dye removal was tested
under various operating conditions. Several factors were optimized to determine the best conditions for

maximum dye removal.

5.2 Recommendation
Based on the findings of this study, several recommendations can be made for further research and

potential applications of Fe-doped ZnO nanoparticles in environmental remediation, particularly in

the removal of toxic dyes like methylene blue from wastewater:

Further Optimization of Synthesis Conditions: While the synthesis conditions for Fe-doped ZnO
nanoparticles in this study were optimized for methylene blue dye removal, further research can
explore the influence of additional synthesis parameters, such as temperature, precursor

concentration, and iron doping levels.

Study of Other Pollutants: Although methylene blue was used as the model pollutant in this study,
it is essential to assess the adsorption efficiency of Fe-doped ZnO nano particles for a wider range
of industrial pollutants, such as organic dyes, heavy metals, and pharmaceutical contaminants.
Testing the versatility of Fe-doped ZnO as a biosorbent in removing various contaminants from
wastewater would provide a more comprehensive understanding of its potential for broad

environmental applications. Comparative studies between different types of metal oxide

Nano particles (e.g.Fe-doped ZnO vs Fe-doped TiO-, or ZnO vs.CuO) could also provide valuable
insights into optimizing adsorbent selection. Scale-Up and Pilot Studies: While this study
demonstrated promising results in the laboratory, scaling up the synthesis process and conducting
pilot-scale studies will be essential for assessing the practicality of using Fe-doped ZnO
nanoparticles in real-world wastewater treatment. These studies should focus on evaluating the
performance of the nanoparticles under varying environmental conditions, such as different
temperatures, pH levels, and complex water matrices (e.g presence of salts, competing ions, or
organic matter). Additionally pilot studies can provide important data on the economic feasibility
and technical challenges associated with large-scale applications
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APPENDIX

Figure 2: adsorption experiment stirring by digital magnetic stirrer
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Figure 3: Filtration process in adsorption experiment
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