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ABSTRACT

A morphologically modified PANI/ZnO Nanocomposite was synthesized using leaf extract
from Solanecio gigas (S. gigas) a reducing and capping agent for the photocatalytic
degradation of Crystal Violet (CV) under natural sunlight irradiation. Additionally, PANI
and pure ZnO NPs were synthesized via a green route, and the nanomaterials were
characterized using spectroscopic techniques such as UV-Vis, FT-IR, SEM, and XRD. The
blue-shift in the absorption peak of PANI/ZnO NCs suggests a change in electronic
structure, potentially due to a type-ll heterojunction between PANI and ZnO. FTIR
analysis revealed red-shifted peaks, indicating hydrogen bonding between ZnO and PANI.
Morphologically, the composite material combines the roughness of ZnO NPs with the
smoothness of PANI. XRD patterns showed overlapping peaks from the composite with a
crystalline size of 5.577 nm, which is smaller than the crystalline size of ZnO NPs (9.455
nm). This reduction in size is likely due to the formation of a polymer-Zn complex on the
nanoparticle surface. The photocatalytic activity of the polyaniline/ZnO nanocomposite in
degrading CV in aqueous solution under natural sunlight irradiation was evaluated and
compared with that of ZnO nanoparticles. The effects of experimental conditions such as
pH, photocatalyst dosage, and CV concentration were investigated with 91.20% and
99.06% at pH 11, 99.47% and 99.97% at 0.12 g, and 94.93% and 96.20% at 20 ppm for
both ZnO NPs and PANI/ZnO NCs. The ZnO/polyaniline nanocomposite exhibited higher
photocatalytic activity at 98.25% compared to ZnO nanoparticles at 92.76% under
optimal conditions after 60 minutes of sunlight exposure. Kinetics studies indicated that
the degradation rate fit well with the pseudo-first-order kinetics model, showing an R?
value of 0.968 for PANI/ZnO NCs. The composite demonstrated good catalytic activity
with four cycles of reusability time compared to non-coated ZnO NPs. These findings
highlight the potential of S. gigas plant-assisted PANI/ZnO NCs as effective and
sustainable nanocatalysts with promising applications in catalytic decomposition of

organic contaminants for environmental remediation.

Keywords: Crystal violet Dye degradation, Photocatalytic Activity, PANI/ZnO
nanocomposite, S. gigas plant, Sunlight irradiation
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CHAPTER ONE

1. INTRODUCTION
1.1. Background of the Study

The increasing population has resulted in a significant rise in the contamination of surface and
groundwater. One of the major sources of environmental pollution is organic dyes, which are
commonly used in industries such as textiles and food. These dyes are non-biodegradable and
highly toxic to aquatic organisms, as well as having carcinogenic effects on humans. Aromatic
amines, such as crystal violet (CV), can easily enter the body through water or sweat absorption,
making them particularly harmful to exposed areas like the skin and mouth. CV is widely used in
industries such as textile and paper dyeing, as well as in printing inks and biological stains in
veterinary and human medicine [1, 2].

Traditional methods like adsorption, flocculation, chemical oxidation, coagulation, ozonolysis,
and ion exchange have been employed over the past few decades to treat polluted air and water
systems. However, these methods have limitations in terms of sustainability and effectiveness
[3]. In recent years, nanoscience and nanotechnology have played a crucial role in developing
nanoparticles-based photocatalysts for degrading organic compounds in contaminated air and
water. These photocatalysts aim to convert harmful organic dyes into harmless chemicals,

thereby reducing the damage caused by dye pollution to the environment and human health [1].

Metal oxide nanoparticles, including ZnO [3, 4], TiO, [5], and CuO [6], have been extensively
utilized in the photocatalytic degradation of non-biodegradable dyes. Researchers have focused
on enhancing pollutant degradation rates by integrating inorganic materials with conductive
polymers to leverage their synergistic and complementary properties [8]. Conductive polymers,
known for their excellent hole-conducting abilities, serve as stabilizers or surface capping agents
when combined with metal or semiconductor nanoparticles [9]. ZnO, a wide band gap
semiconductor with a 3.37 eV band gap and a 60 meV exciton binding energy, exhibits potential
for laser emission at room temperature due to its ability to capture high-energy photons,
particularly UV light [2]. These properties make ZnO suitable for various optical and electronic
applications, such as photovoltaic devices and solar cells. Polyaniline (PANI), a highly

conductive polymer, is a promising material in polymer research due to its simple synthesis
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process, high environmental stability, and diverse applications in electrochromic devices, light-

emitting diodes, corrosion-resistant coatings, and electrostatic discharge protection[4], [10].

Numerous studies have focused on enhancing electron emission and photocatalytic activity of
ZnO nanoparticles when combined with polyaniline conductive polymer through chemical and
physical synthesis methods [11, 12]. However, these conventional approaches have limitations.
To address this, the green synthesis of ZnO nanoparticles utilizing biological resources like
plants, bacteria, algae, and fungi has garnered interest due to their abundant availability, cost-
effectiveness, low toxicity, and ability to produce stable nanoparticles with precise sizes and
shapes. Plant extracts serve naturally as reducing, stabilizing, and capping agents during the
synthesis of nanoparticles [13].

The study aimed to investigate the comparative photocatalytic activity of pure ZnO nanoparticles
and PANI/ZnO nanocomposites under natural sunlight irradiation for the degradation of Crystal
Violet, utilizing a leaf extract of Solanecio gigas as a bioreducing and capping agent. Solanecio
gigas belongs to the Senecioneae family of plants, which includes species including Cacalia,
Crassocephalum, Emilia, and Senecio, all of which can biosynthesis hepatotoxic pyrrolizidine
alkaloids. The plant’s widespread use as natural medicine, as well as its taxonomic similarities to
the well-studied Senecio species, sparked our interest in conducting scientific research on it [14].
The green synthesis of ZnO nanoparticles using biological resources like plants has gained
attention for its ease of availability, low cost, low toxicity, and capacity for large-scale synthesis
of stable nanoparticles with controlled size and shape. In this study, new Solanecio gigas extract-
assisted ZnO nanoparticles, PANI, and PANI/ZnO nanocomposites were synthesized in an
aqueous diethylene glycol solution via chemical oxidation of aniline for the first time. The
surface structure and morphology of the synthesized materials were characterized using
spectroscopic techniques. The photocatalytic activities of the green-synthesized ZnO
nanoparticles and PANI/ZnO nanocomposites were evaluated by monitoring the degradation of
CV dye under natural sunlight irradiation. The study also investigated the effects of organic dye
type, irradiation time, photocatalyst amount, and the reusability of photocatalysts on the
photocatalytic activity. This research demonstrates the potential for developing efficient and
environmentally friendly photocatalysts for the removal of hazardous organic dyes from

wastewater.
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1.2.  Statement of the Problem

Today, the environmental pollution jeopardizes the survival of life, driven by rapid urbanization
and industrial growth. Its impact is strong on the developing countries like Ethiopia, due to low
income and lack of wastewater management and treatment technologies. Industrial based
pollutions stemming from various sources, including inorganic, organic, and organometallic
compounds, poses a significant risk to ecosystems. Of particular concern are persistent organic
pollutant dyes, known for their toxicity and harmful effects on the environment [1]. Over the last
two decades, researchers have designed and applied various strategies to develop sustainable
methods like green synthesis of ZnO nanoparticle for the photocatalytic degradation of toxic
environmental pollutants over conventional methods [4]. However, these methods are challenged
in photocatalytic efficiency due to their good absorption in the UV region of solar light, which
constitutes small portion of the total radiation [2, 15]. Additionally, the synthesis of nanoparticles
using physicochemical methods have been remain expensive, use of toxic, hazardous and non-
ecofriendly chemicals, use of high pressure, temperature and energy, required complication
operative conditions [16]. Therefore, this study aimed to develop a simple, cost-effective, eco-
friendly, sustainable, and green method for environmental remediation and enhance the
efficiency by using semiconductor surface structure modification with polyaniline. To the best of
my knowledge, the green synthesis of ZnO NPs and PANI/ZnO NCs using the leaf extract of S.
gigas by the simple green method had never been reported so far. To cover this gap and explore
the role of S. gigas plant for environmental remediation in PANI/ZnO NCs matrix has a novelty,
which was considered the best modification in both physiochemical property of ZnO
semiconductor could be more suitable for solar light on a with efficient photocatalytic properties
for sustainable degradation of toxic pollutant dyes.

1.3. Objectives
1.3.1. General Objective

The main objective of this study was to synthesize ZnO/PANI Nanocomposite using plant

extract and evaluate the Photocatalytic degradation of crystal violet using the nanocomposites.

1.3.2. Specific Objectives

+ To synthesize ZnO and ZnO/PANI nanomaterials using the leaf extract of S. gigas.
18



+ To characterize the synthesized ZnO NPs, PANI, and ZnO/PANI using XRD, UV-Vis,
SEM, and FT-IR techniques.

+ To evaluate the photocatalytic activity of the synthesized pure ZnO and PANI/ZnO NCs
against CV.

1.4. Significance of the Study

This study focused on the synthesis of PANI/ZnO nanocomposites to enhance photocatalytic
efficiency in degrading the organic pollutant dye CV. Utilizing plant leaf extract from S. gigas as
a reducing agent, the research aimed to modify the optical properties of ZnO through surface
modification with polyaniline, facilitating sustainable and eco-friendly degradation of organic

pollutants. Moreover, the findings of this research could be used for:

+ Provided valuable insights into the impact of pollutants discharged from industries,
particularly dyes, on ecosystems.

+ Providing further awareness for researchers about the application of the green
synthesized PANI/ZnO NCs and upgrading the knowledge about the PANI/ZnO
NCs regarding its photocatalytic activity.

+ It demonstrated simple, cost-effective, and eco-friendly methods for treating
industrial effluents before their discharge into the ecosystem, promoting reuse.

+ Served as baseline information for researchers, expanding their knowledge on
modifying MONPs for enhanced photocatalytic activity, and highlighted the

environmental application of S. gigas.
1.5. Scope of the Study

The scope of this study is to investigate the photocatalytic degradation of crystal violet under
solar irradiation using a biosynthesized ZnO-based polyaniline and capping agent. The study
aims to explore the potential of photocatalytic degradation of the organic pollutant dye (CV)
under natural sunlight irradiation in order to contribute to the development of an efficient and
sustainable photocatalyst for environmental remediation. Characterization of the synthesized
ZnO nanoparticles, polyaniline (PANI), and ZnO/PANI composite was done using X-ray
diffraction (XRD), UV-Vis spectroscopy, scanning electron microscopy (SEM), and Fourier-

transform infrared spectroscopy (FT-IR) techniques.
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CHAPTER TWO
2. LITERACTURE REVIEW

2.1. Environmental Pollutions and Toxicity of Dye

We are in the era of urbanization and industrialization, which requires different domains of
electronics, energy storage devices, ecological remediation, microbial inhibition, medical
implants and optical appliances [17]. About 10,000 different commercial organic dyes and
pigments exist and more than 7x105 tons are produced per year over the worldwide and have
been used in many industries such as textiles, printing, leather, pulp, food and plastics, etc.
Approximately, 10-15% of these dyes is released through effluents after dying processes and can
cause the environmental pollution [18]. As these compounds are toxic and carcinogenic in
nature, their impact on the environment and human health is a major concern. Furthermore, these
dyes impart color to aqueous body by blocking the penetration of sunlight and dissolution of

oxygen [19].

Generally, dyes are complex unsaturated aromatic compounds with accomplishing characteristics
like color, intensity, solubility, fastness, and substantiveness. Dyes are substances that, when
applied to a substrate provides color by a process that alters, at least temporarily, any crystal
structure of the colored substances. Such substances with considerable coloring capacity are
widely employed in the textile, pharmaceutical, food, cosmetics, plastics, photographic and paper
industries. The dyes can adhere to compatible surfaces by solution, by forming covalent bond or
complexes with salts or metals, by physical adsorption or by mechanical retention [20]. Unlike
most organic compounds, dyes possess colour because they 1) absorb light in the visible
spectrum (400-700nm), 2) have at least one chromophore (colour-bearing group), 3) have a
conjugated system, i.e. a structure with alternating double and single bonds, and 4) exhibit
resonance of electrons, which is a stabilizing force in organic compounds. When any one of
these features is lacking from the molecular structure the colour is lost. In addition to
chromophores, most dyes also contain groups known as auxochromes (colour helpers), examples
of which are carboxylic acids, sulfonic acid, amino, and hydroxyl groups. While these are not

responsible for colour, their presence can shift the colour of a colourant and they are most often
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used to influence dye solubility [21]. Figure 1 shows examples of chromophoric group found in

organic dyes.

\ o/

N C—=N
=

Azo Methine Nitro

O
Ph
C
o] Ph
Anthraquinone Triarylmethane

Figure 1: Examples of chromophoric groups presents in organic dyes

Crystal violet, chemically known as methyl violet 10B, is a synthetic dye with the
formula C,5H5,CIN5, characterized by its distinctive purple coloration (Figure 2). It is a member
of the triphenylmethane family and has been extensively utilized in various applications due to
its intense staining properties. In the field of microbiology, crystal violet plays a pivotal role in
the Gram staining protocol, a fundamental technique for bacterial classification based on cell
wall composition [22]. The dye's affinity for bacterial peptidoglycan allows for the
differentiation between Gram-positive organisms, which retain the violet stain, and Gram-
negative organisms, which do not. Beyond its diagnostic utility, crystal violet has also been
employed in the textile industry as a fabric dye and in forensic science for fingerprint detection
[23]

However, its widespread use has raised environmental concerns, particularly regarding water
contamination. Studies have shown that crystal violet is recalcitrant to biodegradation, posing

potential ecological and health risks [1]. Consequently, research efforts have been directed
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towards developing sustainable methods for its remediation, such as adsorption techniques using
low-cost and eco-friendly materials [23]. These studies not only aim to mitigate the
environmental impact of crystal violet but also contribute to the advancement of green chemistry
practices.

o o
N N_
O L™

/N+\ Cl
H,C™ “CH,

Figure 2: Chemical structure of Crystal violet

2.2. Nanoparticles

Nanotechnology is the technological innovations in the 21st century. Research and development
in this field is growing rapidly throughout the world. A major contribution of this field is the
development of new materials in the nanometer scale. Nanotechnology emerges from the
physical, chemical, biological and engineering sciences where new techniques are being
developed to probe and maneuver single atoms and molecules for multiple applications in
different field of scientific world [24].

Nanoparticles are particles between 1 and 100 nanometers in size. In nanotechnology, a particle
is defined as a small object that behaves as a whole unit with respect to its transport and
properties. Particles are further classified according to diameter. Nanoparticle research is
currently an area of intense scientific interest due to a wide variety of potential applications in
biomedical, optical and electronic fields. The interesting and sometimes unexpected properties of
nanoparticles are therefore largely due to the large surface area of the material, which dominates

the contributions made by the small bulk of the material [25].
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Nanoparticles, according to the ASTM standard definition, are particles with lengths that range
from 1 to 100 nanometers in two or three dimensions [26]. A nanoparticle is defined as the

smallest unit that can still behave as a whole entity in terms of properties and transport.

Nanoparticles are used in bio applications such as therapeutics, antimicrobial agents, drug
delivery agents, biosensors, imaging contrast agents, transfection vectors, and fluorescent labels.
Nanoparticles are of great scientific interest as they bridge the gap between bulk materials and
atomic or molecular structures. A bulk material has constant physical properties regardless of its
size, but at the nanoscale this is often not the case. Several well-characterized bulk materials

have been found to possess most interesting properties when studied in the nanoscale.

Nanoparticles belong to the wider group of nanomaterials, where the prefix ‘nano’ refers
toinfinitesimal physical dimensions and where particles are defined as a “minute piece of matter
with defined physical boundaries” where “physical boundary can also be described as an
interface”. Many definitions have been proposed for nanoparticles and nanomaterials. Early
definitions were based mainly on size, but with an increased understanding of the governing
characteristics of nanomaterials, definitions have been refined. Definitions can be divided into
two groups: regulatory and scientific. Regulatory definitions are often simplified to encompass
the wide range of different nanomaterials in order to provide a common ground for discussion
among regulators, industry and public. Some efforts are seen in the scientific literature to define
nanoparticles based on their novel size-dependant properties. For example, it has been suggested
that for inorganic nanoparticles, only particles of sizes below 30 nm exhibit properties that are

different from the corresponding larger (bulk) particle of the same material.

A common definition of engineered nanoparticles, combining both size and property
characteristics, is as particles with dimensions of about 1 to 100 nm, purposefully manufactured
to have unique properties [27]. The chemical and physical properties of nanoparticles do not only
depend on their size, but also on their composition which can be organic (polymers, lipids) as

well as inorganic (metal, metal oxides, metalloid, metalloid oxides) or a mixture of both.

2.3.  Types of Nanoparticles

The nanoparticles are classified into different types on the basis of morphology, size and shape.

Some of the important classes of nanoparticles are mention in this review.
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2.3.1. Organic Nanoparticles

The organic nanoparticles include ferritin, micelles, dendrimers and liposomes. The organic
nanoparticles are not toxic, biodegradable and some organic nanoparticles have A hallow sphere
i.e. micelles and Liposomes. It is also familiar with name of nanocapsules which are heat and
light sensitive [28]. Organic nanoparticles are an ideal choice for drugs delivery due to these
characteristics. Then nanoparticles are also widely used in target drug delivery. The organic
nanoparticles are also known as polymeric nanoparticles. The most known shape of organic or
polymeric nanoparticles is nanosphere or nanocapsule [29]. The matrix particles are former
overall mass of which is solid and outer boundary of spherical surface adsorbs other molecules in

the latter case, particles encapsulated the solid mass [30].
2.3.2. Inorganic Nanoparticles

Carbon is not present in inorganic nanoparticles. The inorganic nanoparticles are not toxic. The
inorganic nanoparticles are biocomaptiable and hydrophilic. The inorganic nanoparticles are
highly stable than organic. The inorganic nanoparticles are classified into metal and metal oxide

nanoparticles [29].
2.3.3. Metal Nanoparticles

Metals are used to synthesize Metallica nanoparticles by using destructive or constructive
methods. The metal precursors are used to make the pure metal nanoparticles. The metal
nanoparticles possess unigque optoelectrical properties due plasma on resonance characteristics.
The syntheses of metal nanoparticles are controlled by shape, facet and size [31]. The
nanoparticles of all metals can be synthesized [32]. The nanoparticles of aluminum, gold, iron,
lead, silver, cobalt, zinc, cadmium and copper are well-known metal nanoparticles. Nanoparticles
exhibited distinctive properties due to the small size (10-100 nm), surface properties such as
surface area to volume ratio, surface charge, pore size, surface charge density, structure
(crystalline and amorphous), shapes (spherical, rod, hexagonal, tetragonal, cylindrical and
irregular), color and environmental factor (sunlight, moisture, air and heat) [31].

2.3.4. Metal Oxide Nanoparticles

The purpose of the synthesis of metal oxide nanoparticles is to modify the property of their

respective metals nanoparticles such as iron nanoparticles are oxidized to iron oxide
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nanoparticles. The reactivity of iron oxides nanoparticles is increased as compared to the iron
nanoparticles. Due to an increase in reactivity and efficiency of metal oxide, the nanoparticles of
metal oxides are synthesized [33]. The example of metal oxide nanoparticles are zinc oxide,

silicon dioxide, iron oxide, aluminum oxide, cerium oxide, titanium oxide and magnetite.
2.3.5. Ceramic Nanoparticles

Ceramic nanoparticles are also known as nonmetallic solid. The ceramics nanoparticles are
synthesized via heating or successive cooling. The ceramic nanoparticles may polycrystalline,
amorphous, porous, dens or hollow form [33]. The researchers focus on these nanoparticles due
to their wide application such as photodegradation of dye, photocatalysis, catalysis and imaging

applications [34].
2.3.6. Biological Nanoparticles or Bio-nanoparticles

Biological or Bio-nanoparticles is an assembly of atom or molecules which is prepared in the
biological system having at least one dimension in the range of 1-100 nm. All bio nanoparticles
are naturally occurring nanoparticles. These nanoparticles are dividing into two categories
intracellular structure and extracellular structure. Magnetisms are an example of intracellular
structure and lipoproteins and viruses are examples of extracellular structure. Magnetisms,

exosomes, ferritin, lipoproteins and viruses are examples of bio nanoparticles [33].
2.4. Zinc Oxide Nanoparticles

ZnO is a wide band gap semiconductor material with a direct band gap of 3.37 eV and high
binding exciton energy of 60 meV at room temperature. ZnO is in an n-type semiconductor by
nature due to the presence of intrinsic defects such as oxygen vacancies and Zn interstitials [35].
Zinc oxide nanoparticles (ZnO NPs) are one of the metal oxide nanoparticles which are nontoxic
with refractive index of 2.0041. They are also hydrophobic inorganic compound existing in
white powder form. The crystal structure of ZnO is in hexagonal-wurzite as shown in Figure 3

where oxygen atoms (Purple spheres) are tetrahedral coordinated to Zn atom (Violet spheres).
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Figure 3: Hexagonal-Wurzite structure of ZnO [36].

This structure contributes to the high piezoelectricity property. Piezoelectricity of ZnO arises
from its crystal structure and makes it applicable for acoustic wave resonators and acoustic-optic
modulators. Also, because of its Centro symmetric structure, it is the highest tensor among all
semiconductors and gives large electromechanical coupling. ZnO nanoparticles are categorized
as 11-VI semiconductor as zinc and oxygen are from the 2" and 6™ group in periodic table,
respectively. Thus, it can tolerate large electric fields, high temperature, and high power

operations, high reflection rate, high photoelectric and non-linear optical coefficient [36].

2.4.1. Modification of Zinc Oxide Nanoparticles

Some modifications were implemented to enhance the applications of ZnO nanoparticles, for
instance in hydrothermal method. This method involves the reaction of precursor chemicals in an
aqueous solution under high pressure and temperature conditions, causing the precursor
chemicals to react and form nanoparticles. Because of its low process temperature, eco-

friendliness, low cost, scalability, use of basic equipment, and simplicity of handling, it is an
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effective alternative synthetic technique that has attracted a lot of interest. When the temperature,
duration, and precursor concentration of the hydrothermal process are altered, the shape and size
of the particles can be adjusted. Controlling nanoparticle size, addition of surfactant, and doping
with magnetic ions.Surfactant is a surface active agent who tends to reduce the surface tension of
liquid and act as dispersant. Basically, it is an amphiphilic organic compound whereby it
possesses both hydrophilic and hydrophobic characteristics. Indeed, it is proven that addition of
surfactants is essential to prevent agglomeration. The presence of water molecules in ZnO
nanoparticles leads to the formation of hard agglomerates. In order to setback this condition,
surface modification with addition of surfactants were emphasized to increase their dispersibility
[37].

Recent advancements in nanotechnology have led to significant interest in the modification of
zinc oxide nanoparticles (ZnO NPs) due to their versatile applications in various fields, including
medicine, electronics, and agriculture [38]. The modification of ZnO NPs often aims to enhance
their functional properties, such as increasing their reactivity, stability, or compatibility with
other materials. Techniques such as doping with other elements, surface functionalization, and
composite formation have been explored to tailor the physicochemical characteristics of ZnO
NPs for specific applications [39]. For instance, doping ZnO NPs with metals like silver or
copper can impart antimicrobial properties, making them suitable for use in biomedical devices.
Surface modification with organic molecules or polymers can improve the dispersibility of ZnO
NPs in various solvents, which is crucial for their application in coatings or as additives in
composite materials [38]. Furthermore, the incorporation of ZnO NPs into matrices like
polymers or ceramics can result in composites with enhanced mechanical, thermal, or electrical
properties [40]. These modifications not only expand the potential uses of ZnO NPs but also
contribute to the development of more efficient and sustainable materials for future technological

advancements.

2.4.2. Conducting Polymer and Polyaniline (PANI)

Conducting polymer composites are a suitable composition of a conducting polymer with one or
more inorganic nanoparticles, so that their desirable properties are successfully combined
successfully. Inorganic—organic composite materials are important due to their extraordinary

properties, which arise from the synergism between the properties of the components. These
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materials have gained much interest due to the remarkable change in properties such as
mechanical, thermal, electrical, and magnetic compared to pure organic polymers [41]. Metal
oxide-Polyaniline (PANI) nanocomposites have attracted significant attention due to their unique
electrical, optical, and catalytic properties. These nanocomposites are promising materials for

various applications such as sensors, energy storage devices, and environmental remediation.

In recent times, polyaniline (PANI) has gained significant attention as a conducting polymer due
to its superior electrical and optical characteristics, enhanced air and water stability, and cost-
effective synthesis process. These characteristics have led to the use of polyaniline in many
different applications, including electrocatalysis, batteries, corrosion prevention, and separation
membranes. Nevertheless, PANI's usefulness is restricted to acidic environments (pH less than

3), and the neutral polymer remains insoluble in standard solvents.

Figure 4: Polyaniline general formula

There are three distinct oxidation states for polyaniline. The oxidative polymerization of aniline
in aqueous acids yields green protonated emeraldine, the most significant form of polyaninline.
Because of the cation radicals in its structure, it has an electrical conductivity of s = 10 -100
S/cm [42]. Considerable thought has gone into creating processes for the synthesis of
nanoparticles and nanocomposites of electroactive polymers with noble metals or metal oxides,
based on the special benefits of nanosized materials. Based on this, metal nanoparticle—
polyaniline composites, such as NiO/CuO/PANI graphene/PANI/polystyrene, were used to

create electrochemical sensors [43].

2.4.3. Polyaniline Coupled ZnO NCs

The integration of polyaniline (PANI) with zinc oxide nanoparticles (ZnO NPs) has emerged as a
promising approach in the field of material science, particularly for the development of advanced

functional materials. The coupling of PANI, a conductive polymer, with ZnO NPs results in a
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hybrid material that synergistically combines the unique properties of both constituents. The
electrical conductivity of PANI, along with the semiconducting, photocatalytic, and antibacterial
properties of ZnO NPs, makes this composite material highly suitable for applications in sensors,
energy storage, and environmental remediation. The interaction between PANI and ZnO NPs can
be tailored through various synthesis methods, such as in-situ polymerization or electrochemical
deposition, which allows for the control of the composite’s morphology and conductivity.
Moreover, the PANI-coupled ZnO NPs have shown enhanced stability and selectivity, making
them effective in detecting specific analytes in complex matrices. The ongoing research in this
domain aims to optimize the synthesis process and to explore the full potential of PANI-coupled

ZnO NPs in emerging technologies [44].

PANI/metal oxide nanoparticles composites can be exploited to store energy owing to the
synergistic influence between PANI and metal oxides. P-Conjugated chain of ICPs, like PANI, is
responsible for their pseudo capacitance and capacitance, which makes them outstanding
electrode materials. On the other hand, the challenge of volumetric shrinkage and low
conductance during the ejection of ions is overcome when the metal oxides are added.

Surfactants have also been used as soft templates to achieve composite nanostructures [45].

2.5.  Synthesis Methods of ZnO Nanoparticles

There are two approaches for synthesizing nanoparticles: "top-down" and "bottom up." The top-
down approach the method involves breaking down large-scale bulk material into nanoscale
particles, which can be achieved by several methods like as milling, attrition process, and electro
explosion wire technique. Bottom-up approach Constructing a substance molecule by molecule,
atom by atom, and cluster by cluster is known as the bottom method. Physical forces acting on
the nanostructure employed to combine the particles into a bigger one during the assembly
process [46]. Commonly, the synthesis methods are nanoparticles are classified in to three
physical, chemical and biological.

2.5.1. Physical Methods

The physical methods for nanoparticle synthesis include thermolysis, physical vapor deposition
(PVD), pulsed laser method, microwave-assisted synthesis, high energy ball milling, melt
mixing, laser ablation, ion implantation, sputter deposition, electric arc deposition, etc. Each of
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these methods changes one physical parameter; for instance, temperature is changed in
thermolysis, pressure in ball milling, pH in ion implantation, laser ablation changes radiation,
etc. The desired size and shape of the nanoparticles can be obtained by optimizing and
maintaining the optimized parameters. However, primary disadvantages of physical methods
include expensive equipment, time-consuming procedures, and higher parameters that are not

favorable to the environment [46, 45].
2.5.2. Chemical Methods

Through chemical reaction processes, the chemical synthesis techniques used to produce metal
oxide nanoparticles can be employed to produce more structured and complex nanomaterials.
The reducing agent (chemicals) used in these methods are extremely reactive and poisonous
substances such sodium borohydride and hydrazine hydrate, which can release hazardous
byproducts that can negatively impact the environment, wildlife, and vegetation by releasing
toxic by-products [47]. Chemical vapor deposition, soil gel, solvothemal process,
polymerization, and another chemical precipitation techniques are examples of chemical
methods for the synthesis of NPs. most of the chemical methods utilized to synthesize
nanoparticles involve the use of hazardous and harmful chemicals, which can create biological

risks, and sometimes these chemical processes are not favorable for the ecological environment.
2.5.3. Green Methods

Green chemistry is the design, development, and implementation of chemical products and
processes that reduces or eliminates the use and manufacturing of substances that are harmful to
the environment and human health. The green synthesis of MNPs and MONPs is one of the
approaches that utilization biological systems and is based on green chemistry principle. Green
synthesis of metallic nanoparticles has been adopted to accommodate various biological
materials (e.g., bacteria, fungi, algae, and plant extracts). Using plant extracts is one of the
greener ways to manufacture metal/metal oxide nanoparticles that is currently available.
Compared to fungi and/or bacteria-mediated synthesis, this method is very easy and accessible to
synthesis NPs at large scale. Green synthesis methodologies based on biological precursors
depend on various reaction parameters such as solvent, temperature, pressure, and pH conditions
(acidic, basic, or neutral). Green method is easy, economical, and environment friendly, and has

gained a lot of importance in the recently. In green methods plant (Figure 4) material such as
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fruits, leaves, flowers, roots, and seeds extract are used to synthesis metal oxide nanoparticle. For
the synthesis of metal/metal oxide nanoparticles, plant biodiversity has been broadly considered
due to the availability of effective phytochemicals in various plant extracts, especially in leaves
such as ketones, aldehydes, flavones, amides, terpenoids, carboxylic acids, phenols, and ascorbic
acids. These components are capable of reducing metal salts into metal nanoparticle [47, 48].
Successful green synthesis of ZnO NPs has been reported using a variety of plant components,
including leaves, stems, roots, seeds, latex, fruits, interior plant parts, peels, and shells.
Synthesized eco-friendly ZnO NPs using the aqueous extract of Heliotropium indicum aimed to

evaluate the antimicrobial and photocatalytic activity [4].
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Figure 4: Schematic diagrams extraction (Adopted [13])
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2.6. Solanecio gigas

2.6.1. Descriptions of Solanecio gigas

Within the sunflower family, the genus Solanecio comprises African plants belonging to the
groundsel tribe [49]. The name "Solanecio™ is a combination of the names "Solanum" and
"Senecio," referring to the purported resemblance the species have to both of these established
genera. Resemblance to Solanum is, of course, superficial [50]. S. gigas Plant shown in Figure 5
belongs to the Senecioneae family of plants, which includes species including Cacalia,
Crassocephalum, Emilia, and Senecio, all of which can biosynthesis hepatotoxic pyrrolizidine
alkaloids. The plant’s widespread use as natural medicine, as well as its taxonomic similarities to
the well-studied Senecio species, sparked our interest in conducting scientific research on it [51].
There were few scientific studies on this plant. Here, we report the composition and antibacterial

and antioxidant activity of the essential oil (EO) and various extracts of S. gigas stem bark.
2.6.2. Medicinal Values of Solanecio gigas

One of Ethiopia’s most important medicinal plants is S. gigas (Vatke) C. Jeffrey (Asteraceae) is
a large rosette plant or shrub with soft woody stems that grows up to 4 meters tall. S. gigas is
only found in Ethiopia, where it goes by the names “Yeshkoko-Gomen,” “Abezenta,” and
“Nobe.” It is also one of the most widely used plants in Ethiopian traditional medicine. The
above ground whole plant is used to cure colic, diarrhea, gout, otitis media, typhus, wound
dressing, anti-abortifacient, and mental faculty improvement (stems, leaves, and flowers).

Extracts from the roots are also used to treat typhoid illnesses [14, 51].
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Figure 5: S. gigas Plant (Photo captured by Belaynesh S. on 10 Dec 2023)

Active compounds found in plants have been shown to enhance the size, structure, and stability
of synthesized nanoparticles. One such example is flavonoids, which are a class of polyphenolic

chemicals that can effectively bind to metal ions and reduce them to nanoparticles [13].
2.7. Photocatalytic Degradation

2.7.1. Photocatalysis

Photocatalysis is defined as a photoinduced reaction which is accelerated by the presence of
catalysts. These reactions activated by the absorption of a photon with the sufficient energy
(equal or higher than the band-gap energy) of the catalysts [52]. The term photocatalyst is a
combination of two words: photo related to photon and catalyst, which is a substance altering the
reaction rate in its presence. Therefore, photocatalysts are materials that change the rate of a
chemical reaction on exposure to light. This phenomenon is known as photocatalysis.
Photocatalysis includes reactions that take place by utilizing light and a semiconductor. The
substrate that absorbs light and acts as a catalyst for chemical reactions is known as a
photocatalyst. All the photocatalysts are basically semiconductors.
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Photocatalysis is a phenomenon, in which an electron-hole pair is generated on exposure of a
semiconducting material to light. Absorption leads to a charge separation due to promotion of an
electron from valence band of the semiconductor to the conduction band, thus generating a hole
(h") in the valence band as shown in Figure 6. The recombination of the electron and the hole
must be prevented as much possible if a photocatalzed reaction must be favored [53]. The
ultimate goal of the process is to have a reaction between activated electrons with an oxidant to
produce a reduced product, and also a reaction between the generated holes with a reductant to
produce an oxidized product. The photo generated electrons could reduce the dye or react with
electron accepters such as O, adsorbed on semiconductor surface or dissolved in water reducing
it to superoxide radical an ion O*". The photocatalytic reactions can be categorized into two
types on the basis of appearance of the physical state of reactants. Homogeneous photocatalysis:
When both the semiconductor and reactant are in the same phase, i.e. gas, solid, or liquid, such
photocatalytic reactions are termed as homogeneous photocatalysis. Heterogeneous
photocatalysis: When both the semiconductor and reactant are in different phases, such

photocatalytic reactions are classified as heterogeneous photocatalysis [54].
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2.8. Experimental Parameters in Photocatalytic Degradation

Several studies have been reported the significance of operational parameters. The photo
degradation depends on the some basic parameters which are initial concentration of dyes,
amount of photocatalyst, pH of the solution, temperature of reaction medium, the intensity of
light, nature of the substrate, dopant. The oxidation rates and efficiency of the photocatalytic
system are highly dependent on a number of operational parameters that govern the photo

degradation of the organic molecule [55].
2.8.1. Effect of Initial Concentration of Dye

The photocatalysis is depends on the adsorption of dyes on the surface of photocatalyst. In the
photocatalysis process, only the amount of dye adsorbed on the surface of photocatalyst
contributes and not the one in the bulk of the solution. The adsorption of dye depends on the
initial concentration of dye. The initial concentration of dye in a given photocatalytic reaction is
an important factor which needs to be taken into account. Generally speaking the percentage
degradation decreases with increasing amount of dye concentration, while keeping a fixed

amount of catalyst [56].
2.8.2. Effect of pH

The Photo degradation of dyes is affected by the pH of the solution. The variation of solution pH
changes the surface charge of semiconductor particles and shifts the potentials of catalytic
reactions. As a result, the adsorption of dye on the surface is altered thereby causing a change in
the reaction rate. The pH determines the surface charge of the photocatalyst. Adsorption of the
dye is minimum when the pH of the solution is at the isoelectric point (point of zero charge). The
surface of the photocatalyst is positively charged below isoelectric point and carries a negative

charge above it [57].
2.8.3. Effect of Photocatalyst Load

Degradation of dye is affected by the amount of the photocatalyst. The photo degradation of dye
increases with increasing catalyst amount, which is the feature of heterogeneous photocatalysis.
The increase in catalyst amount actually increases the number of active sites on the photocatalyst
surface thus causing an increase in the formation of number of « OH radicals which can take part

in actual discoloration of dye solution. Beyond a certain limit of catalyst amount, the solution
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becomes turbid and thus blocks UV radiation for the reaction to proceed and therefore

percentage degradation starts decreasing [1, 58].
2.8.4. Effect of Temperature

An increase in reaction temperature generally results in increased photocatalytic activity
however reaction temperature >80 °C promotes the recombination of charge carriers and
disfavour the adsorption of organic compounds on the semiconductor surface. Therefore
temperature range between 20-80 °C has been regard as the desired temperature for effective

photo mineralization of organic content [53].
2.8.5. Effect of Light Intensity and Wavelength

The intensity of light affects photodegradation and it determines the extent of light absorption by
the semiconductor catalyst at a given wavelength. The degradation efficiency of dyes using a
semiconductor photocatalyst depends on the intensity of light [59]. An increase in the intensity

of light will result in increased photocatalytic reaction rates.
2.9. Kinetics of Photocatalytic Degradation

The kinetic study in photocatalytic degradation reaction involves the analysis of the rate of
degradation of a target pollutant under optimum conditions. This includes the determination of
the reaction rate constant, reaction order, and activation energy of the photocatalytic process. The
study typically involves the use of a photocatalyst material, such as metal oxide, and a light
source, such as UV light and visible to initiate the degradation reaction [6]. Based on the
experimental data, mathematical models are developed to describe the degradation Kinetics.
These models often follow rate laws such as pseudo-zero order, pseudo-first order, and pseudo-

second order, depending on the reaction mechanism.

A pseudo zero-order reaction thus is, observed for saturation coverage on the surface of the
catalyst, since the catalytic degradation rate is independent of the change in the dye

concentration, as shown in Equation (1);
[Clo—[C] = kot (1)

A plot of [C],-[C] vs reaction time gives a slope equal to the zero-order rate constant (Ko).
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On the other hand, at low initial concentrations of dye molecules, i.e., (K[C] + 1) = 1, a pseudo

first-order rate expression is obtained, as shown in Equation (2).

[Clo
In—— =kt 2
na, 1 2)

The linear region can be obtained from the plot of In([C]o/[C];) versus reaction time, in which the
slope gives the rate constant of degradation. A second-order reaction in which a single reactant is
involved is characterized by the chemical reaction (2[C] — products). Similarly, by integrating
the equation under the two boundary conditions the second-order rate constant (k).

—— — = kyt 3)

The Efficiency of photo degradation was calculated by using equation 4.

Degradation Efficiency = % x 100 4)

0

Where, Aq is absorbance before degradation and A is absorbance of the dyes at a time t, on

degradation.
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CHAPTER THREE
3. MATERIALS AND METHODS

3.1. Chemicals and Reagents

In this study zinc nitrate hexahydrate [Zn (NOj3),.6H,0] (99.9%, CHD, India), were utilized as
precursors. Sodium hydroxide, NaOH (99%, (GUJ), India) and hydrochloric acid, HCI
(99%,Altiras, USA) were used for pH adjustment. Crystal violet (AR, Samir Tech-Chem, Ltd.,
India), a cationic dye, was chosen as the organic pollutant. Ethanol, CH3;OH was used for
purification purpose. Aniline and Ammonium Peroxodisulfate (APS) from Merck Chemical
Company, India were used for the polymerization. All chemicals and reagents used for the
photocatalytic activity study were of analytical grade. Deionized water was employed to prepare

all necessary solutions and for washing purposes throughout the experiment.

3.2. Apparatus, Equipments, and Instruments

A Muffle furnace (INSIF, India, Ho), an electric grinder, electronic balance, and common
equipment such as a different types of flasks, plastic washing bottle, vial sample holder, beaker
(SCHOTT DURAN, Germany), pH meter (CG 841, Germany), ceramic crucible, mortar and
pestle, measuring cylinder (Superte, Borosilicate glass), Whatman no 1 filter paper (India),
magnetic stirrer hot plate (INSIF, H-359), centrifuge (Labofuge 200, Germany), funnel, test tube
(EIS, Pyrex glass), and metal stand setup were used for multipurpose tasks. The Ultraviolet-
visible Spectrophotometer (SM-1600 spectrophotometer) was utilized for characterization and

optimization.
3.3. Plant Material

The specimens of Solanecio gigas leaves were confirmed by Dr. Frew Mr. degafi and Mrs.
abigiya a botanist in the Department of Biology at Hawassa University.

3.4. Preparation of Solanecio gigas Extract

A Solanecio gigas leaf was collected from Dobi Kebele in Gurage Zone, washed with distilled
water, and dried at room temperature for 6 days (144 hours). Subsequently, the dried S .gigas
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leaf was ground in an electric grinder to obtain a fine powder. Following this, 10 g of the
powdered S. gigas was mixed with 100 ml of distilled water in an Erlenmeyer flask and heated at

80 °C while stirring using a magnetic stirrer for 30 minutes.

Finally, the heated S .gigas solution was allowed to cool for 20 minutes and filtered using
whatman No. 1 filter paper to obtain a fine S. gigas extract solution, [60] in Hawwasa university

instrumental laboratory as shown in Figure 7.

Figure 7: Block diagram of S. gigas extract synthesis ; sample collection (A), Washing (B),
Drying (C), S. gigas powder (D), Heating (E), Filtration and Filtrate (F)

3.5.  Green Synthesis of ZnO NPs

The experimental procedure reported by [59] was slightly modified to follow the green synthesis
of zinc oxide nanoparticles. Briefly, 2.5 ml of S. gigas plant extract was added to 25 ml 0.5 M
Zinc acetate dihydrate solution. The pH of the mixture was 6.13, 2 M NaOH was added drop
wise to maintain pH at 8, then the mixture was then stirred and heated at 70 °C for 30 min for
complete reduction and formation of a white precipitate. The aqueous extract of Solanecio gigas
leaves, known to contain a variety of biomolecules [51], was utilized in this study. These
phytochemicals possess diverse chemical and physical properties, such as antioxidant, lipid
peroxidation, and metal ion reduction and stabilization capabilities. The Solanecio gigas aqueous

leaf extract was employed to cap Zn®* ions, leading to a noticeable color change The resulting
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material was then collected via decantation, washed with distilled water to remove residuals and

oven dried at 70 °C for overnight to yield powdered ZnO nanoparticles.
3.6. Chemical Synthesis of PANI and PANI/ZnO Composite

Binary PANI/ZnO nanocomposite preparation: 300 mL of hydrochloric acid (1 N) solution and 3
mL of aniline were combined, and the mixture was agitated for 35 minutes at room temperature.
For the next ninety minutes, 0.6 g of ZnO nanoparticles were added and mixed once more.
Subsequently, 6 g of APS was dissolved in 150 mL of 1 N HCI solution, creating a 150 mL APS
solution, which was then combined drop-wise and agitated for the following 20 minutes. The
mixture was then filtered, cleaned, and dried for five hours at 85 °C in an oven. For a
comparative study, pure PANI was prepared by employing a similar process without mixing ZnO

nanoparticles. [61].
3.7. Characterization of ZnO NPs, PANI and PANI/ZnO NCs

The formation of nanoparticles and nanocomposites was analyzed by UV-Vis Diffuse reflectance
spectroscopy (JASCO V-670 UV — VIS) to elucidate and measure the optical properties in the
range of 200-800 nm. The crystalline structure of green-synthesized ZnO NPs, PANI, and
PANI/ZnO NCs was analyzed using an X-ray diffractometer (XRD- 7000, Shimadzu
Corporation, Japan model) with a voltage of 40 kV and a current of 30 mA, using Cu Ko =
1.5406 A radiation as an X-ray source in the 20 range from 10° to 80°. The functional groups and
metal-oxygen structure were analyzed by Fourier transform infrared (FT-IR) spectra of
nanoparticles, which were recorded using a Perkin Elmer FT IR BX spectrophotometer in the
range 4000400 cm—1 with samples prepared using KBr pellets. Scanning electron microscopy
(SEM) was performed for morphological study using a JEOL - JSM-1T300L.

3.8. Photocatalytic Degradation Study

To investigate the photocatalytic degradation efficiency, 50 mL solution of 5 ppm CV dye in
water was placed in 100 mL beakers, and 0.04 g of green synthesized ZnO nanoparticles was
added as photocatalysts. The pH was then adjusted to 10, and the mixture was magnetically

stirred in the dark for 30 minutes. After 30 minutes, the beaker containing the mixture was
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exposed to direct sunlight irradiation with the highest light intensity selected from 11:30 a.m. to
3:00 p.m. for one hour. Following the photocatalysis reaction, the mixture was centrifuged to
remove all nano-catalysts from the solution, and the absorbance of the CV solution before and
after degradation was recorded at 590 nm using a UV—Vis spectrophotometer. The degradation
efficiency of green synthesized ZnO nanoparticles was evaluated based on Equation 4. The
same experimental procedure was repeated to optimize the photocatalytic activity parameters by
varying different experimental parameters such as pH 2 — 14, the photocatalyst dosage (0.04,
0.08, 0.12, 0.16 and 0.20 mg), the initial concentration of CV dye (5, 10, 15, 20, and 25 ppm),
and keeping all other parameters constant to investigate the optimum of one parameter by
varying as stated. Effect of reaction time were investigated by withdrawing 5 mL aliquots of the
mixture from the photocatalysis reaction every 10 minutes while the reaction occurred with all
other photocatalytic parameters kept constant at the determined optimal point. Same procedure

was repeated for evaluation of the photocatalytic performance PANI/ZnO NCs [4].
3.9. Reusability Test

The separation of the nanocatalyst from the photodegradation experiment was conducted through
centrifugation, followed by washing with ethanol and deionized water. Subsequently, the
nanocatalyst was dried at 80°C in an oven for two hours to ensure complete removal of residual
moisture. The dried nanocatalyst was then subjected to reusability testing by undergoing four
consecutive cycles under optimized experimental conditions of the photocatalytic degradation.
After each cycle, the photocatalyst was reloaded with a consistent and concentration and amount

of fresh CV dye to evaluate its stability and efficiency over four cycle uses. [62].
3.10. Kinetic Study for Photocatalytic Degradation

The photocatalytic degradation kinetics of CV dye on the surface of ZnO NPs and PANI/ZnO
NCs were investigated using pseudo kinetics models such as pseudo-zero order, pseudo-first
order, pseudo-second order, at various exposure times between 10 to 60 minutes. The
experiments were conducted at optimized concentrations while keeping all other parameters
constant. Linearized equations for pseudo zero-order, first-order, and second-order of kinetics,

model (Eq. 1-3) respectively were employed in the analysis.
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CHAPTER FOUR
4. RESULTS AND DISCUSSIONS

4.1. Green Synthesis of ZnO NPs

Alteration in color signifies the transformation of the reaction mixture into ZnO nanoparticles
through nucleation, followed by the stabilization of the ZnO nanoparticles. Subsequent
characterization of these nanoparticles using various techniques was conducted, and their
potential photocatalytic activity was evaluated. A similar phenomenon was reported by Abomuti
et al. [3], where color changes were observed due to the reduction of zinc salts by
phytochemicals present in Salvia officinalis plant extracts, resulting in the formation of

nanoparticles.

S. gigas Extract Zinc Nitrate Solution Mixture ZnO NPs

Figure 8: The color change of the solution mixture during synthesis of nanoparticles.

4.2. Characterization of Green Synthesized Nanoparticles

4.2.1. UV-Vis Analysis and Optical Study

The successful synthesis and optical properties of ZnO nanoparticles (NPs), polyaniline (PANI),
and PANI/ZnO nanocomposites (NCs) were verified using UV-Vis spectroscopy, which enabled
the assessment of their absorbance in the 200-800 nm wavelength range. The UV-Vis absorption
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spectra presented in Figure 9 illustrate distinctive features for each material, allowing for an in-

depth analysis of their electronic structure and photocatalytic potential.

ZnO NPs exhibit a prominent absorption peak in the UV region attributed to their wide band gap.
The peak at approximately 305 nm corresponds to the band gap absorption of ZnO, signifying
the transition of electrons from the valence band to the conduction band [63]. PANI typically
displays an absorption peak in the UV region around 283 nm, associated with the n-n* transition
of its conjugated system [64]. In the case of the PANI/ZnO NCs, the presence of absorption
peaks at 234, 283, and 340 nm indicates an interaction between PANI and ZnO NPs. This
interaction suggests a modification in the electronic structure of ZnO, as evidenced by the shift in

the absorption peak.

The observed blue-shift in the absorption peak towards lower wavelengths in the PANI/ZnO
NCs signifies a change in the electronic structure, potentially arising from the formation of a
type-11 heterojunction between PANI and ZnO [65]. This heterojunction is anticipated to
enhance charge separation and diminish the recombination rate of electron-hole pairs, thereby

contributing to improved photocatalytic performance.
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Figure 9: UV-Vis spectrum of ZnO NPs, PANI, and PANI/ZnO NCs

The band gap energy of green synthesized nanoparticles and nanocomposite was estimated
through the application of the Tauc model. The optical band gap can be determined by using the

well-known Tauc relation from equation (5)
(ahv)" = A(hv — Eg) (3)

Where, A is a constant related to the material, a is the absorption coefficient in cm'l, hv is the
photon energy in eV, Eg is the band gap energy in €V, and n is a constant that equals 2, 1/2, 2/3,
and 1/3 for allowed direct, allowed indirect, forbidden direct, and forbidden indirect transitions,
respectively. In this case, n = 2 is used for ZnO NPs and PANI, while n=1/2 for nanocomposite
to determination of the optical band gap due to showing good linearity. The following formula
[66] can be used to determine the material's band gap energy (EQg).

Eg (eV) = 1240/A (nm) (6)
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Where, Eg is bang gap energy (eV), A is wave length in (nm), corresponding to absorption edge.

As illustrated in Figure 10, the optical band gap (Eg) values were determined by extrapolating

the linear portion of the plots of (ahv)? vs. hv are summarized in Table 1.

Table 1: Optical band gap energy values of ZnO NPs, PANI powder and PANI/ZnO NCs

Samples Eq1 (eV) Eq (eV) Egs (eV)
ZnO NPs 3.13 4.10 -

PANI 3.97 542 -
PANI/ZnO NCs 2.38 3.33 4.67

The UV-Vis absorption peak of zinc oxide nanoparticles (ZnO NPs) can shift when polyaniline
(PANTI) is coupled on their surface, indicating changes in the electronic structure and interactions
between PANI and ZnO. This phenomenon, referred to as morphological modification, leads to a
reduction in the bandgap from 3.13 to 2.38 eV and 4.10 to 3.33 eV. The coupling of PANI
introduces new energy states within the bandgap of ZnO NPs, resulting in a narrowing of the
bandgap. Consequently, the material can absorb light across a wider range of the visible

spectrum, thereby enhancing its photocatalytic activity under visible light [67].
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Figure 10: Tauc plot of ZnO NPs, PANI, & PANI/ZnO NCs

As depicted in Figure 10, PANI/ZnO nanocomposites have three band gaps due to the
combination of two different materials with their own distinct band gaps. When these materials
are combined at the nanoscale, their electronic properties can interact in such a way that the
composite material exhibits multiple band gaps. Instead, it would exhibit a range of band gaps
due to the combined electronic properties of PANI and ZnO. The specific band gap values,
which are provided in a narrow range, are more likely to may represent the nanocomposites in
the case of the targeted application, which is reducing the band gap to respond to photo
detection.

4.2.2. FT-IR Analysis

The functional groups and Metal-Oxygen chemical bonds vibrational frequencies of S. gigas
extract as well as green synthesized pure ZnO NPs, PANI, and PANI/ZnO NCs were identified
through analysis of the FTIR spectra, as depicted in Figure 11. S .gigas Extract shows peaks at
3467, 2916, 2848, 1736, 1639, 1403, 1059, 676, and a small peak at 498 cm™ could indicate the
presence of various functional groups such as polyphenolic O-H, C-H stretching vibrations of
methyl and methylene, primary N-H, carbonyl groups and C=C stretching vibrations in aromatic
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rings respectively. This indicates the presence of biomolecules to capping during nanoparticle
synthesis [13, 1, 4].

The FT-IR spectrum of ZnO NPs, exhibited characteristic peaks at 3467 and 2407 cm™ could be
attributed to the bending vibration of water molecules and air adsorbed on the ZnO surface,
indicating hydroxyl groups and CO,, respectively. The peaks at 1629 and 1338 cm™ may be
represents the presence of primary C=C conjugation and C-O stretching where corresponding to
the biomolecules from S.g extract during the biosynthesis, respectively. Interesting the peaks at
477 cm™ for ZnO NPs corresponded to the characteristic stretching vibrations of the Zn-O bond
[4, 63].

In the case PANI (Polyaniline), the major peaks are observed at 3469 corresponding to N-H
stretching vibrations of secondary amine. The characteristic absorption bands of PANI are 505
cm™ (C— N—C bonding mode of aromatic ring), 750 cm™ (C—-C, C—H bonding mode of aromatic
ring), 810 cm™ (C—H out of plane bonding in benzenoid ring), 1107 cm™ (S=QO bonding for
camphursulfonic acid), 1537 cm™ (C-N stretching of benzenoid ring) and 1640 cm-' (C=C
stretching of quinoid ring (N=Q=N)) [68].

PANI/ZnO NCs exhibits major peaks at 3453, and 1522 cm™ suggests broadening of hydrogen-
bonded O-H stretching and C-O, indicating interactions between PANI and ZnO. Important
peaks at 625 and 499 cm™ revealed the formation of hydrogen bonding between ZnO and the —
NH group of PANI [69, 70]. The infrared spectra of the PANI/ZnO NCs show minor band shifts
towards the red side, but otherwise closely resembles that of the pure PANI. However, there is an
evidence of peak displacement when ZnO nanorods are added to the PANI. These findings

suggest that PANI and ZnO nanoparticles can interact in certain ways [71, 72].
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Figure 11: FT-IR spectra S. gigas extract, ZnO NPs, PANI, and PANI/ZnO NCs

4.2.3. SEM Analysis

The morphology and microstructure of green-synthesized pure ZnO nanoparticles (NPs),
polyaniline (PANI), and PANI/ZnO nanocomposites (NCs) were examined using scanning
electron microscopy (SEM) at a magnification scale of 10 pum, as illustrated in Figure 12. The
SEM image (Figure 12A) of ZnO NPs reveals nanoflower and irregular shapes, consistent with
previous findings reported by [8]. This morphology suggests a high surface area, which is
advantageous for catalytic applications and reactivity enhancement. The rough and irregular

features may indicate a synthesis method yielding particles with non-uniform shapes.

The morphology of pure PANI, depicted in Figure 12B, exhibits smoother surfaces,

agglomerated, non-uniform, rough, and densely packed microstructures. The less defined
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structures could be attributed to the use of strong oxidants and high aniline concentrations during
the acidic PANI synthesis process, along with the inherent properties of polyaniline [71].

The intermediate texture observed between the roughness of ZnO NPs and the smoothness of
PANI suggests a composite material (PANI/ZnO NCs). The morphology implies that PANI may
be coating or interacting with ZnO nanoparticles, potentially influencing the material's electrical
or optical properties as shown in Figure 12C. The intertwining of polyaniline on ZnO NPs
significantly impacts the morphology of PANI/ZnO NCs and enhances the photocatalytic
response [44].

04/04/2024

Figure 12: SEM image of ZnO NPs (A), PANI (B) and PANI/ZnO NCs (C)
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4.2.4. XRD Analysis

X-ray diffraction (XRD) analysis was conducted to investigate the crystal structure and size of
ZnO nanoparticles (NPs), polyaniline (PANI) powder, and PANI/ZnO nanocomposites. The
XRD patterns for each nanomaterial are presented in Figure 13. The XRD pattern of ZnO reveals
distinct peaks at 20 values of 31.8°, 34.48°, 36.32°, 47.64°, 56.56°, 62.86°, 64.23°, 67.98°,
69.14°, and 75.32° corresponding to the (100), (002), (101), (102), (110), (103), (200), (112),
(201), and (202) planes, respectively. These peaks align with the JCPDS reference number 01-
079-2205, confirming the crystalline nature of ZnO NPs [4].

The XRD pattern of PANI displays broad peaks indicative of a semi-crystalline structure.
Notably, peaks are observed at 20.48° and 25.38° corresponding to the (100) plane of quinoid
units with - stacking-induced partial periodicity arrangement and the (110) plane of benzenoid
units, consistent with literature reports on PANI [77]. The XRD pattern of the synthesized
PANI/ZnO nanocomposites indicates a polycrystalline nature with a slight hint of amorphous
characteristics. The XRD pattern shows overlapping peaks from both ZnO NPs and PANI,
suggesting that the presence of polyaniline does not significantly alter the crystal structure of
zinc oxide. However, the incorporation of PANI appears to reduce the size of ZnO nanoparticles,

likely due to the formation of a polymer-Zn complex on the surface of the nanoparticles [75].

The XRD analysis reveals subtle shifts in the peak positions and intensities of ZnO NPs upon
coupling with PANI, indicating changes in lattice parameters and potential interactions between
PANI and the ZnO surface. The decrease in intensity of ZnO peaks suggests successful coupling
with PANI, which may introduce some disorder at the nanoparticle surface [76]. These findings
provide insights into the structural modifications induced by PANI coupling on ZnO NPs,
offering valuable information for optimizing the properties of the composite for enhanced

photocatalytic activity.
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Figure 13: XRD patterns of ZnO NPs, PANI, and PANI/ZnO NCs

The broadening of the diffraction peaks observed during the coupling of PANI with ZnO NPs is
attributed to the decreased crystallite size. To confirm this, the crystallite size of PANI, ZnO
NPs, and PANI/ZnO NCs was calculated using the Debye—Scherrer Equation (7) as expressed by
Patterson (1939). The full width at half maximum (FWHM) of the most intense diffraction peaks
(002), (101), (102), (110), and (103) planes of ZnO NPs and (110) and (100) for PANI were
measured and recorded in Table 2
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(7)

Where, K is Scherrer constant (0.9), A is wavelength of ZnO Ka radiation (1.54056 nm), B is full
width at half maxima (FWHM) of the diffraction peaks and 20 is Bragg angle.

Notably, the average crystallite size of the ZnO NPs, PANI, and PANI/ZnO NCs was found to be
9.455, 2.200 and 5.577 nm, respectively. The decrease in crystallite size from pure to PANI-
coupled ZnO is consistent with the data from UV-Vis, FT-IR, and SEM analyses previously
discussed. The results indicated broadened diffraction peaks, suggesting that the lattice of the
ZnO NPs is coated with PANI. This incorporation is anticipated to improve photocatalytic
activity by modifying the surface structure of the host metal oxide. Similar findings reported by
[75, 63] underscore the same findings for the PANI/ZnO matrix.

Table 2: XRD data used for calculation of crystalline size of Pure and PANI coupled ZnO NPs

Nano No Miller Height of  Crystallite Average
Catalysts indice 20 (°) FWHM intensity size (nm) Crystallite
s (hkl) ®) (a.u) size (nm)

1 002  34.26747 0.79657 495.88296  9.5305111

2 101  36.36135 0.81428 607.74561  9.2691568 9.455
ZnO NPs 3 102 47.69888 0.74367 259.77689  9.7703753

4 110 56.41657 0.71373 415.20646  9.8087321

5 103  62.89825 0.71399 355.96578  9.492153

6 112 67.90104 0.74371 410.82006  8.8609108
PANI 1 110  20.09984 3.28049 50.64016 2.384519 2.200

2 002  25.49052 3.84233 15293493  2.0166269

1 002 19.11167 2.73878 25.11325 2.8604182

2 101  25.44929 2.71546 101.85778  2.8537251

3 102 36.71147 1.04926 55.98701 7.1860933 5.577
PANI/ZnO 4 110 44.79669 1.03746 15.38793 7.0797412
NCs 5 103 59.2327  0.93002 16.38535 7.4260757
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6 200 65.05465 1.10547 19.4286 6.0590599

4.3. Photocatalytic Activity Study

4.3.1. Effect of the Solution pH

The impact of pH on the photocatalytic degradation of Crystal Violet (CV) using pure ZnO
nanoparticles (NPs) and PANI/ZnO nanocomposites (NCs) was investigated across a pH range
of 2-14, with consistent nano photocatalyst dosage, initial CV dye concentration, and irradiation
duration. Optimal degradation efficiencies of 91.20% and 99.06% at pH 11 were observed for
pure ZnO NPs and PANI/ZnO NCs, respectively, as detailed in Figure 14 and Appendix 1. The
photocatalytic degradation efficiencies of CV by both nanocatalysts exhibited an increase up to
the optimal pH of the solution, followed by a slight decrease, indicating the influence of the
specific photocatalyst and pollutant utilized. This phenomenon arises from the surface charge of
the nano photocatalysts, which are negatively charged in alkaline conditions (OH") and positively
charged in acidic environments (H"). Consequently, at lower pH levels in acidic media,
protonation occurs on the nano catalyst surface, resulting in a positively charged CV dye, thereby
enhancing the repulsive forces between the positively charged photocatalyst and the cationic dye,
ultimately impacting the stability and activity of the nanocatalyst, leading to reduced efficiencies
[4]. Conversely, efficiencies of CV were higher in alkaline media due to increased opposite-
charge interactions between the solution and the nano photocatalyst surface caused by nano
catalyst surface deportation [6]. Beyond the optimal pH, efficiencies decreased due to an excess
availability of OH-, leading to nanoparticle and nanocomposite destabilization. Consequently,
pH 11 was identified as the optimized point for both nano photocatalysts for further experimental

analysis.
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Figure 14: Effect of pH of solution on photocatalytic degradation of CV (5 ppm of initial conc.
CV, 0.02 g of nano-photocatalyst dosage, A, = 0.636 and Exposure time = 60 min)

4.3.2. Effect of Photocatalyst Dosage

The impact of catalyst dosage on the photocatalytic degradation of Crystal Violet (CV) using
pure ZnO nanoparticles (NPs) and PANI/ZnO nanocomposites (NCs) was investigated by
varying the amount of photocatalyst load from 0.04 to 0.2 g with a 0.04 g interval, while keeping
all other parameters constant. The results presented in Figure 15 and Appendix 2 indicate that an
increase in the nano photocatalyst loading up to 0.12 g led to the maximum degradation
efficiencies of 99.47% for pure ZnO NPs and 99.97% for PANI/ZnO NCs. This enhancement
can be attributed to the greater accessibility of hydroxyl and superoxide radicals on the surface of
active sites, resulting from the increased availability of electrons (e-) and holes (h+). However, a
further increase in the photocatalyst dosage beyond the optimal point (0.12 g) for both pure ZnO
NPs and PANI/ZnO NCs resulted in a decrease in the degradation rate. This decline may be

attributed to factors such as nano photocatalyst aggregation, saturation of active sites, hindrance
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and blocking of light penetration, and reduced availability of the degradable dye due to the
excessive amount of photocatalyst dosage [1, 62]. Hence, a photocatalyst dosage of 0.12 g was
selected as the optimal point for both nano photocatalysts for further investigation into the

photocatalytic degradation of CV under sunlight
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Figure 15: Effect nano photocatalyst dosage on photocatalytic degradation of CV (5 ppm of
initial conc. CV, with optimized pH at 11 for ZnO NPs and 11 for PANI/ZnO NCs, respectively,
Ay =0.636, and Exposure time =1 hr.)

4.3.3. Effect of Initial Concentration of CV

The impact of the initial concentration of Crystal Violet (CV) in the solution on the
photocatalytic degradation efficiency using pure ZnO nanoparticles (NPs) and PANI/ZnO

nanocomposites (NCs) was investigated by examining five aqueous solutions with
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concentrations ranging from 5 to 25 ppm at 5 ppm intervals, while maintaining all other
parameters constant as optimized earlier. The results, as illustrated in Figure 16 and detailed in
Appendix 3, indicated that the degradation efficiencies of pure ZnO NPs and PANI/ZnO NCs
shows maximum degradation efficiencies 98.51 and 99.28% respectively, at initial concentration
5 ppm and decreased in minimal differences, as initial concentration of CV increased from 5
ppm to 20 ppm. This is because the nanoparticles have a large surface area available for
adsorption and interaction with photons, resulting in more active sites. However, beyond 20 ppm
the efficiency was exponential decrease. This decline can be attributed to the excessive amount
of adsorbed CV, which could block active sites and reduce the interaction of light with these
sites for hydroxyl radical generation. At higher dye concentrations, a significant portion of light
may be absorbed by the dye molecules rather than by the photocatalysts, leading to a decrease in
the formation of hydroxyl radicals and superoxide ions. Consequently, the degradation rate

decreases with further increases in dye concentration [62, 77].

100

98 -
96 -
94 -

92

90

—a— 71n0 NPs
—o— PANI/ZNnO NCs

88

Degradation Efficiency (%)

86

84

82 T T T T T T T T T
5 10 15 20 25

Initial conc. of CV (ppm)

Figure 16: Effect of initial concentration of CV on photocatalytic degradation of CV (0.12 g for
both ZnO NPs PANI/ZnO NCs and at with optimized pH at 11 for pure ZnO NPs and 11 for
PANI/ZnO NCs, respectively and Exposure time =1 hr.
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4.3.4. Effect of Reaction Time

The impact of reaction time (irradiation) on the photocatalytic degradation of Crystal Violet
(CV) by pure Zinc Oxide nanoparticles (ZnO NPs) and Polyaniline/Zinc Oxide nanocomposites
(PANI/ZnO NCs) was investigated in this study. The degradation efficiencies were measured at
10-minute intervals of reaction times while maintaining all other parameters at their optimal
points for each nanocatalyst, as previously discussed. The results, presented in Figure 17 and
detailed in Appendix 4, revealed that the degradation efficiency of CV exhibited a sharp increase
as the reaction time increased from the initial stage to the first 60 minutes of effective irradiation,
reaching 92.76% and 98.25% for pure ZnO NPs and PANI/ZnO NCs, respectively. This
enhancement can be attributed to the sufficient time required for maximum degradation,
allowing the photocatalysts to effectively interact with the available CV and break it down
through the proportional availability of active sites. However, beyond the 60-minute mark,
further exposure to light did not result in any significant increase in degradation efficiency for all
samples, indicating potential saturation or deactivation of active sites on the photocatalyst
surface [6, 62].

Notably, the degradation efficiency of PANI/ZnO NCs (98.25%) surpassed that of pure ZnO NPs
(92.76%). This increase in efficiency can be directly linked to the generation of electron-hole
pairs, subsequently producing superoxide anions and hydroxyl radicals when light interacts with
a semiconductor photocatalyst. These reactive oxygen species (ROS), resulting from bandgap
reduction and an increased electron-hole transfer rate through surface modification with PANI,
contribute to the degradation of dye molecules. The coupling of polyaniline (PANI) on the
surface of zinc oxide nanoparticles (ZnO NPs) significantly enhances the photocatalytic
degradation activity due to several factors: increased absorption extending to visible
wavelengths, improved charge separation facilitating reduced recombination rates of electron-
hole pairs, and a synergistic effect created by the combination of PANI and ZnO NPs, ultimately

enhancing overall photocatalytic performance. [78-81].
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Figure 17: Effect of reaction time on the photocatalytic degradation CV (CV 20 ppm for both
ZnO NPs PANI/ZnO NCs and at with optimized photocatalytic dosage 0.12 g, pH at 11 for pure
ZnO NPs and 11 for PANI/ZnO NCs, respectively.

4.4. Kinetic Study for Photocatalytic Degradation
4.4.1. Calibration Curve

In this study, kinetic models were utilized to analyze the experimental data and elucidate the
underlying degradation mechanism. Three kinetic models, namely pseudo-zero-order, pseudo-
first-order, and pseudo-second-order, were employed to predict the degradation reaction data of
dyes. The degradation kinetics experiments were conducted over varying reaction times ranging
from 10 to 60 minutes under optimal experimental conditions, with all other parameters held

constant.
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To investigate the pseudo-kinetics, calibration curves were generated to calculate the dye
concentrations after degradation at different time intervals based on Beer-Lambert's law. The
calibration curves, depicted in Figure 18 (Appendix 5), facilitated the determination of dye
concentrations at specific time points, allowing for the evaluation of the degradation rates and
kinetics of the photocatalytic process. By fitting the experimental data to these kinetic models,
insights into the degradation mechanism and reaction kinetics of the dyes could be obtained,
providing valuable information on the efficiency and performance of the photocatalysts in

degrading the target pollutants.
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Figure 18: Calibration curve of CV

The pseudo kinetics experiments were conducted, the data used for calculating the residual
concentration of the dyes and the final concentration of both dyes were calculated using their
respective calibration curves, and other quantities used for investigating the pseudo kinetics were

calculated and are shown in Appendix 6.
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4.4.2. Pseudo Zero, First, and Second-Order Kinetic Models

To investigate the degradation kinetics of CV dyes facilitated by ZnO NPs, and PANI/ZnO NCs,
linearized Equations (1), (2), and (3) were used. The plots were constructed as follows: plot of
Co-Ct against time (t), plot of In [Co/Ct] against time, and plot of 1/Col1/Ct versus time (t) and
were utilized to analyse the pseudo-zero-order, pseudo-first-order, and pseudo-second-order
kinetics models, respectively and are illustrated graphically in Figure 19 (a, b, and c). The
correlation coefficients and rate constant for each kinetics model were determined and stated in
Table 3.

The analysis of the data presented in Table 3 reveals that a high correlation coefficient close to
unity (R?> = 0.957) was achieved for Pure ZnO NPs when employing the pseudo zero-order
kinetics model, while PANI/ZnO NCs exhibited an R? value of 0.968 with the pseudo-first-order
kinetics model for the degradation of CV under natural sunlight. These results indicate that the
photocatalytic degradation process of CV on the surfaces of Pure ZnO NPs and PANI/ZnO NCs
align well with the pseudo zero-order and pseudo-first-order kinetics models, respectively. In
contrast, the correlation coefficients for the other pseudo kinetics models were lower for both the
nanoparticle and nanocomposite, as outlined in Table 3, suggesting a lack of conformity between
these models and the actual degradation mechanisms of the dyes. These observations emphasize
the robustness and reliability of the pseudo zero-order and pseudo-first-order kinetics models in
elucidating the degradation pathways of various dyes when combined with specific
nanocomposites. Ultimately, the results indicate that the pseudo-first-order kinetic model is most
suitable for describing the degradation kinetics of CV by PANI/ZnO NCs. This conclusion is
significant as it underscores the potential of ZnONPs as effective catalysts for dye degradation in

applications related to wastewater treatment.
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Figure 19: Pseudo zero-order (a), pseudo-first-order (b) and pseudo-second-order kinetic models
for the photocatalytic degradation of CV by ZnO NPs and PANI/ZnO NCs

Table 3: Rate constant (K) and correlation coefficient (R?) calculated for the kinetic model

Nano Types of kinetics model

photocatalysts Pseudo zero order | Pseudo first order Pseudo second order
K R K R K R

ZnO NPs 0.009 0.957 0.042 0.766 0.293 0.553

PANI/ZnO NCs 0.004 0.879 0.037 0.968 0.438 0.903

4.5. Mechanism of Photocatalytic Degradation

Based on the experimental findings in this investigation, the potential mechanism underlying the
photocatalytic reactions of ZnO and PANI/ZnO nanocomposite during the photocatalytic activity

of PANI/ZnO under visible light irradiation can be anticipated as depicted in Figure 20. In the
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presence of visible light irradiation, ZnO alone does not exhibit significants photocatalytic
activity due to its high band gap leading to electron recombination. However, visible light
absorption and photocatalytic behavior were observed upon modification of the ZnO
nanoparticle surface with a PANI photosensitizer [80]. Upon exposure to visible light, the PANI
molecules are excited, transferring electrons to the conduction band of ZnO nanoparticles (Eq.
8). The electrons in the conduction band of ZnO can catalyze the reduction of molecular oxygen,
generating the superoxide anion radical (Eq. 9). This radical may further react to form hydrogen
peroxide or organic peroxides in the presence of oxygen and organic molecules (Egs. 10). An
alternate pathway involves the generation of hydrogen peroxide, which can subsequently
produce hydroxyl radicals, potent oxidizing agents (Egs. 10 and 11). The resulting radicals have
the capability to attack organic pollutants, forming intermediates that interact with hydroxyl
radicals to yield the photocatalytic products [80], as described in equations (8-12) below;

PANI/ZnO + hv —PANIe h{,5)/Zn0 ep (8)

ZnOeyg) +0; =0 ©)

H,0 + 0**” — OHe +OH (10)

20He« + CV dye — Degradation Product (11)

Zn0 h{ypy + H20 —» OH+ + CV dye — Degradation Product (12)

The photocatalytic activity of ZnO nanoparticles under UV irradiation is enhanced by the
presence of PANI, leading to a synergistic effect on the degradation of dye molecules. PANI
facilitates the transfer of photogenerated holes from ZnO to the dye molecules, while the
electrons in the conduction band of ZnO react with oxygen to produce superoxide anion radicals,
contributing to dye degradation. The combination of PANI and ZnO extends the excitation
wavelength towards the visible light region and delays electron-hole recombination, thereby
increasing the overall efficiency of photocatalytic activity. These findings shed light on the
complex mechanisms driving the degradation processes in PANI/ZnO nanocomposites under
visible light irradiation, underscoring their potential for applications in environmental
remediation [35, 78].
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Figure 19: Proposed mechanism for photocatalytic degradation of CV by PANI/ZnO NCs

4.6. Nanocatalyst Reusability Test

Figure 21 and Appendix 7 depict the cyclic utilization of ZnO nanoparticles (NPs) and
polyaniline/ZnO nanocomposites (PANI/ZnO NCs) for the degradation of crystal violet (CV)
dye solution under UV light exposure. The results confirm that the PANI/ZnO nanocomposite
maintains robust photocatalytic activity even after four cycles, highlighting its sustained
efficiency. In comparison to the reusability of ZnO NPs, the efficiency of PANI-modified ZnO
nanocomposites exhibits a slight decline with increasing cycle numbers (First cycle: 99.75%,
Second cycle: 98%, Third cycle: 97.36%, Fourth cycle: 95.82%). These results suggest that the
surface modification of ZnO NPs with PANI not only enhances photocatalytic activity but also
improves catalytic stability. These findings underscore the potential of S. gigas plant-assisted
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PANI/ZnO NCs as effective and sustainable nanocatalysts with promising applications in the

catalytic decomposition of organic contaminants for environmental remediation."
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Figure 20: Reusability of ZnO NPs, and PANI/ZnO NCs for the degradation of CV
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CHAPTER FIVE

5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

In conclusion, a PANI/ZnO nanocomposite was successfully synthesized using Solanecio gigas
leaf extract as a reducing and capping agent for the photocatalytic degradation of Crystal Violet
under natural sunlight. Characterization studies using UV-Vis, FT-IR, SEM, and XRD. UV-Vis
absorption revealed a type-1I heterojunction between PANI and ZnO, with PANI likely reducing
the size of ZnO NPs. XRD patterns showed overlapping peaks from the composite with a
crystalline size of 5.577 nm, which is smaller than the crystalline size of ZnO NPs (9.455 nm).
The effects of experimental conditions such as pH, photocatalyst dosage, and CV concentration
were investigated with 91.20% and 99.06% at pH 11, 99.47% and 99.97% at 0.12 g, and 94.93%
and 96.20% at 20 ppm for both ZnO NPs and PANI/ZnO NCs. The ZnO/polyaniline
nanocomposite exhibited higher photocatalytic activity at 98.25% compared to ZnO
nanoparticles at 92.76% under optimal conditions after 60 minutes of sunlight exposure. Kinetics
studies indicated that the degradation rate fit well with the pseudo-first-order kinetics model,
showing an R? value of 0.968 for PANI/ZnO NCs. The PANI/ZnO NCs exhibited good
reusability over four cycles, showcasing their potential as sustainable nanocatalysts for

environmental remediation.
5.2. Recommendations

Based on the current findings, the following recommendations are forwarded for future research

on PANI/ZnO nanocomposites

1. Explore biological applications: Investigate the antibacterial, antioxidant, and
antimicrobial properties of the nanocomposite.

2. Evaluate efficacy for industrial wastewater treatment: Assess the ability of the
nanocomposite to degrade a wide range of organic pollutants commonly found in

industrial wastewater.
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Investigate electrochemical activity: Study the electrochemical properties of the

nanocomposite for potential applications in energy storage and conversion.
Optimize synthesis for scalability: Determine the feasibility of producing the

nanocomposite on a larger scale for practical wastewater treatment applications.
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APPENDICES

Appendix 1: Effect of pH

Photocatalytic degradation condition of CV with 5 ppm of initial conc. CV, 0.02 g of nano-
photocatalyst dosage, Ao = 0.636 and Exposure time = 60 min

pH — Pure ZnO NPs PANI/ZnO NCs
§ Abs Degradation Abs Degradation
efficiency (%) efficiency (%)
2 1 0.570 0.478
2 0.567 0.478
3 0.576 0.480
Ay 0.571 10.36%+0.00458 0.477 25.1%40.00115
3 1 0.530 0.426
2 0.531 0.424
3 0.531 0.4245
Aqy 0.531 16.55%+0.00057 0.4245 33.35%+0.0011
1 0.489 0.372
2 0.489 0.372
4 3 0.488 0.371
Ay 0.489 23.24%+0.00057 0.372 41.56%+0.0057
1 0.445 0.326
2 0.446 0.326
5 3 0.446 0.327
Ay 0.445 30.01%+0.00057 0.326 48.74%=0.0057
1 0.397 0.269
2 0.399 0.271
6 3 0.398 0.267
Aa 0.399 37.29%+0.001 0.269 57.63%70.002
1 0.345 0.220
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2 0.343 0.218
7 13 0.345 0.218
Aa 0.344 45.92%+0.00115 0.219 65.51%+0.0011
8 1 0.288 0.161
2 0.289 0.162
3 0.288 0.160
Ay 0.288 54.75%+0.00057 0.161 74.64%=0.001
9 1 0.221 0.108
2 0.220 0.107
3 0.222 0.105
Ay 0.221 65.18%+0.001 0.107 83.05%40.0015
10 1 0.153 0.049
2 0.153 0.047
3 0.155 0.048
Ay 0.153 75.84%+0.00115 0.048 92.56%+0.001
11 1 0.055 0.019
2 0.055 0.016
3 0.058 0.019
Ay 0.056 91.19%+0.00173 0.018 99.06%+0.0017
12 1 0.093 0.025
2 0.092 0.026
3 0.092 0.026 95.81%+0.0005
Aa 0.092 88.43%+0.00057 0.065
1 0.097 0.065
2 0.098 0.069
13 3 0.096 0.066 89.57%=+0.0023
Aa 0.097 82.64%+0.001 0.113
1 0.138 0.113
2 0.137 0.114
3 0.135 0.113 82.22%=0.0005
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14 | Aw 0.137 78.39%+0.00152 0.026

Values are triplicate mean of degradation efficiency + standard deviation
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Appendix 2: Effect of Photocatalytic Dosage

Photocatalytic degradation condition of CV with 5 ppm of initial conc. CV, with optimized pH at
11 for ZnO NPs and 11 for PANI/ZnO NCs, respectively, Ao =0.636, and Exposure time =1 hr

Photo- = Pure ZnO NPs PANI/ZnO NCs
catalyst % Absorbance Degradation Absorbance Degradation
dosage (At=1nr) efficiency (%) (At=1hr) efficiency (%)
(9)
1 0.038 0.011
0.04 2 0.039 0.013
3 0.040 0.009
Ay 0.039 93.88%=0.0005 0.011 98.21%+0.002
1 0.034 0.004
0.08 2 0.034 0.004
3 0.030 0.003
Aav 0.033 94.72%+0.002 0.004 99.36%+0.0005
1 0.003 0.0001
0.12 2 0.003 0.0001
3 0.004 0.0001
Aav 0.003 99.47%=0.0005 0.0001 99.97%+0.0001
1 0.007 0.004
0.16 2 0.010 0.005
3 0.009 0.004
Ay 0.009 98.55%=0.0015 0.004 99.29%=x0.0005
1 0.014 0.01
0.2 2 0.013 0.02
3 0.012 0.01
Aav 0.013 97.83%+0.001 0.01 98.68%%z=0.0005

Values are triplicate mean of degradation efficiency + standard deviation
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Appendix 3: Effect of Initial Concentration of CV

Photocatalytic degradation condition of CV at optimal photocatalyst dosage 0.12 g for both
ZnO NPs PANI/ZnO NCs and at with optimized pH at 11 for pure ZnO NPs and 11 for
PANI/ZnO NCs, respectively and Exposure time =1 hr.

Initial Pure ZnO NPs PANI/ZnO NCs
conc. of | Ao - Absorban Degradation Absorban Degradation
Ccv D ce efficiency (%) ce efficiency (%)
(ppm) (At=1nr) (A= 1hr)
1 0.023 0.016
2 0.018 0.016
5 2.231 3 0.024 0.017
Ay 0.022 99.01%+0.00321 0.016 99.28%+0.0058
1 0.040 0.046
2 0.041 0.047
10 1.760 | 3 0.041 0.045
Ay 0.041 97.6710.0058 0.046 98.38%+0.001
1 0.073 0.106
2 0.073 0.105
15 2693 | 3 0.070 0.107
Ay 0.072 97.29%+0.00458 0.106 96.06%+0.00436
1 0.041 0.046
2 0.042 0.039
20 1.107 | 3 0.049 0.040
Ay 0.045 94.93%+0.00436 0.042 96.20%+0.00379
1 0.106 0.038
2 0.107 0.039
25 0.636 | 3 0.106 0.037
Ay 0.106 83.29%+0.00208 0.038 87.03%+0.0058

Values are triplicate mean of degradation efficiency + standard deviation
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Appendix 4: Effect of Reaction Time

Photocatalytic degradation of crystal violet by ZnO NPs and PANI/ZnO NCs, degradation
condition of crystal violet kept at optimal point for others parameters with different reaction

time.
Nano-catalyst Pure ZnO NPs PANI/ZnO NCs
Exposu | Absorb | Absorbance Degradation | Absorbance at | Degradation
re time ance at time t. efficiency (%0) time t. efficiency
(min) | (Ac=1nr) (A (A (%)
1 1.999 1.824
2 1.997 1.823
10 3 1.999 1.820
Aay 1.999 10.35+0.00115 1.822 18.30+0.002081
1 1.741 1.485
2 1.741 1.486
20 3 1.743 1.487
Ay 1.742 21.89+0.00115 1.486 33.31+0.001
1 1.473 1.205
2 1.475 1.204
30 3 1.471 1.205
Ay 1.473 51.94+0.002 1.205 45.94+0.000577
1 0.816 0.529
2 0.818 0.528
40 3 0.819 0.526
Aay 0.817 63.35%20.00152 0.528 70.37%=0.00057
1 0.424 0.019
2 0.426 0.017
50 3 0.426 0.019
Aay 0.426 78.89%=0.00115 0.019 84.33%=+0.00057
1 0.094 0.004
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60 2 0.093 0.005

3 0.095 0.005
Aay 0.094 92.76%+0.001 0.005 98.25%+0.00577

1 0.08 0.0053

2 0.081 0.0052

70 3 0.081 0.0053
Aay 0.080 93.38%+0.00577 0.0053 99.74%+0.00005

1 0.055 0.0051

2 0.058 0.0051

80 3 0.058 0.0052
Aay 0.057 93.41%+0.00173 0.0051 99.78%+0.00005

Values are triplicate mean of degradation efficiency + standard deviation
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Appendix 5: Calibration Curve Data

Initial conc. Abs Average Standard
of CV (ppm) | Triplicate (Ao) Absorbance deviation (SD)
(Av Ao)
1 0.638
5 2 0.635 0.636 +0.00208
3 0.639
1 1.107
10 2 1.106 1.107 +0.0058
3 1.106
1 1.762
15 2 1.762 1.761 +0.00173
3 1.759
1 2.231
20 2 2.229 2.232 +0.00153
3 2.232
1 2.695
25 2 2.691 2.693 +0.00306
3 2.689

Values are triplicate mean of absorbance for initial concentration * standard deviation
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Appendix 6: Kinetic Data

Data for calculation of the dyes at different reaction time A, 2.231 for both ZnO NPs and
PANI/ZnO NCs for CV photocatalytic degradation

Kinetics study Models Zero- First- | Second-
Order Order Order
Nano catalyst | Time | Absat | Co | C; Co In‘e 1 1
(® |timet |(pp|(ppm)| Co-Ci | Ct e G
(min) | (A) | m)
10 | 0.059 | 20 | 0.570 | 19.430 | 35.085| 3.558 1.704
20 | 0.047 | 20 | 0.454 | 19.546 | 44.042 | 3.785 2.152
Pure ZnO NPs 30 | 0.041 | 20 | 0.396 | 19.604 |50.488 | 3.922 2.474
40 | 0.036 | 20 | 0.348 | 19.652 | 57.500 | 4.052 2.825
50 | 0.022 | 20 | 0.212 | 19.787 | 94.091 | 4.544 4.654
60 | 0.005 | 20 | 0.048 | 19.952 414 6.0258 20.65
10 | 0.027 | 20 | 0.261 | 19.739 | 76.666 | 4.3395 3.7833
PANI/ZnO 20 | 0.015 | 20 | 0.145 | 19.855 138 4.9272 6.85
NCs 30 0.012 | 20 | 0.116 | 19.884 172.5 | 5.1504 8.575
40 0.01 | 20 | 0.097 | 19.903 207 5.3327 10.3
50 | 0.005 | 20 | 0.048 | 19.952 414 6.0258 20.65
60 | 0.004 | 20 | 0.039 | 19.961 | 517.5 | 6.2490 25.825
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Appendix 7: Catalyst Reusability

Reusability and stability test of ZnO NPs and PANI/ZnO NCs for the photocatalytic degradation
of CV at optimum condition

Nano-catalyst ZnO NPs PANI/ZnO NCs
Number p 4 Abs Degradation Abs Degradation
of cycles 9:_" (At=60 min) efficiency (%) (At=60 min) efficiency (%0)
1 0.094 0.005
First 2 0.094 0.005
3 0.095 0.004
Ay 0.094 92.761+0.000577 0.005 99.7540.000577
1 0.123 0.031
Second 2 0.122 0.030
3 0.124 0.028
Aay 0.124 91.414+0.0001 0.030 98.114+0.001528
1 0.172 0.058
2 0.170 0.059
Third 3 0.169 0.057
Ay 0.170 90.351+0.001527 0.058 97.3640.0001
1 0.223 0.093
2 0.220 0.093
Fourth 3 0.220 0.093
Aa 0.221 89.09+0.001732 0.092 95.82+0.000577

Values are triplicate mean of degradation efficiency + standard deviation
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