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ABSTRACT
Since dye effluents discharged from different industries lead to environmental contamination,
their treatment and environmental remediation are highly desired. Due to the limitations of
physical treatment methods like adsorption, photocatalytic degradation was used because of its
capability to complete the degradation of dyes. On the other hand, most microbial species have
shown resistance to antibiotic drugs. Concerning this, nanomaterials have been found to be a
promising candidate to overcome such a problem. Metal oxide-based nanostructures are widely
used in photochemical processes and antimicrobial agents due to their unique properties. But
single-nanostructure metal oxide materials might suffer from low efficiency under visible light.
This fact makes it important to have efficient and reliable nanocomposites for the photochemical
processes. The combination of different nanomaterials to form a composite configuration can
produce a material with new properties. The new properties, which are due to the synergetic
effect, are a combination of the properties of all the counterparts of the nanocomposites. The
main objective of this research was to synthesize ZnO NPs and Co/ZnO NCs by precipitation
using red onion peel plant aqueous extract for photocatalytic and antimicrobial applications.
Co/ZnO NCs were prepared from red onion peel plant aqueous extract , Zn(NQOs3), .6H,0) and
Co(NOs),.6H,0 solution at 65 °C for 2 h and ZnO NPs were prepared in the same way, but
without the addition of Co(NO3),.6H,0 solution. The synthesized ZnO NPs and Co/ZnO NCs
were characterized by UV-Vis, XRD, FT-IR, and SEM techniques. From the UV-Vis absorption
spectrum, the peaks of ZnO NPs and Co/ZnO NCs were detected at 369 and 375 nm,
respectively. The XRD data showed the crystalline nature of the NPs and NCs, and the average
crystallite size of ZnO NPs and Co-ZnO NCs is 27.47 and 33.97, respectively. The FT-IR result
revealed the presence of important functional groups like tannins and phenolics, which were also
observed in the phytochemical screening test experiment. The SEM result showed hexagonal
wurtzite and spherical-like morphologies for ZnO Nps and Co/ZnO NCs, respectively. The in
vitro antimicrobial test of NMs showed good antimicrobial activity, especially at high
concentrations. The result indicates that Co/ZnO NCs showed enhanced antimicrobial activity
compared to ZnO NPs. The photocatalytic performance of Co/ZnO NCs was further assessed by
the degradation of MB dye as a model pollutant under irradiation of natural sunlight and
compared with that of bare ZnO NPs. The effect of some parameters like pH, catalyst dosage,

irradiation time, and initial dye concentration of MB dye on the activity of Co/ZnO NCs was also

vii



investigated. 98.5% and 89.3% of MB dye were degraded by Co/ZnO NCs and ZnO NPs at 60
min, which is a promising future application of solar light driven photocatalytic degradation of

organic pollutants.

Keywords: Allium cepa L, antimicrobial, photocatalytic, zinc oxide nanoparticles, cobalt-doped

zinc oxide nanocomposites
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1. INTRODUCTION

1. 1. Background of the study

Microorganisms are important for a wide range of life-sustaining functions. On the other
hand, some are pathogenic, meaning they can cause illness and even death. The super
bacteria and fungi are types of microbial strains that show resistance against all the
antibiotics, which have been developed recently because of the abuse of antibiotics [1].
Currently, both gram-positive and gram-negative bacterial strains are considered the primary
cause of major public health problems all over the world, which requires a significant
solution [2]. Escherichia coli (E. coli), a natural inhabitant of the intestine and part of the
intestinal fora, has a distinctive position in the microbiological world due to its potential
virulent properties and challenge for food safety and security [3]. Bacillus species that
produce subtilin and subtilosin will cause two types of illness, like diarrhea and vomiting.
Staphylococcus aureus (S. aureus) is a common pathogenic bacterium responsible for up to
40% of mastitis cases in dairy animals [4, 5]. On top of that, currently, fungal infections
afflict more than a billion individuals globally. Candida albicans is the most prevalent fungal
pathogen and is responsible for a significant proportion of oral candidiasis cases. The
pharmaceutical and medical industries have prepared various types of antibiotics to control
these diseases; however, these antibiotics, sometimes lead to antagonistic/allergic side effects

and infections [6, 7].

With the emergence of microorganisms resistant to multiple antimicrobial agents, there is a
growing interest in developing new bactericides and fungicides using nanotechnology based
on nanomaterials [8]. Nanoparticles (NPs) are progressively utilized to target bacteria and

fungi as contrasting options to antibiotics [9].

On the other hand, nowadays, the effluent of dyes from different industries in their
production processes poses a challenge for environmental safety. Dyes usually have a
synthetic origin and complex aromatic molecular structures, which make them more stable
and more difficult to biodegrade [10]. Several conventional methods, including flocculation,
precipitation, adsorption, and so forth, have been used for the treatment of wastewater;

however, these methods cannot completely degrade the organic pollutants because of the

1



high stability of the dyes towards the oxidizing agents, which results in inadequate removal
of toxic compounds. Therefore, advanced methods, mainly using harmless semiconductors
(especially those of transition metal oxides) of inorganic nanomaterials such as nanoparticles
and their composites possessing strong chemo-reactive potential, are used for the

photocatalytic degradation of synthetic organic dyes [11, 12].

Among the various transition metal oxide semiconductor nanostructures, ZnO nanostructures
have attracted considerable interest because of their amazing advantages, such as bio-safety,
lower cost, and high chemical and physical stability [9—12]. These characteristics make ZnO
a promising material for a number of applications, such as gas sensors, antibacterial coatings,
photocatalytic degradation of organic pollutants, electrical devices, optical coatings, and
solar cells, which are extensively used in the fields of biomedical research, optics, and
electronics. Besides the good properties of ZnO NPs, intrinsic ZnO cannot be directly
utilized as an effective photocatalytic and antimicrobial material, which is due to the
countable ZnO drawbacks such as lack of visible light absorption, agglomeration, and poor

optical properties [13, 14].

Among the different techniques reported to overcome this constraint, doping is the most
important and simple method. Doping is related to the intentional introduction of impurities
into a pure material for the purpose of modulating its new properties. Cobalt is a vital
element that is present in small quantities in the body of a mammal and is usually provided in
a diet of green vegetables and grains. Key among its biological activities is its role in vitamin
B12, cobalamin, as well as in a small amount of other cobalt-containing enzymes identified to
date. Due to the importance of cobalt in the human metabolic process, various materials
based on cobalt suitable for biomedical purposes are becoming more common [35]. Co*" is
chosen as an impurity element (dopant) because it is the most common transition metal
element expected to modify the photocatalytic effect and antimicrobial activity of ZnO
nanoparticles, due to the fact that Shannon’s effective ionic radii for tetrahedrally

coordinated Zn®* and Co?" are similar to each other, 0.74 and 0.72 A, respectively [15-17].

Plant phytochemicals, through the green method, have been extensively used to synthesize
metal oxide NPs. This is because of their abundance, safe nature, as well as the greater

stabilization and reduction of metal ions to zerovalent metal atoms. This method has been



considered an alternative to complex and costly physicochemical processes because of the
following properties: viability, eco-friendliness, reliability, no waste generation, simplicity
[18, 19], biocompatibility, low energy requirement, rapid synthesis, ease of processing, easy
scale-up, and sustainable stability of synthesized nanoparticles. Onion processing waste
mainly includes skin (peel), and various onions (white, yellow, and red) contain large
amounts of bioactive compounds such as phenolics, favonoids, and anthocyanins. However,
the amount of these compounds in red onions is higher than that in other onions, and the
amounts in the skin of red onions are higher than those in their edible parts [22, 23].
Valorization is widely applied to managing agro-industrial by-products, in which by-
products are considered valuable secondary raw materials with potential functional

constituents for developing value-added products [24]. fig .1

Fig 1. A, plant peel, and B, plant peel powder of Allium cepa L.
Many researchers have reported the green synthesis of ZnO NPs and transition metal-doped
ZnO NCs using different plant extracts such as lemongrass, Madhuca longifolia, Aspergillus
fumigates, Nerium oleander, Bifurcaria bifurcate, Euphorbia esula, Albizia lebbeck, and
Lantana camara [24, 25]. There were only a few research studies reported on red onion peel
extract-mediated transition metal-doped ZnO nanomaterials used for photocatalytic
degradation of industrial and recalcitrant dyes such as 4-nitrophenol other than MB and
antibacterial activities [2]. However, to the best of our knowledge, red onion skin aqueous
extract supported (or mediated ) green synthesis of cobalt-doped ZnO nanocomposite used
for antimicrobial activity and photocatalytic effect for degradation of MB dye as a major
pollutant has never been reported yet. Therefore, in this work, we initiated the synthesis of



ZnO NPs and cobalt doped zinc oxide nanocomposite using red onion peel agoues extract
through the green route and evaluated its photocatalytic effect for decolorizations of MB dye
and antimicrobial activity against four selected strains of pathogens: two gram positive
bacteria (S. aureus and B. cereus), one gram negative bacteria (E. coli), and one fungus (C.
albican) for the first time. The various factors that affect the photodegradation of MB dye,

such as pH, temperature, catalyst dose, and irradiation time, have been investigated.

1.2. Statement of the problems

The release of synthetic organic dyes such as MB into the environment has been of great
concern due to the properties and effects of dye-contaminated water on the environment
since most of these dyes are not biodegradable and persistent, harming aquatic as well as
non-aquatic life. On top of this, nowadays, multidrug-resistant microorganisms are bringing
very great challenges all over the world, particularly in developing countries, due to the
development of different mechanisms of drug resistance by these microorganisms, such as
bacteria and fungi, and hence adaptations to the drug, such as antibiotics. And so to solve
such obstacles, using inorganic nanomaterials is advisable to a great extent because of the
astonishing advantages of these materials, such as heat resistance. Additionally, utilizations
of wastes such as red onion skin in solving environmental and health problems are still not
explored to their full extent, so exploring their use is important as well. Onion waste remains
underutilized even though it is a rich source of bioactive compounds such as phenols,
flavonoids, and alkaloids. Thus, the valorization of onion waste and its extracts in the
biomedicine and pharmaceutical fields can be an apt solution to reduce environmental
damage and provide an economical, low-cost substitute for the generation of therapeutic

supplements or herbal-based medicines [28].

The bioactivities of these plants can be enhanced more when they are supported with
metal/metal oxide NPs. The surface reaction phenomenon of these biosynthesized particles
(moiety on the surface) and the high surface area to volume ratio of particles generate a
tendency to interact with pathogens. On the other hand, metal/metal oxide nanoparticles play
a great role in the removal of toxic pollutants to remediate a safe environment; however, the
physical and chemical methods of synthesis of metal oxide NPs are expensive and not eco-

friendly. Therefore, bio-synthesized metal oxide NPs and their composites based on green



chemistry perspectives impose limited hazards to the environment and are relatively
biocompatible methods for the production of NMs in an eco-friendly manner. The
synthesized nanoparticles and composites are expected to have the efficiency to remove toxic
dyes and kill the specified microbial species to save the environment and prevent health
problems. With the above pieces of evidence, the present research was intended to explore
the photocatalytic effect of the plant peel extract supported by Co/ZnO NCs and evaluate

their antimicrobial activities.
Based on this, in this study, the following questions have been answered:

1. Do phtochemicals present in the extract are effective for the synthesis of the specified
NPs and NCs?

2. Do the synthesized Co/ZnO NCs show potential photocatalytic degradation of dyes

and antimicrobial capacity?

3. Is metal doping of metal oxide NPs enhancing the dye degradation activity of the

composites?

1.3. Objectives of the study

1.3.1. General Objective
The main objective of this study was to synthesize ZnO NPs and Co/ZnO NCs using Allium

cepa peel aqueous extract and evaluate their antimicrobial and photocatalytic activities.

1.3.2. Specific objectives
e To prepare the Allium cepa L. aqueous peel extract

To screen the phytochemicals present in the extract

e To synthesize ZnO NPs and Co/ZnO NCs using the Allium cepa aqueous peel
e To characterize the synthesized samples using XRD, UV-Vis, FT-IR, and SEM.

e To evaluate the photocatalytic effect and antimicrobial activity of the synthesized
Co/ZnO NCs and compare them with undoped ZnO NPs.



1.4. The significance of the study

Green synthesis of nanoparticles was proven to be a better method of synthesis due to slower
Kinetics, better manipulation, and their stabilization. Synthesizing nanoparticles with the
desired size and composition is of great interest as it provide solutions to various health and
environmental challenges [29]. Therefore, the synthesized ZnO NPs and Co/NCs using

Allium cepa L plant peel aqueous extracts may provide the following significance:
1. Enhance knowledge about ZnO NPs and Co/ZnO NCs.

2. The newly synthesized samples may help reduce environmental pollution and health

related problems.

3. The newly synthesized samples may help to explore the reuse of Allium cepa peel is

used as a medicinal substitute and as a source of economy for the society when

necessary.



2. REVIEW OF RELATED LITERATURE

2. 1. Nanoscience and Nanotechnology

Nanoscience is a scientific effort towards achieving complete control over the surface of
atoms and molecules. Nanotechnology is one of the fields of applied science and technology
that is highly concerned with the understanding and control of matter at any of its

dimensions, approximately 1 to 100 nanometers (nms) [30].

Exploiting the knowledge of nanotechnology at molecular and atomic levels serves as a basis
for applying an integrative approach to develop novel compounds with unique features for
use in broad-spectrum applications [19]. Thus, nanotechnology has emerged as a new
research field regarding the preparation of nanomaterials such as nanoparticles (NPs) and

nanocomposites (NCs) because of their multifunctional properties and efficiency [31].

Nanoscience and nanotechnology are supposed to encompass all fields of science and
technology because any material particle is made up of atoms and molecules. The main focus
of nanoscience and nanotechnology is synthesis of new nanoparticles with various sizes and
morphologies for various applications. Thus, nanoscience and nanotechnology have opened

new venues in science and technology [28].

2. 2. Nanoparticles and nanocomposites

Nanoparticles are one class of nanomaterials and are defined as certain complexes of solid
units that possess sizes between 1 and 100 nm. The most unusual aspect of nanoparticles is
that they retain a large surface area to volume ratio due to the minute size of the particles

when compared to their bulk counterparts [32, 33].

Nanocomposites are a type of hybrid material that includes nanoscale reinforcements and a
matrix and are multiple phase solid materials having at least one dimension less than 100 nm
[28, 34]. A composite material is made by combining two or more materials, which work
together to give unique properties. However, each of the materials alone does not have the
desired characteristics [25]. Due to nanocomposites’ special properties, such as high
strength, high rigidity, high durability, low density, high corrosion resistance, gas barrier,
and heat resistance, they provide many advantages over other materials [35]. Their distinct

functional qualities make them a viable candidate for a variety of applications for



photocatalysis, catalysis, sensor technology, magnetic property, DNA binding, food,
engineering, medical, disease diagnosis and treatment, anti-carcinogenic, antioxidant, anti-
tubercular, and antimicrobial [36]. Nanoparticles and nanocomposites are a promising
platform for alternative strategies to manage bacterial ailments, as they provide long-term
antimicrobial activity with minimal toxicity, as opposed to tiny-molecule antimicrobial drugs

like antibiotics, which have short-term activity and are hazardous to the environment [37].

When the size of a crystal is decreased to the nanometer range, the electronic structure
changes from continuous bands to discrete or quantized electronic levels. Consequently, the
continuous optical transitions in the molecule become quantized, and therefore their
properties become size-controlled [3]. This in turn leads to changes in chemical features such

as electronic, structural, spectroscopic, magnetic, and thermodynamic [4].

The nano-sized particles have a high surface area to volume ratio, which increases the
exposed surface area of the active component of the catalyst and enhances the contact
between reactants and catalyst. Therefore, surface area plays an important role in the
photocatalytic activity, and due to that, the focus has been shifted towards the
semiconducting nanomaterials because of the high surface-to-volume ratio they possess.
Semiconductor nanomaterials are one of the richest classes of nanomaterials. Usually in
conductors, current is considered to flow due to electrons only, but here in semiconductor
materials, it is caused by both electron and hole movements. The electronic properties and
conductivity of semiconductors can be changed in a controlled manner by adding very small
quantities of other materials called dopants [38, 39]. Nanoparticles that have a large band-
gap semiconductor with unique structure and properties have been applied in photocatalysis,
but the high energy requirement of UV radiation only limits their utilization for
photocatalytic applications. Therefore, efforts have been made to improve the photocatalytic
performance of nanoparticles in order to enhance the visible light absorption of

semiconductor photocatalysts with improved stability.

Several modification techniques can be applied via different strategies, such as noble metal
loading, ion doping, dye sensitization, addition of conjugated polymers to the structures,
synthesis of nanorod arrays, one-dimensional nanorods, combination with other components,

modification of metal oxide nanoparticles by non-metal doping, addition of transition metals,



use of binary and ternary semiconductors, etc., and among these doping techniques, doping is
a more comfortable one compared to the other techniques [39, 40]. Doping is described as
the intentional insertion of foreign elements into the empty crystal lattice of another element
to change its properties. It is a standard method for improving nanoparticles’ physical,

chemical, optical, electrical, and biological characteristics [41].

2. 3. Metal Oxide Nanoparticles

Metal oxides represent the most diverse class of materials, with properties covering almost
all aspects of materials science and physics. The improvement in the optical, electronical,
magnetic, and chemical properties of these particles has originated from their nanoscale
sizes. Metal oxide-supported metal particles have many potential applications in electronics,

catalysis, gas sensing, and hydrogen storage [25].

In recent years, there has been an increasing interest in the synthesis of nanosized crystalline
metal oxides because of their large surface areas, unusual adsorptive properties, surface
defects, fast diffusivities, conductivity, ionic structure, freezing, melting, and color within the

nanorange [18].

2. 3.1. Zinc Oxide Nanoparticles as Semiconductor and Doping Conditions

Transition metal oxides are a highly interesting group of materials because they possess a
wide variety of structures and diverse electronic, magnetic, and optical properties [42].
Transition metals are defined as d-block elements as their atomic structures have incomplete
d-orbitals in their electron configuration and, therefore, give rise to physical and chemical
properties that differ from those of the main group elements. These elements are considered
interesting for research as they retain multiple oxidation states caused by the proximity in
energy of the d and ns shells. This provides a large number of configurations for their oxides,
thus, widening the field of applications for transition metals [3]. Among the various types of
nanomaterials, nanostructured transition metal oxides deserve special consideration for their

outstanding properties and technological applications [14].

ZnO is a semiconductor with an n-type conductivity and a wide band gap of 3.37 eV. ZnO
NPs are generally recognized as safe (GRAS) by the U.S. Food and Drug Administration
(FDA, 21CFR182.8991) and are potentially applicable to treat infectious diseases. Because



of the unique properties that zinc oxide has, it is the best semiconductor compared to other
oxides. When ZnO is irradiated, a pair of positive holes and electrons are generated in the
valence band and conduction band. The secondary reactions of the positive hole and electron
generate OH radicals. The OH radical, which is an influential oxidizer, reacts with organic
pollutants and degrades them. The unique properties of ZnO NPs make viable and cost-
effective surfaces suitable for different applications such as adsorbents, solar and fuel cells,
catalytic agents, gas sensors, magnetic materials, hydrogen storage, photocatalytic
degradation of organic dyes, pollutants from wastewater, and antimicrobial activity [14, 20—
23].

As Adinaveen et al. [25] propose a comparison of different photocatalysts, the degradation
activity of ZnO NPs under sunlight is highest, as shown in table 1 below.

Table 1. Comparison of Photocatalytic activity of ZnO NPs with different photocatalysts

Materials Biological Entity Pollutant Degradation Degradation
Used efficiency (%) | time (min)
ZnO Nepheliumlappaceum L | Rhodamine B 96.3 180

NiO Nepheliumlappaceum L | Tannery wastewater 83.99 120

TiO, Jatrophacurcas L Methylene Orange 82.26 300

CuO Pyruspyrifolia Methylene blue 80.3 210

ZrO, Ficusbenghalensis Methylene Orange 69 240

FeO Jatrophacurcas L Rhodamine B 67 180

CeO, Maducha longifolia Methylene Orange 87 120

Pure ZnO has low photocatalytic properties with sunlight as the source of photon energy since sunlight
only reaches about 4% of UV light/UV-A (k = 315-400 nm) and is dominated by 42—-43% of visible light

(k = 400-700 nm), which has lower energy. An efficient photocatalyst should absorb not only ultraviolet

radiation but visible radiation as well because solar radiation is composed of 45% visible radiation and

less than 10% ultraviolet radiation, in addition to other types of radiation. It may be useful to add further

functionalities to ZnO rather than improve the pre-existing ones, with the final aim of designing a

multifunctional system. ZnO also has a high rate of recombination between the electron (e°) and hole (h"),
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reducing the chance of electrons being transferred to other molecules during photo induced redox

reactions [43].

To overcome this constraint, much effort has been made to enhance the photocatalytic property
of ZnO [6], including size reduction, facet engineering, photo-sensitization with dyes or quantum
dots, decoration of the surface with charge separators, and by forming heterojunctions or
composites with metal oxides or by impurity doping with several elements to induce electron
delocalization and modify electron pathways in the presence of the new band of the doped atom.
The dopant produces another band between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). In the photocatalyst concept, which usually
uses inorganic compounds, the HOMO and LUMO are known as the valence band (VB) and
conduction band (CB), respectively. The orbital of the modified atom usually occupies the space
between VB and CB, which acts as an electron bridge to assist the electron excitation and slow

down the recombination rate [44, 45].

For successful bulk modification by crystal doping, the dopant ions should fulfill some
requirements. Firstly, the ionic radius of the dopant ions should be similar or nearly similar to
that of Zn 2* [10]. lons with a larger ionic radius are difficult to crystal dope, and doping of ions
with a smaller or larger ionic radius will induce high lattice distortion, leading to the formation
of physical defects that act as charge recombination sites for photo-generated electrons and
holes, leading to decreased photocatalytic activities [11]. Secondly, in the case of doping a single
element, ions with a valence number of two are preferred. If the dopant ions do not have the
same valence number as zinc ions, the charge imbalance may result in enhanced recombination
of photo-generated electrons and holes, so that doping may reduce photocatalytic activity. The
efficiency of ZnO to absorb visible radiation can be enhanced by narrowing the band gap or
dividing it into many subbands. The implantation of transition metal ions in the structure of ZnO

is one of the techniques used for narrowing the band gap [1-3].

The implanting metals normally occupy the positions located between the VB and CB of ZnO.
The photogenerated carriers are trapped, captured, and restricted at these localized positions by
localized states of transition metal, and the recombination rate is decreased, which ultimately

enhances the photocatalytic activity of ZnO [7-9].
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The size quantization causes variations in the energy gap between the conduction band electrons
and valence band holes, which result in changes in the optical properties of the doped metal
oxide nanostructures [23]. Co/ZnO materials with a controllable band structure are particularly
attractive because of the abundant electronic states of Co and the minor or negligible effect of Co
on the structure of ZnO [12-16]. A decrease in ZnO particle size causes changes in the electrical,
optical, and chemical properties; some authors believe that these changes are caused by the
guantum confinement surface, thus enabling new applications. For instance, when the size of
ZnO is reduced to the nanoscale, its activity against microorganisms is increased. Particularly in
terms of antimicrobial applications, among the advantages of using an inorganic material rather
than an organic material are reduced toxicity, improved durability, lower resistance, and good
selectivity [24-27].

2. 4. Strategies for Nanoparticle Synthesis

The synthesis of nanoparticles can be carried out using different methods, broadly split between
a top-down and a bottom-up approach. Top-down approaches, as the term suggests, are methods
of synthesizing nanoparticles using bulk materials as the starting material, which is then broken
down into desirable smaller forms [28]. On the other hand, bottom-up approaches "build" the

nanoparticles using smaller molecules as the starting material or building blocks [28, 29].

The building blocks for the bottom-up synthesis of nanoparticles are atoms, molecules, and other
particles that are miniature compared to the previous two [29]. The top-down approach is

destructive, whereas the bottom-up approach is characterized by construction [28, 30].

Examples of the top-down approach include chemical etching, laser ablation, mechanical
milling, electro-explosion, and sputtering. In these different methods, the bulk materials are first
converted into powder form and then into particular NPs. Each synthesis method has its
advantages and limitations. The top-down approach has many advantages, such as the production
of the desired size and large quantity of nanoparticles, whereas the fabrication of NPs using this
method leads to ecotoxicity, high energy consumption, and, on top of that, is expensive and time-

consuming [2, 3].

The bottom-up approach is further divided into two classes: biological and non-biological

approaches. Examples of non-biological approaches include titanium plate support synthesis,
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flame spraying, spinning, laser pyrolysis, atomic condensation, and deposition of chemical
vapors. These methods also use toxic chemicals and are expensive and time-consuming, whereas
the biological approach uses various biotic resources such as plants, algae, microorganisms, and
other biological molecules like starch, egg albumin, and gelatin for the production of different
types of NPs. This biological approach is also known as the green approach [7—10]. This method
is eco-friendly, simple, reliable, biocompatible, and easy for the synthesis of NPs. The synthesis

methods of nanomaterials are shown in Fig. 2 below.
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Fig 2. Schematic representation of major approaches involved in nanomaterial synthesis
[11].
In contrast to bacteria, algae, and fungi, plants have been extensively used to synthesize metal
oxide NPs. This is because of their abundance and safe nature, as well as the greater stabilization

and reduction of plant phytocompounds [2].

The fabrication of nanoparticles from aqueous extracts of plant sources is a facile process that
uses plant extract as a reducing agent and a metallic salt solution [35]. Plant-mediated
nanoparticles depict a higher antimicrobial potential to combat infections in humans, which

possess bacterial and fungal etiologies [36].
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2. 4.1. Green synthesis

Green protocols for the synthesis of nanoparticles have been attracting a lot of attention because
they are ecofriendly, rapid (robust), and cost-effective. Likewise, NPs synthesized by using green
chemistry have no or little cytotoxicity as compared to chemically synthesized NPs [42](Fig.3).

It is now well established that various organic components present in plant tissues are capable of
acting as effective biological factories to significantly reduce eco-friendly contamination, and
can recover metals from industrialized waste. Moreover, mixtures of molecules identified in
plant extracts can act as both stabilizing (capping) and reducing agents all through NP synthesis
[46, 47].

Cost effective (plant
used as reducing and
capping agent)

Environmental Good for large
sustainability (no scale production
toxic substance (doesn’t required
= Green 5
released) 3 . - complicated
synthesis by

equipment and is

plantextract simple operation)

Inexpensive solvent

(water is used as a Energy saving
solvent, readily (operated at ambient
available & nontoxic) temperature and

pressure)

Fig 3. Benefits of bio-derived fabrication or green synthesis of nanoparticles over chemical
and physical procedures [2].

A. Mechanism of Green Synthesis

The secondary metabolites of plants are responsible for the reduction of metal ions into metal
atoms. Metal salts like nitrates, chlorides, oxides, and sulfates have a high reduction potential
due to the attachment of metal to the chloride, oxide, and sulfide parts and their tendency to
donate electrons. As a result of both of these issues, the electronic density of the conjugative salts
of metal increases. So metals in their ionic form can easily get detached from their anionic part
and get reduced into stable form by using plant extract [48, 49]. The secondary metabolites of

plants, including alkaloids, flavonoids, polyphenols, and terpenoids, act as chelators for metal

14



ions and reduce them to zerovalent states. Mostly the OH group of polyphenols and flavonoids
develops coordination with metal ions. We can describe the mechanism of plant-mediated
synthesis of metal and metal oxide NPs by considering the following three phases: The activation
phase involves the reduction of metal ions, and reduced metal atoms undergo nucleation; the
growth phase involves the spontaneous coalescence of small adjacent NPs into larger NPs, that
is, Ostwald ripening (a process in which NPs are directly formed through heterogeneous
nucleation and growth and further reduction of metal ions); this process enhances the
thermodynamic stability of NPs; The termination phase decides the final shape of NPs. In the
case of metal oxide NPs, the end product is air dried or calcined in air to get the final metal oxide
NPs. The nature and concentration of the plant extract, pH, temperature, metal salt concentration,

and contact time are known factors affecting the green synthesis of NPs [15-19].

2. 5. Characterization techniques for metal oxide nanoparticles and metal-doped metal
oxide nanocomposite

UV-Vis spectroscopy uses light in the visible range. The principle of UV-vis spectroscopy is
based on the absorption of ultraviolet light or visible light by chemical compounds, which results
in the production of distinct electronic spectra. UV-Vis spectroscopy was used to show the band
gap energy of synthesized nanoparticles. The band gap increases with decreasing particle size,
and the absorption edges are shifted to higher energy (blue shift) with decreasing particle size
[42].

The plots of variation of (ahv) 2 versus hv for the ZnO and Co-ZnO NCs were presented. These
plots are known as Tauc’s plots, and they are used to find out the accurate optical band gap value
by the extrapolation of the linear part, which is used to calculate an optical band gap of the
nanoparticles. The tauc plot has the photon energy (hv) on the X-axis and a quantity (ahv)® on
the Y-axis, and extrapolating the linear portion of the curve to the X-axis yields the band gap

energy of the material [42].

FT-IR spectroscopy analysis is a method based on the principle of infrared spectroscopy.
Functional groups can be associated with characteristic infrared absorption bands, which
correspond to the fundamental vibrations of the functional groups [44]. FT-IR is very useful to

study surface chemistry and identify possible biomolecules for the capping and stabilization of
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nanoparticles. The possible functional groups that are present in the plant extract and synthesized

nanomaterials were identified in the range of 4000-400 cm™ [32, 42].

For phase identification, XRD patterns were collected on an X-ray diffractometer. The atomic
planes of a crystal cause an incident beam of X-rays to interfere with one another as they leave
the crystal. XRD is a non-destructive technique used to identify crystalline phases and
orientations, measure the thickness of thin films and multi-layers, and determine the atomic
arrangement and structure of the NPs. The XRD technique is also used to get information like
lattice parameters, the crystallite size of crystals, defects, and strains, and the average crystallite

size of the nanoparticles, which was calculated using Scherer’s formula [50, 45].

Where D is grain size, K is an empirical constant of 0.9, is the wavelength of the incidence
beam (A=1.5406 A), B is the full-width half maximum (FWHM) in radian, and 0 is the angular
of the peak position. The scanning electron microscope is a very useful instrument to get
information about topography, morphology, and composition information of the sample
[42]. The morphologies of the phytomolecules coated ZnO nanoparticles [37] and Co-ZnO
nanostructures were studied using SEM [25, 42].The SEM instrument is based on the principle
that the primary electrons released from the source provide energy to the atomic electrons of the
specimen, which can then release secondary electrons (SEs) and an image can be formed by

collecting these secondary electrons from each point of the specimen [49].

2.6. Dyes, their sources, and removal mechanisms.

Dyes are colored compounds that are widely used in textiles, printing, rubber, cosmetics,
plastics, and leather industries to color their products, generating a large amount of colored
wastewater. Dyes are chemical compounds that attach themselves to textiles or surface shells to
impart color. These dyes are highly toxic and even carcinogenic to microbial populations and
mammalian animals; hence, they are needed to be removed from the water effluents before they
are released into water bodies. Dyes are stable to light and not biologically degradable; they are
resistant to aerobic digestion and signify one of the hard groups to be removed from industrial

wastewater [51].

16



Fig 4. Pollutants and affected water bodies by synthetic organic dyes [52]

There are many conventional methods available to remove dyes from industrial wastewater
(effluents).  These include  biological treatment, electrodialysis, ozonation,
coagulation/flocculation, adsorption on a solid phase, membrane separation, electrochemical
oxidation, ultrafiltration, sorption-floatation, etc. However, these methods have several
limitations, like: biological treatment methods involve a long reaction time and emit bad odors;
incineration can produce toxic volatile gases; ozonation presents a short half-life (20 min); and
the stability of ozone is strongly affected by the presence of pH, salts, and temperature. It is
expensive, ineffective, and results in high levels of sludge and by-products [12].

The photocatalysis process can degrade toxic organic pollutants into less toxic by-products

through mineralization, ensuring zero waste production [53].

2.6.1. Photocatalytic Activity
Photocatalysis is the amalgamation of photochemistry and catalysis. The word "photocatalysis"

is derived from the Greek language and composed of two parts:

The prefix photo means light. Catalysis is the process where a substance alters the rate of a
chemical transformation of the reactants without being altered in the end. The substance, which
is known to be a catalyst, increases the rate of the reaction by reducing the activation energy.
Hence, photocatalysis is a process where light and catalysts are concurrently used to support or

speed up a chemical reaction.
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The noteworthy features of these processes include undisposed waste and cost-effectiveness
when sunlight, near-UV light, or visible light can be used as a source of irradiation. Photocatalyst
is a term that means photon assisted generation of catalytically active species. In general,
photocatalysis can be defined as "a change in the rate of chemical reactions or their generation
under the action of light in the presence of substances called photocatalysts that absorb light

guanta and are involved in the chemical transformations of the reactants™ [26].

2.6.2. Photocatalytic mechanism

A photocatalytic reaction primarily depends on wavelength, or light (photon) energy, and the
catalyst. In general, semiconducting materials are used as catalysts that act as sensitizers for the
irradiation of light stimulated redox processes due to their electronic structure, which is
characterized by a filled valence band and a vacant conduction band [54]. Heterogeneous
photocatalysts have been widely used for the degradation of organic pollutants recently. Besides,
this technology can also be efficient in destroying pathogens such as viruses, bacteria, and so on

in water effluents [37].

The semiconductor photocatalysts have advantages such as low manufacturing cost, non-toxicity,
a high surface area and a high amount of active sites, simple preparation for large scale
applications, a short charge diffusion distance, which is important to decrease bulk charge
recombination, and tunable properties when modified with dopants, sensitizers, etc. [49].
Besides, with the photocatalytic technique, complete degradation of pollutants can be achieved
so that the method does not leave a trace amount of pollutants [39].

However, the removal of catalyst from the reaction medium, serious surface charge
recombination, and poor chemical stability due to the large surface area can be serious problems
for such systems. In order to obtain better photocatalytic activity, a semiconductor with a lower
band gap energy should be chosen. Besides, cost, easy production, stability in the reaction
medium, being eco-friendly, and effectiveness are the crucial parameters that should be

considered for the selection of a photocatalyst [29].
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The different mechanisms for the Photocatalytic activities of pure zinc oxide NPs have been

proposed as the following.
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Fig 7. Scheme for dye degradation [36].
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2.6.3. Parameters Affecting Photocatalysis

The rate of photomineralization of an organic compound by the photocatalysis method primarily
depends on the following parameters: structure, shape, size, and surface area of the catalyst;
reaction temperature; pH; light intensity; amount of catalyst; and concentration of wastewater
[56-58]. Nowadays, besides the development of multidrug-resistant microorganisms, which is
creating a very challenging issue all over the world, the disposal of colored synthetic organic
waste water from different industries causes serious problems to the aquatic ecosystem. Because
of this, the aquatic environment is contaminated, which poses a serious threat to living
organisms. Therefore, it is highly desirable to develop a simple but effective way to degrade
these colored organic wastes as well as Kkill or inhibit microbial growth.
Pharmaceutically, antibiotics were applied to microorganisms, but successful reduction was not
obtained due to adaptations of these microorganisms to the drug. Also, conventionally, a
biological treatment or degradation process is utilized to decolorize the dyes, but it is ineffective
for the complete removal and degradation of dyes. Photocatalytic degradation by NPs in
wastewater treatment has numerous advantages over the physical, chemical, and biological
methods available to date. These include: rapid oxidation, no formation of polycyclic products,
and oxidation of pollutants (up to the PPb level), chemical stability, optical and electrical
properties, and an effective, inexpensive, and eco-friendly method [59, 60]. Literature studies
have demonstrated that nanocomposites are more effective photocatalysts for the degradation of
dyes; combinations of two individual metals/or their oxides may be more efficient than either
individual [47]. Among different methods, photocatalysis using NPs as an alternative to physical,
chemical, and biological methods shows great potential. In the last few years, the catalytic
process derived from solar energy or other radiation energy has been studied for the successful
degradation of harmful organic dyes into environmentally friendly materials. Recently,
nanomaterials have been effectively used as active catalysts for the degradation or oxidation of
organic dyes. The photocatalytic degradation occurs due to the effective separation of excited
electrons in the conduction band (CB) and holes in the valance band (VB) under light
illumination, which could be captured by some surface species in the surroundings, such as

hydroxyl or O, groups [35].
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2. 7. Allium cepa L. plant

Allium cepa L. (the common red onion) belongs to the Allium genus from the Amaryllidaceous
family and is recorded in around 918 species around the world. Only one bulb is produced by
each onion plant, therefore, the "onion" word originated from the "unio™ word, which refers to
"one", "single" in Latin [20]. Among the vegetables rich in bioactive compounds, Allium cepa L
is one of the oldest plants cultivated around the world and consumed as a vegetable and spice. It
is greatly appreciated as a medicinal plant in traditional medicine for its high content of
phytochemicals, including polyphenols, flavonoids, and sulfur-based compounds [27]. It is the
second most important horticultural crop after tomatoes, with a worldwide current production
that makes its related by-products widespread and easily available. Furthermore, onion waste is

an easy handling biomass because of its low weight and dryness [21].

Various reports have already been published in the literature that show that nanomaterials such
as nanoparticles and nanocomposites are effective candidates for the photocatalytic degradation
of synthetic organic dyes and toxic chemicals and the inhibition of microorganisms [37]. In this
thesis, we have synthesized ZnO Nps and Co/ZnO NCs through the green route using red onion
skin aqueous extract for the first time and utilized them as efficient photocatalysts for the
degradation of the hazardous Methylene Blue dye under natural sunlight irradiation and
antimicrobial tests on two gram positive bacteria, one gram negative bacteria, and one fungal
strain at room temperature. The synthesized nanoparticles and nanocomposites were
characterized by XRD, SEM, UV-Vis, and FT-IR spectroscopy.
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3. MATERIALS AND METHODS

3.1. Chemicals and reagents

All chemicals and reagents used in this study were of analytical grade and used without further
purification. Zinc (Il) nitrate hexahydrate, Zn (NO3), .6H,0, (99.5%), Alpha Chemica, India;
Cobalt (1) nitrate hexahydrate,Co(NO3),.6H,O (99.8%, Alpha Chemica, India ), Sodium
Hydroxide, NaOH (99%, Sigma - Aldrich, UK), Ethanol (99. 9% Ranchem Industry, Turkey ),
Methylene Blue (Merck, Dermstadt, Germany), Hydrochloric acid, HCL (38%, Merkel,
Germany), Sodium Chloride, NaCl (99. Loughbrough, LE 115RG, UK), distilled water, absolute
ethanol (99.9 %) ,filter paper (Whatman No. 1 and 4, Allium cepa plant peel) were used.

3.2. Apparatus, equipment, and scientific instruments

Oven (model: 158005/12, Gallen Kamp, England), Mortar and pestle, digital balance (Adam,
AFP-110L, UK), Magnetic stirrer plate (Staffordshire ST15-OSA, UK), refrigerator
(BekoRRN2650, Turkey), centrifuge (Table Top Centrifuge, PLC-02; Taiwan ), centrifuge tubes,
beakers, test tubes, droplets, graduated cylinders, rack, cuvettes, eryemer flasks, electrical
grinder, reagent bottles, and volumetric flasks.

Double beam UV-Vis Spectrophotometry (UV-Vis: SPECORD 200 PLUS -223, Germany ),
single-beam UV-VVis Spectrophotometry (JENWAY - 6705), pH/Conductivity Meter (Bante
902P, China ), X-Ray Diffractometer (XRD-700 Drawell, Artist of Science, Shimdazu, USA),
Fourier Transform Infrared Spectroscopy (FT-IR:Perkins Elmer, Spectrum Two LITA,
L1600300, UK), and Scanning Electron Microscopy (SEM,JCM-6000PIlus machine) were used
during the study.

3.3. Sample collection and preparation

The Allium cepa L. plant peel was collected around the Jimma University cafeteria from Jimma
Zone, Jimma, and Southwest Ethiopia and transported to Jimma University chemistry research
laboratory. And then, after, thoroughly cleaning with tap water to remove debris and other
contaminants, followed by distilled water and shade drying at room temperature. The well dried
sample was ground with a mortar and pestle, and then the aqueous extract of the peel powder
was prepared by boiling 10 g of the powder with 100 mL of distilled water in a 250 mL beaker at
about 60 °C and stirring for 20 minutes [61]. And the reddish extract was cooled to room

temperature and further centrifuged at 400 rpm for about 10 min to remove any heavy insoluble
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biomaterials. The supernatant was collected and finally, the extract was kept in a refrigerator to

be used for further experiments [62].

3.4. Phytochemical tests of Allium cepa L. plant peel extract

3.4.1. Test for flavonoids
Alkaline reagent Test: 1 mL of the extract was treated with 5 mL of NaOH. The presence of

flavonoids is confirmed by the formation of the intense yellow color [63].

3.4.2. Test for alkaloids
Wagner’s Test: 1 mL of the solvent extract was acidified with 1 mL of 1.5% v/v HCI, and 1 mL
of Wagner's reagent was added. The occurrence of alkaloids is indicated by the formation of

yellow and/or brown precipitates [23].

3.4.3. Test for saponins
Frothing Test: About 1 mL of the extract was diluted separately with 20 mL of distilled water
and shaken in a graduated cylinder for 15 minutes. A 1 cm layer of foam was formed, which

indicates the presence of saponins [12].

3.4.4. Test for tannins and phenolic compounds

Ferric chloride test: 1 mL of the extract was treated with a few mL of 5% neutral ferric chloride.
The formation of a dark blue and/or bluish-black color product showed the presence of tannins
and phenols [12, 42].

3. 5. Parameter optimizations for the synthesis of ZnO NPs and Co/ZnO NCs

The different parameters that are expected to affect the synthesis of NPs and NCs were studied
by analyzing the samples through the UV-Vis spectrum by varying one parameter and keeping
the others constant.

The reaction time is essential for the synthesis of NPs and NCs [4]. The effect of reaction time
was studied during the green synthesis of Co/ZnO NCs for every 1 h difference for 3 h.

The presence of OH- in an alkaline pH environment might enhance the reducing and
templating/chelating capabilities of the biomecules in the peel extract due to the better
accessibility of the functional groups present in the extract for nucleation at alkaline pH [38].
The green synthesis of Co/ZnO NCs using an aqueous extract of red onion peel was examined at

different pH values of 6, 8, 9 and 10 by keeping other parameters constant.
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Temperature is one of the major factors that significantly influence the shape, size, stability, and
yield of NCs synthesized via the green route. In most cases, the synthesis of NPs using green
technology requires temperatures less than 100 °C or ambient temperature [41]. The effect of
temperature on the green synthesis of Co/ZnO NCs was studied by varying it at 25, 45, 65, and
85 ° C by keeping all other parameters constant.

The synthesis of Co/ZnO NCs using plant extract is mainly influenced by the types of
biomolecules found in the plant extract and the volume used. The volume of plant extract used in
the synthesis of NMs plays a significant role in the reduction of metal ions into reduced metal
atoms [15]. To get the optimum amount of plant extract for reduction of Zn * and Co ?* ions,
the volume optimization of red onion peel aqueous extract was studied with different volumes of
red onion peel aqueous extract (10, 15, and 20 mL ) at fixed values of other factors.

Formation of Co/ZnO NCs was also investigated by varying Zn (NO3), .6H,O solution from
0.05, 0.1, and 0.15 M by keeping plant extract volume, dopant concentration, reaction time, and
temperature constant.

The absorption peak of Co/ZnO NCs could also be affected by the concentration of dopant [23].
To see the effect of dopant (Co) concentration on the absorption peak of ZnO NPs, the dopant
concentrations were studied at different concentrations (0.01 M (1%)), 0.05 M (5%), and 0.1 M
(10%)) at fixed amounts of other parameters.

3.6. Synthesis of Zinc Oxide Nanoparticles
The synthesis was performed according to [15] with slight modifications. Bio-fabrication of ZnO
NPs was initiated by taking 0.15 M of an aqueous Zinc (IlI) nitrate hexahydrate, Zn(NOs3),
.6H,0 solution, in a 250 mL conical flask, followed by continuous stirring at 65 °C for 10 min.
The aqueous extract of Allium cepa L. (20 mL) was added to the Zn (NO3), .6H,0O solution, and
the reaction mixture was constantly stirred at the same temperature to assist the electrostatic
interaction of Zn?" with the biomolecules present in the aqueous peel extract, The color of the
experimental mixture turned light reddish to yellowish as the phytochemicals of the extract
capped the Zn®* ions and initiated the nucleation of ZnO NPs. As the nucleation persisted, the
phytochemical moieties stabilized the process, and the system reached equilibrium within a short
time at a low pH (3). Solution pH from low to high enhanced the nucleation, and phytochemical
moieties stabilized the ZnO NPs [48-51]. In Step Il, the reaction mixture (pH = 8) was

maintained by adding dropwise a freshly prepared NaOH (2.0 M) solution, under continuous
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stirring at 65 °C. The light white precipitation occurred under constant stirring of the reaction
mixture for the next 2 h at 65 °C, which indicated the formation of ZnO NPs [36-38]. The final
product was cooled and then collected by centrifugation of the reaction mixture at 400 rpm for
20 min. The precipitate was washed several times with distilled water and ethanol to remove any
additional impurities or unreacted materials from the surface of the biosynthesized material. In
the final step III, the synthesized material was kept in an oven at 60°C for 1 h, followed by a

crucible dish for an additional 2 h at room temperature to achieve complete dryness.

3.6. 1. Synthesis of cobalt-doped zinc oxide nanocomposites

To synthesize Co/ZnO NCs according to [15, 17] with slight modification, 0.15 M of Zinc (1)
nitrate hexahydrate, (Zn(NOs), .6H,0) was stirred for 20 min, followed by 20 mL of peel extract
dropwise, followed by 30 mL of 5% Cobalt (1) nitrate hexahydrate, Co(NO3),.6H,O. The
mixture was progressively stirred for 20 minutes at room temperature, and a reddish to yellowish
color was observed. To adjust the pH of the solution, freshly prepared 2 M NaOH was added
drop by drop to bring the pH to 8. The resultant product was stirred at room temperature for 2
hours. Subsequently, the obtained solid was cooled and then collected by centrifugation of the
reaction mixture at 400 rpm for 20 min. The precipitate was washed several times with distilled
water and ethanol to remove any additional impurities or unreacted materials from the surface of
the biosynthesized material. In the final step I11, the synthesized material was kept in an oven at
60 °C for 1 h, followed by a crucible dish for an additional 2 h at room temperature to achieve

complete dryness.

3.7. Methods of Characterization

3.7.1. UV-Vis, FT-IR, XRD, and SEM Analysis

The electronic spectra of the ZnO NPs and Co/ZnO NCs in solution were run in the range of
300-800 nm on a 6705 UV/Vis spectrophotometer (JENWAY).

The electronic spectra of the ZnO NPs and Co/ZnO NCs in solution were run in the range of
300-800 nm on a 6705 UV/Vis spectrophotometer (JENWAY). The principle of UV-Vis
spectroscopy is based on the absorption of ultraviolet light or visible light by chemical
compounds, which results in the production of distinct spectra through diluting the samples

during analysis.
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Fourier transform infrared (FT-IR) spectra recorded in 4000-400 cm™ were used to identify the
presence of functional groups and to receive valuable information regarding the presence of
ligand in the metal NPs as KBr discs on a Perkin Elmer. The FT-IR technique is used to obtain
an infrared spectrum of the absorption/emission of solids and gather spectral data in an extensive
spectral range.

The crystallinity and crystalline phase of synthesized samples were determined through X-ray
diffraction (XRD) profiles (DR AWELL XRD-700 using 2CuKa radiation) in 20 range of 20° to
80° with a scan speed of 0.03°/min. XRD patterns are collected on an X-ray diffractometer.
These X-rays are generated by a cathode ray tube, filtered to produce monochromatic radiation,
collimated to concentrate, and directed toward the sample [45]. The atomic planes of a crystal
cause an incident beam of X-rays to interfere with one another as they leave the crystal. The
morphological features of the prepared ZnO NPs and Co/ZnO nanostructures were studied using
scanning electron microscopy (JCM-6000Plus machine). The sample was simply deposited onto
the top of an adhesive fastened to an aluminum stub/holder. Most often, conductive carbon tape
is used to sequester the sample. Computer software was used to collect/analyze the resulting
patterns to determine the crystallography of the material. The SEM instrument is based on the
principle that the primary electrons released from the source provide energy to the atomic
electrons of the specimen, which can then release secondary electrons (SEs), and an image can
be formed by collecting these secondary electrons from each point of the specimen [49].

Fourier transform infrared (FT-IR) spectra recorded in 4000-400 cm™ was used to identify the
presence of functional groups and to receive valuable information regarding the presence of
ligand in the metal NPs as KBr discs on a Perkin Elmer. The FT-IR technique is used to obtain
an infrared spectrum of the the the th or the the absorption/emission of solids and gather spectral
data in an extensive spectral range [64].

The crystallinity and crystalline phase of synthesized samples were determined through X-ray
diffraction (XRD) profiles (DR AWELL XRD-700 using 2CuKa radiation) in 20 range of 20° to
80° with a scan speed of 0.03°/min. The morphological features of the prepared ZnO NPs and
Co/ZnO nanostructures were studied using scanning electron microscopy (JCM-6000Plus
machine). The energy band gap of ZnO NPs and Co/ZnO NCs was determined using the tauc
relation. The tauc plot is a convenient way of studying the optical absorption spectra of a
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material. It has the photon energy (hv) on the X axis and (ahv)? on the Y axis, and extrapolating

the linear portion of the curve to the X axis yields the band gap energy of the material [65].

3.8. Applications of synthesized NPs and NCs.

3.8.1. Optimizations of parameters for the degradation of methyl blue dye.

A. Catalyst dosage.

The number of organic pollutants adsorbed on the surface of NPs is a crucial factor that
influences their photocatalytic performance. In this study, a catalyst dosage was varied from 30
to 70 mg at constant pH, initial dye concentration, and time to see its effect on the decolorization
efficiency. Equilibration in the dark is required because it is assumed that photocatalytic
reactions of organic pollutants occur in the adsorbed phase [21]. Dark equilibration was
performed 30 minutes before illumination in the sunlight. The intensity condition was checked
by UV-Vis spectroscopy measurements.

B. Effect of pH

I. Determinations of the point of zero charge.

Determining the pH at point of zero charge (pHpzc) is a substantial step in predicting the charge
on the nanoparticle surface during the photocatalytic degradation process.

The pHpzc was carried out according to [15, 66] and accordingly, 0.1 M (0.58 g) of NaCL in 100
mL distilled water was prepared and added to different five 50 mL round bottom flasks, followed
by the addition of 50 mg of Co/ZnO NCs to each flask, and the pH; for each was adjusted to (2,
4, 6, 8, and 10) (appendix 1A) by using 0.1 M of HCI and NaOH. The flas were shaken in a
shaking water bath for 24 at room temperature, and then after that, the pH; of each was recorded,
and finally the pH, or (pH ¢— pH ;) was calculated and drawn againist pH ; The value of pHpzc of
Co/ZnO NCs was determined from the points where the initial pH equals the final pH.
Adsorption of MB on the surface of Co/ZnO NCs was evaluated after 30 minutes of stirring the
solution in the dark at different pH values of 8, 9, and 10. The pH of the MB dye was adjusted by
0.1 M of NaOH, and the percentage degradation was determined by measuring absorbance and
calculating the percentage degradations at different time intervals from 15 to 60 min.

C. Effect of initial dye concentration

The concentration of dye is one of the main parameters that affect the degradation efficiency of

photocatalytic degradation [40]. The effect of the initial dye concentration on the decolorization

27



of MB was studied under natural sunlight irradiation by varying the initial MB dye concentration
from 10 mg/L to 30 mg/L at a fixed time, pH, and nanocatalyst dose to see its effect on
degradation efficiency after 30 minutes of stirring the solution in the dark.

D. Effect of irradiation time.

UV-Vis absorbance spectra were investigated to show the impact of irradiation time on the MB
dye, and intensity was checked at different time intervals from 15 to 60 min by keeping the
initial MB dye concentration, pH, and nanocatalyst dose constant to see their effect on
degradation efficiency after a dark equilibration test for 30 min.

After the optimization process was completed, the photocatalytic experiment on
demineralizations of MB dye was investigated according to [13, 15, 66] with some
modifications. To evaluate the photocatalytic performance of the prepared samples towards the
degradation of MB dye, 50 mg of the prepared samples (ZnO nanoparticles or Co/ZnO
nanocomposites) was dispersed in 100 mL of 10 ppm or 10 mg/L MB dye solution in glass vials,
which were used as the reactors, and thoroughly mixed and kept in the dark for 30 minutes to
reach the adsorption-desorption equilibrium between the photocatalysts' surface and dye
solution. The reaction suspensions containing MB and nanostructured ZnO and
Co/ZnO photocatalysts were irradiated with sunlight for 60 minutes with intermittent
(continuous) shaking for uniform mixing of the photocatalysts with the MB dye solutions. These
experiments were carried out at midday (between 6.00 and 7.00 AM) during the peak winter
season, ensuring irradiation with sunlight of maximum luminosity. Then aliquots (suspensions)
of 5 mL were collected at regular intervals of time and centrifuged (10,000 rpm for 5 min) at
different definite time intervals to separate the bio-fabricated ZnO NPs or Co/ZnO NCs from the
suspensions. Concentrations of the MB dye in the resultant solutions were monitored by UV-
visible absorption spectroscopy in the wavelength range of 200-800 nm, with distilled water as
the reference medium, and absorbance intensity depletions were measured at a maximum
wavelength of 665 nm in the indicated wavelength range . The photocatalytic efficiency of the

photocatalysts for the degradation of the MB dye was calculated using the following formula :
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%degradation = [(Ag— A)/ Aol X100 = Co— Ci/Co X 100....c.iiiiiiiiiriiieiene (2).

Where C, is the initial concentration and C is the final concentration at time t while Ay is the
initial absorbance of dye and A is absorbance of dye at any time t of the MB dye sample with
bio-fabricated ZnO NPs or Co/ZnO NCs) .

3. 8.2 Reusability performance of the nanoparticles and nanocomposites

The recycilibity of the NCs was performed according to [15], and accordingly, the optimized (50
mg) Co-ZnO NCs were separated from the supernatant solution by centrifuging and then washed,
dried, and reused three times (three times) at optimized 60 min and pH 9 to compare the
degradation efficiency with the original nanocatalysts. The degradation efficiency of ZnO NPs
was checked by the same procedure at these optimized variables and compared with that of
Co/ZnO NCs.

3.8.3 Antibacterial and Antifungal Activities.

The study on antimicrobial activity Plant extracts, NPs and NCs synthesized were carried out
using the agar disc diffusion method. Zones of inhibition were measured in millimeters (mm) as
a diameter in areas where no growth inhibition of the bacteria was visible. Bacterial
suspension (1. 0x10"8 CFU/ mL) was then inoculated to standard petri dishes, which were
formerly prepared using Muller-Hinton Agar according to manufacturer’s procedure. The tests
were performed in duplicate. Small volumes of bacterial suspensions were swabbed to each
MHA plate and then evenly seeded and streaked by means of two or more times, rotating the
plate approximately 60° each time to ensure an even distribution of inoculums, and finally the
rim of the agar was swabbed. Test solutions were prepared by dissolving 250 mg of NPs and
NCs into 1 mL of DMSO to get final concentration of 100 mg/L. Sterile filter paper discs (6
mm) were soaked with a stock solution of extracts and then placed over the seeded NMs at
equidistance. The plates were then inverted and incubated at 37 °C for 24 h. The bioassay for
antifungal activities was the same procedure described for bacterial activities. For each bacterial
and fungal strain, the standard gentamicin and clotrimazole were taken, respectively, as positive
controls and DMSO as a negative control for the test experiment at room temperature.

A. Minimum inhibitory concentration (MIC).

MIC is defined as the lowest concentration of the antimicrobial agent that inhibits microbial
growth after 24 h incubation. The most effective NPs and NCs exhibiting strong antibacterial

activity at 100 mg were manipulated to determine their MIC using the agar disc diffusion method
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and evaluate their efficiency. Different concentrations of the NPs and NCs ( 100, 75, 50, and 25
mg/L) were prepared by the serial two-fold dilution method separately by dissolving 100 mg in
1 mL acetone, sterilizing through a Millipore filter, and loading their requisite amounts over
sterilized filter paper discs (6 mm in diameter ). Muller-Hinton agar was poured into sterile
petri dishes and seeded with bacterial suspensions of the pathogenic strains. The loaded filter
paper discs of the effective NPs were placed on top of the Muller-Hinton agar plates and then
incubated at 37 °C for 24 h. The inhibition zones were measured by ruler and recorded against

the concentrations of the effective, NPs, NCs, and plant extracts.
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4. RESULTS AND DISCUSION

4. 1. Phytochemical screening of the red onion peel plant extract

During this study, phytochemical tests were conducted to identify classes of secondary
metabolites present in the peel-aqueous extract of red onion. The primary phytochemical
screening of the extract showed the existence of phenolics (with very intense color ), flavonoids,

alkaloids, and tannins with intense color, as shown in Table 2 below.

Table 2. Phytochemical components of Allium cepa L. peel extract

S/No Phytochemical chemical tests results
1 Phenolics ferric chloride + ++
2 Saponins frothing test +
3 tannins ferric chloride ++
4 flavonoids alkaline reagent +
5 alkaloids Wagner's test +

+ indicates the presence of phytochemicals, whereas ++ and +++ indicate high and higher

intensity, respectively.

These phytochemicals, especially phenolics and tannins, act as capping and stabilizing agents for
the synthesis of nonmaterials. This result is in good agreement with the literature [21], in which
it was tested for the presence of phytochemicals in the red onion peel extract by ethanol solvent.
However, according to [21], tannins were not present in the extract, in contrast to this
investigation. This may be due to the type of solvent used during extraction, since different
solvents can extract different families of phytochemicals based on their polarity, varying the
biological activity of the extracts.

4.2. Parameter optimizations for the synthesis of Co/ZnO NPs and Co/ZnO NCs

4.2.1. Effect of reaction time

The UV-Vis analysis of the samples displayed a small intensity peak at 1 h, and the intensity
band increased and a sharp peak with maximum wave length (369 nm) )was formed as the time
progressed to 2 h (Fig. 8). This indicated enhanced nucleation rate and formation of small sized

NCs, and by increasing further to 3 h, a decrease in lower wave length nearly similar to that of 1
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h was observed, so 2 h was taken as the optimum reaction time for biosynthesis of Co/ZnO NCs.
Therefore, literature [5] found a similar result to this finding and concluded that increasing the
reaction time increases the rate of reduction of metal ions until the reaction reaches completion.
But, according to literature [66, 67], as contact time increases, the overall concentration of the
nanomaterial increases until equilibrium is reached, and a longer reaction time causes an increase
in size and also enhances the agglomeration of the nanocomposite rather than nuclei formation
[45].
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Fig 8. UV-Vis spectra of time optimization
4.2.2. Effect of pH
Out of the optimized pH, pH 8 was taken as the optimum to synthesize NCs because it gave a
sharp peak at maximum wave length (365 nm), as seen from Fig. 9 below, and this result was in
close agreement with the recently reported literature [5], which studied the antibacterial activity
of red onion skin ethanol extract supported ZnO NPs and showed pH 8 as the optimum condition

for synthesis.
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Fig 9.UV-Vis spectra of pH optimization.
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4.2.3. Effect of temperature

At 25 °C, the Co/ZnO NCs showed a small absorption peak, indicating that no adequate Co/ZnO
NCs were formed [68] (fig. 10). As the temperature increased from 45 to 65 °C , the intensity of
the peak increased, and especially at 65 °C a sharp peak with a wave length of 362 nm was
formed. This may be related to increasing reaction temperature, which improves the reaction rate
up to the optimum condition for enhancement of nucleation rate. Even though there was a shift in

wave length at 85 °C , a sharp peak didn't form. Therefore, 65 °C was taken as an optimum
condition to biosynthesize Co/ZnO NCs.

absorbance (a.L)

250 o0 =0 100 TS0 00 S50 T00
wave length (nm)

Fig 10. UV-Vis spectra of temperature optimization
4.2.4. Plant extract optimization
A red shift in the lambda from 360 to 362 nm was observed (Fig. 11) when the volume of the extract was
increased from 10 to 20 mL, and the peak formed was also sharp [63]. This was attributed to the
phytochemicals present in the plant extract, which are responsible for the bioreduction and stabilization of
the NPs [63, 69], and so the 20 mL was taken as an optimum condition to study other variables. The result

obtained was in close agreement with the literature [70], in which the effect of the volume of plant extract
on the green synthesis of Cos0,4 NPs was studied.
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Fig 11. UV-Vis spectra of plant optimization

4. 2. 5. Concentration of Zn (NO 3),.6H,0 Optimizations

In this study, the absorption peak was increased due to increasing concentration of Zn (NO
3)2.6H,0 solution from 0. 05 to 0. 15 M (fig. 12). This may be due to the formation of more Co/
ZnO NCs as reaction progress. Since intensity of the surface Plasmon has a direct proportionality
with the density of the synthesized NPs in the solution [69]. The result obtained was in a close
agreement with recent report [71] in which the effect of the concentration of cobalt nitrate on the
green synthesis of Co NPs was studied. Therefore, 0. 15 M was taken as the optimized condition

to biosynthesize Co/ ZnO NCs.
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Fig 12. UV-Vis spectra of Concentration of Zn (NO 3),.6H,0O Optimizations
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4.2.6. Concentration of dopant optimization.
During this investigation, red shift was observed in the lambda range from 369 to 375 nm while the
concentration of the dopant increase from 0. 01 M to 0.05 M and decreased to 362 nm when
reach 0. 1 M, Which resulted in a change in the optical band gap value and therefore, 0. 05 M (
5%) was taken as optimum dopant concentration to synthesize Co /ZnO NCs ( fig. 13) because it
gave a sharp peak at maximum wave length compared to others. A similar result was reported in
the literature [57] that studied the effect of concentration of Co dopant on the surface Plasmon

peak resonance of ZnO NPs.
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Fig 13. UV-Vis spectra of dopant concentration optimization

4. 3. Characterization of Synthesized NPs and NCs

4. 3. 1. UV-Vis spectroscopy analysis

During analysis of synthesized samples by UV-Vis spectroscopy, the absorption peak appeared
at 369 and 375 nm (red shift), which confirms the formation of ZnO NPs and Co/ZnO NCs,
respectively (Fig. 14).

This redshift phenomenon is mainly due to sp-d exchange interactions between the localized d
electrons and the band electrons of Co?* ions, which substitute Zn ions. The result obtained
closely matched the recent report [23], in which Co/ZnO NCs were synthesized from Muntingia
calabura leaf extract and the maximum absorption peak was obtained at 372 nm, whereas the

absorption peak of ZnO NPs was obtained at 359 nm [12].
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Fig 14. UV-Vis spectra of ZnO NPs (0.15M) and Co-ZnO NCs
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From Fig.15 a and b, the energy band gaps of green synthesized ZnO NPs and Co/ZnO NCs
were 2.98 and 2.78 eV, respectively. Generally, the energy band gap of green synthesized ZnO
NPs was decreased by doping cobalt to ZnO NPs, which mainly indicates improved conductance
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Depending on the works of the literature [23, 3, and 38], the characteristic energy band gap of
ZnO NPs by doping has been reported to be between 2.97 eV and 3.1 eV, which is in close

agreement with the present findings.

4.3.2. FT-IR analysis.

Fourier-transform infrared (FTIR) spectroscopy was performed for functional group analysis in
the structure of the synthesized photocatalysts. Fig. 16 compares the FTIR spectra of raw ZnO
and Co/ZnO samples. Some of the signals with noticeable peaks were identified and assigned to
specific functional groups, as follows: The weak intensity bands at around 750-500 cm™ are
characteristics of metal-oxygen stretching vibrations of the Zn—O group, especially in the
spectrum of raw ZnO, which almost shifts in the case of Co/ZnO. This can be associated with the

incorporation of Co ions onto the ZnO surface [45].

A small and sharp peak located at 1041 cm™ in the spectrum of the Co/ZnO sample is probably
the C-O or C - N bond [46]. On further resolving the ZnO and Co/ZnO spectra, a small intense
peak at 1009 cm™ and medium intensity bands in the region of 1500-1700 cm™ were observed,
which are attributed to OH and H - OH bending vibrations, respectively [47 ]. These bands are
an indication of the surface hydroxylation of photocatalysts on account of atmospheric moisture
adsorption, which was further confirmed by the appearance of a broad band at 3100-3300 cm™
related to OH stretching vibrational modes. The small and sharp peak observed around 1700-
1800 cm™ may also be due to the C=0 functional group of quinones or conjugated ketone [21].
A high and sharp peak located at 3330 and 1633 cm™ in the spectrum of the plant showed OH

and C=C functional groups, respectively.
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Fig 16. FT-IR results of A, Co-ZnO NCs B, ZnO NPs and C, plant

4. 3. 3. X- Ray diffraction analysis.
XRD patterns of ZnO and Co-ZnO samples are given in Fig. 17. All the diffraction peaks match
the standard diffraction data for ZnO, as expected. The XRD patterns exhibit sharp peaks at 20
degrees 28.48, 34.40, 34.33, 36.24 , 47.56, 56.59, 62.87, and 68.07 indexed to (00 2), (101), (1
02),(110),(2103),(112),(201),(004), and (20 2) hkl crystal planes of ZnO, respectively
(JCPDS card no. 89-0510) [29 ]. This result was consistent with the fact that the ionic radius of
Co?* (0.72 A) is less than that of Zn?* (0.74 A) [25]. In addition, NCs did not exhibit a
secondary phase such as cobalt oxide. Co?* partially replaced the ZnO crystal lattice without
forming a secondary phase. Meanwhile, in the case of co-doped ZnO NPs, there is a shift in
intensity at (101), possibly related to the effect of the substitution of Co?* with the Zn?* sites in
the ZnO lattice and the resultant reduction of the unit cell volume. The grain size of the
nanocomposite was determined using the Debye-Scherrer equation.

D=K M B Cosb;
Where K is a constant equal to 0.94 and D and A are the particle size nanometer and wavelength of the
radiation (1.54056 A for Cu Ka radiation), respectively. B and 0 are the peak width at half-maximum
intensity (FWHM) and peak position, respectively. The average crystallite size of 5% Co/ZnO is found to
be 27.43 nm.
The particle size of Co doped ZnO was found to be lower than that of pure ZnO (33.97 nm). It was found
that the decrease in particle size was attributed to disorders created by the cobalt ions in the ZnO lattice

structure. From the study, it was assumed that for a smaller amount of Co , its ions substitute well with
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Zn ions. Furthermore, the peak positions were shifted to higher 20 values, indicating possible contraction
of the ZnO unit cell [10].
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Fig 17. XRD results of ZnO NPs and 5% Co0-ZnO NCs.

4.3.4. SEM analysis

ZnO NCs exhibited vertical growth as well as a homogeneous distribution morphology, in
addition to a hexagonal wurthzite structure in the diameter range of 5 - 20 um. A significant
difference in shape and size for the Co/ZnO NCs was not observed, as was a relatively uniform
distribution on the ZnO NPs and Co/ZnO NCs surfaces. From the presented SEM images of the
Co/ZnO films, one can see from Fig. 18 that the surface of the samples obtained is also relatively
porous. The SEM images demonstrate that increasing doping concentration inhibits the growth
of nanostructures, which leads to the formation of structures with smaller sizes and a larger

surface area.

Fig 18 . SEM results of ZnO NPs and Co/ZnO NCs in the range of 5-20 micrometers .
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4.3.5 Determinations of surface charge

The pHpzc of Co / ZnO NCs was found to be 7.15 (Fig. 19). Therefore, above pH values of this,
the nanocatalyst has a negative charge, and below it, it has a positive charge [29]. A similar
result was reported in the literature [19]: the surface of ZnO NPs and Cu/ZnO NCs showed a
negative charge and close values greater than pH 6, as they characterize the surface charge of
ZnO NPs and Cu/ZnO NCs from zeta potential.

4 -

3 - —Seriesl

PZC=7.15

APH

85 10 105 11

A PHi

Fig 19 . Results Pzc determinations for degradation

4.4, Synthesis of ZnO NPs And Co/ ZnO NCs

During the synthesis of ZnO NPs, the color of the mixtures of plant extract and Zn (NO3),.6H,0
solution was reddish at the beginning. After heating for 2 hours with continued stirring at 65 oC,
a white color was observed, which indicates the formation of ZnO NPs. Co/ZnO NCs were
synthesized in a similar way to ZnO NPs, but the addition of Co as an impurity (dopant) and a
white color were observed, which indicates the formation of Co/ZnO NCs. (Appendix 2D). The
Zn and Co ions were reduced to their corresponding ZnO NPs and Co/ZnO NCs, and the
synthesized NPs and NCs were templated through phytochemicals present in the plant extract
[21].

40



4.5. Applications of synthesized NPs and NCs.

4.5.1. Photocatalytic activity.
A Optimizations of parameters for the degradation of Methyl blue dye.

a. Catalyst dosage.

With an increase in Co/ZnO nanocatalyst from 30 to 50 mg, the degradation percentage
increased from 90.1 to 98% because enhancing a catalyst dosage enhances the MB dye
degradation by activating active reaction sites of the nanocatalyst and reactive radicals that result
in enhanced photodegradation efficiency [23]. By further increasing the catalyst dosage to 70 mg
(Appendix 2E), the percentage degradation was decreased to (94.1%) due to the protection of
light penetration by the catalyst surface [72, 73]. The decrease in degradation at 30 mg may be
attributed to the smaller catalyst dosage, which further reduced its ability to decolorize the dye
(Appendix 2E). Therefore, 50 mg (Fig. 20) of Co/ZnO NCs was taken as an optimum condition
to study the effects of other parameters on the photocatalytic activity of NCs on MB dye
degradation. A similar result was reported by recent literature [26, 27]: with an excess amount of
a photocatalyst, degradation percentage decreased due to penetration of light protection by the

nanocatalyst surface.

control-60min

— 50 mg-15min

1.0 | |——50 mg-30 min

50 mg-45 min

08 50 mg-60min
< 06
0.4
0.2
0.0

400 500 600 700 800

wave number (nm)

Fig 20. Dosage optimizations for Degradation result.
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b. Effect of pH

At 60 min, the percentage degradation of MB dye by Co/ZnO NCs was 91.7, 98.1, and 96.5% for
Co/ZnO NCs at pH values of 8, 9, and 10, respectively. From the result obtained (Fig 21), the
degradation efficiency (calculated from absorbance ) was increased until pH 9 (pink color ), but
after that it was slowly reduced because it is assumed that as pH increases, the concentration of
OH ion also increases. Consequently, the oxidation reaction rate, which leads to OH-ion
production, will increase, and dye degradation will occur at a higher rate. However, it is notable
that as pH increases more and more, there are repulsive forces between the photocatalyst charged
surface with negative potential and the OH-ion, which leads to a decrease in dye adsorption rate
and OH radical generation that play a significant role in the degradation of dye [30]. Similar
results were reported in the literature [31], in which as the pH of the solution increased more and
more, the degradation efficiency decreased because of the repulsive forces between the
negatively charged photocatalyst surface and OH" ion . This study confirmed that the MB dye
showed more degradation at alkaline pH, specifically at pH 9 and this was due to the adsorption
of more MB dye on the surface of Co/ZnO NCs by electrostatic attraction [32]. In general, in the
acidic medium, the surface of the catalyst is positively charged, and as a result, a repulsive force
occurs between the photocatalyst surface and the cationic MB dye, which hinders the
degradation process. This was in agreement with recently reported literature [33, 34].

60|

40|

Degradation [%)

20

PH
EffectofPH |

Fig 21. Effect of pH on the MB dye degradation.

c. Effect of initial dye concentration
The concentration of dye is one of the main parameters that changed the degradation efficiency in
photocatalytic degradation [40]. The effect of the initial dye concentration on the decolorization of MB

was studied under natural sunlight by varying the initial MB dye concentration from 10 mg/L to 30 mg/L
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in the presence of 50 mg of Co/ZnO NCs at optimum pH (9), and for 60 min. The degradation percentage
of MB dye decreases from 95.5 to 87.3% when the initial dye concentration reaches 10 to 30 mg/L,
respectively. Similar results were reported in the literature [74, 13]: increasing the dye concentration
causes dye molecules to adsorb light, and the photons never reach the Co/ZnO NCs surface. At high dye
concentrations, more active sites may be covered with dye ions. This may lead to a decrease in the
production of OH radicals on the surface of the catalyst, which play a significant role in dye degradation,
and finally, reduced efficiency of dye removal [6, 9]. Thus, photodegradation of MB dye was found to be
better at low concentrations. The concentration of dye in the decolonization of MB dye has been

graphically represented in Fig. 22 below.
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Fig 22.Concentration Optimization of MB dye (at pH =9, dose = 50 mg, 60 min).
d. Effect of irradiation time.
UV-Vis absorbance spectra were investigated to show the impact of irradiation time on the MB
dye, and the highly decrement in intensity at 60 min compared to others indicates the
decolorizations and demineralizations of the MB dye at this time as time goes from 15 to 60 min
(Fig. 23), so 60 min was taken as the best optimum time for degradation of the MB dye

according to this investigation.
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1.2 4 EFFECT OR IRADATION TIME

Co-ZnO NCs
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o
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Fig 23. Effect of irradiation time on the degradation of MB dye with photocatalyst at
different time interval (MB =10 mg/L , pH =9, dose = 50 mg) under natural sunlight
irradiation
The percentage degradations at different time intervals from 15 to 60 min were calculated by
measuring absorbance. Around 98.1% degradation efficiency was obtained by using Co/ZnO
NCs at 60 min compared to the other time intervals, and additionally, the percentage degradation
efficiency of ZnO NPs was 89.5% calculated at this optimum time (60 min). The better catalytic
performance of Co/ZnO NCs than ZnO NPs could be due to a reduction in e - h*
recombinations [27]. According to literature [35, 36], 96.1% to 84.3% of MB dyes were
degraded by green synthesized Mn/ZnO NCs and ZnO NPs, which is in close agreement with

this finding.

o Absorbance (a.u)

0.0 — T T T T T T T
400 450 500 550 600 650 700 750 800

wave length (n.m)

Fig 24. Degradation efficiency of Co/ZnO NCs at different time interval (10 mg/L, 50 mg,

60 min and pH 9) under natural sunlight irradiation
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Fig 25. Degradation efficiency of ZnO NPs at different time interval (10 mg/L, 50 mg, 60

min and pH 9) under natural sunlight irradiation.
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Fig 26. (A and B). Degradation efficiency of (control), ZnO NPs and Co/ZnO NCs (10
mg/L, 50 mg and pH 9) under natural sunlight irradiation at optimized time, 60 min.
The degradation percentage was calculated by measuring absorbance at 60 min (Figs. 26 and 27).
Around 98.5% degradation efficiency was obtained by using Co/ZnO NCs compared to the
percentage degradation efficiency of pure ZnO NPs which was around 89.5% calculated at this
optimum time (60 min). The better catalytic performance of Co/ZnO NCs than ZnO NPs could
be due to a reduction in e - h" recombinations [27], and additionally, this is anticipated due to
the presence of defects and oxygen vacancies created by Co doping inside the ZnO matrix
[54]. According to literature [35, 36], 96.1% and 84.3% of MB dyes were degraded by green

synthesized Mn/ZnO NCs and ZnO NPs, which is in close agreement with this finding.

On the other hand, a control experiment was conducted in which MB dye was irradiated with
sunlight in the absence of a Co/ZnO NCs catalyst, as shown in Fig. 28 below. The findings
showed that no major change in intensity of the absorption peak was observed, and only 31.2%
of the dye degraded without catalyst. This indicates that the direct photolysis of MB dye was not
very effective in the absence of a nanocatalyst. A close result was observed in the literature [37],

and only 30% of MB dye was degraded without the addition of cobalt nanocatalyst.
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Fig 27. Degradation efficiency whithout catalyst at different time intervals (10 mg/L, 50

mg, 60 min and pH 9) under natural sunlight irradiation .

4.5.2. Reusability performance of the nanoparticles and Nanocomposites.

From Fig. 28 below, the removal of the MB dye by the ZnO NPs and Co/ZnO NCs photocatalysts after
the 1* run achieved up to 95.08% and 87.99%, respectively. After the second run, the removal of the MB
decreases to 90 and 85%, as well as 88 and 80% for Co/ZnO NCs and ZnO NPs, respectively, after the
third round. The decrease in the removal of the MB is probably due to the loss of the recycled catalyst
during sampling. From the figure, it is possible to say that ZnO NPs and Co/ZnO NCs have adequate

stability and do not suffer from photo-corrosion during degradation; this is in line with reported literature

3].

Co-Zn0-NC

ZnO-NP RECYCLING

% of Degradation

% of D egradation

Fig 28. Recycling results of A, Co-ZnO NCs and B, ZnO NPs
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4. 6. Antimicrobial activity

In this study, Co/ZnO NCs showed an adequate zone of inhibition against all microbial strains
compared to ZnO NPs. The antimicrobial activity of Co/ZnO NCs is due to the high affinity of
Co ions to the sulfur thrill protein of bacteria. This affinity leads to the breakage of disulfide
bonds in thiols, which results in disruptions of protein tertiary structure and cell death in bacteria
[41]. This finding was in agreement with [23, 43] that doping of metals (Zn, Ag, La, Ce) to ZnO
NPs increases their antibacterial activity. Additionally, as concentrations of both ZnO NPs and
Co/ZnO NCs increased, antibacterial activity also increased since it is concentration-dependent,
which agrees with previous reports [42, 43]. The findings of this study also revealed that gram
positive bacterial strains (S. aureus and B. ceurues) were more sensitive than gram negative
bacterial strains (E. coli) against biosynthesized Co/ZnO NCs and ZnO NPs and towards plant
extract. This variation in sensitivity and resistance to both gram negative and gram positive
bacterial populations might be due to differences in their cell structure, physiology, metabolism,
or degree of contact between organisms (NPs and NCs) [44]. Antibacterial activity is also size-
dependent, which means as the size decreases, the surface area of the particles increases, and
antibacterial activity increases [12]. The smaller the size of the particles, the higher the oxide
content due to the larger surface area. The presence of oxide on the surface ensures the highest
antimicrobial activity of Co/ZnO NCs and ZnO NPs, most probably due to higher concentrations
of ROS, RNS, H,0, O, and OH radicals inside the microbial cell [47, 48].

The antimicrobial activity of red onion peel extract obtained from the aqueous solution against
the selected microbial strains was also tested. Zones of inhibition measured against this aqueous
extract were 11, 8, 10, and 9 mm for S. aureus, E. coli, B. cereus, and C. albica, respectively. The
growth zone of inhibition found by plant extract is lower than that found by both ZnO NPs and
Co/Zn0O NCs because the synthesized NPs enhance the antimicrobial activity of the plant extract.

As both flavonoids and tannins were present as stabilizing agents on the surface of ZnO
nanoparticles, they could directly interact with the fungal cell wall proteins, leading to the
rupture of the cell wall. Flavonoids with different functional groups are major phytochemicals of
plants and are well-known as antifungal agents,and used against a wide range of pathogenic
fungi, including Candida species [75, 76]. The hydroxyl functional group position in the phenyl
ring usually determines the toxicity of flavonoids against pathogenic microorganisms. Tsuchiya
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et al. reported that flavonoid functional groups form a complex with extracellular proteins of the
bacterial cell wall, and this complex makes the cell wall of microbial pathogens weak, resulting
in a sudden stop in fungal growth [77]. Generally, the microbial effectiveness of ZnO NPs and
Co/ZnO NCs has been enhanced by the development of highly reactive oxygen species like,
H,0O, Oy, OH radicals on the surface of Co/ZnO NCs and ZnO NPs, which cause the death of
microbial cells [21]. The results of the in-vitro antimicrobial activities were recorded as the

average diameter of the inhibition zone in mm, which is given in Tables 3 and 4 below.

Table 3.Antimicrobial activities of biosynthesized ZnO NPs

Concentration of ZnONPs Zone of Inhibition (mm)
(mg/L), PE,Gentamycin,
Clotrimazole

S.aureus B.Cereus E.coli C. albican
100 20.1+ 0.23 |17.3+1.0 17.3+0.7 19 +0.6
75 16+ 0.75 14 +0.51 146 + 0.5 16 +0.41
50 15+ 0.1 13.2 +0.23 7+05 17 +0.73
25 11+04 11 +0.3 6+0.3 9 +0.57
PE 10 7 8 8
DMSO NI NI NI NI
Gentamycin 19+0.8 20.3+0.5 17+1.0 20 +0.53
Clotrimazole - - - 21.3+ 0.13
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Table 4. Antimicrobial activities of biosynthesized Co/ZnO NCs.

Concentration of Co/ ZNnONCs
(mg/L), PE,Gentamycin,

Zone of Inhibition (mm)

Clotrimazole

S.aureus B.Cereus E.coli C. albican
100 21.1+ 0.28 | 20..6 +0.15 20.3+ 0.32 19 +0.5
75 19+ 0.14 15.5 +0.7 20.6 +0.30 16 +0.51
50 20 +0.57 12.3+0.21 15+ 0.10 17411
25 19 40.5 10.5 +0.5 10 +0.12 9 +0.53
PE 11 10 8 9
DMSO NI NI NI NI
Gentamycin 21.4 +0.57 20.3 +0.53 195+15 20 +0.15
Clotrimazole - - - 21.7+0.47

Key : NI no Inhibition
PE plant extract
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5. CONCLUSIONS and RECOMMENDATIONS

5.1. CONCLUSIONS

In this study, ZnO NPs and Co/ZnO NCs were successfully synthesized from Zn(NO3 ),.6H,0O
and Co(NO3),.6H,O using red onion peel ageous extract as capping and reducing agents. The
synthesized NPs and NCs were characterized by UV-Vis, FT-IR, SEM, and XRD. The synthesis
of Co/ZnO NCs was optimized by some parameters like pH, metal ion concentration, volume of
extract, temperature, and reaction time to identify the effect of those parameters on the surface of
NCs. The FT-IR spectroscopy revealed the presence of possible functional groups in the
synthesized ZnO NPs and Co/ZnO NCs by plant extract that were used as capping and
stabilizing agents. The XRD result showed the synthesized NMs have a crystalline structure.
SEM shows ZnO NPs have a spherical to wurthzite shape, and Co/ZnO NCs has a mixture of
spherical shapes. The effect of parameters like pH, catalyst dosage, and dye concentration on the
photocatalytic degradation of MB was studied and optimized. 50 mg of Co/ZnO NCs and pH 9
were taken as optimum conditions to study the catalytic performance of the synthesized NCs at

60 min.

Co/ZnO NCs (98.5%) showed better degradation efficiency than ZnO NPs (89.3%) at optimum
conditions due to reduced e " - h* recombination. Photocatalytic degradation of Co/ZnO NCs and
ZnO NPs was more efficient than photolysis (degradation without catalyst). The synthesized
ZnO NPs and Co/ZnO NCs have exhibited significantly greater antibacterial activity against
gram-positive bacteria than gram negative bacteria due to differences in their cell structures. The
synthesized ZnO NPs and Co/ZnO NCs have greater antimicrobial activity than red onion peel
extract. Generally, red onion peel extract mediated green synthesis of ZnO NPs and Co/ZnO NCs

has significant applications for photocatalytic degradation of MB dye and antimicrobial activity.

5.2. RECOMMENDATIONS.
For further work, the following points were forwarded as a result of the recommendations:
1. Further characterization is required for the determination of the size and composition of
the sample using instruments like TEM, Zeta Potential, XPS, and EDX.
2. Co/ZnO NCs should be applied for the degradation of other types of pollutants.
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3. Further research work is needed on some other metal-doped metal oxide NCs through

the remediation of red onion peel aqueous extract with an antimicrobial and

photocatalytic effect.
4. Finally, the antimicrobial activity of Co/ZnO NCs against some other microbial strains

should be studied.
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Appendix |:-pHPzc determination, MB Dye Degradation by Co-ZnO NCs, MB Dye Degradation by
ZnO NPs, PzC Determination and Phytochemical tests

MB Dye Degradation
A, by nanocatalyst B, without nanocatalyst (control) under natural sunlight
irradiation
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