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ABSTRACT

Contamination of water with antibiotics and organic dyes is causing a serious threat to
human health and ecosystems. Wastewater treatment technologies such as membrane
filtration, advanced oxidation processes, and resin ion exchange have been in use over
time; however, they are associated with limited removal capacity of pollutants and are
reported to be cost-intensive. Recently, decontamination with green metallic nanoparticles
has been found to be promising. This study aimed to synthesize green copper oxide
nanoparticles (CuO NPs) and zinc oxide nanoparticles (ZnO NPs) from Parthenium
hysterophorus aqueous extract and determine their degradation ability against the
rifampicin antibiotic and the methylene blue (MB) dye. The formation of green CuO NPs
and ZnO NPs was confirmed by several characterization techniques: UV-Vis spectroscopy
(UV-Vis), Fourier Transform Infrared spectroscopy (FTIR), Scanning Electron
Microscope (SEM), Transmission Electron Microscope (TEM), Powder X-Ray
Diffraction (XRD), and Dynamic Light Scattering (DLS). The percentage degradation of
rifampicin antibiotic and MB dye using green CuO NPs and ZnO NPs was affected by the
nanoparticle amount, rifampicin and MB concentration, pH, reaction time, and
temperature. The highest percentage degradation (>99%) was obtained for the rifampicin
antibiotic using 10 mg/L of rifampicin solution and 50 mg of green CuO NPs within 210
minutes. In contrast, the highest percentage of degradation (>58%) was obtained for MB
dye using 5 mg/L of MB solution and 10 mg of green ZnO NPs within 360 minutes. The
percentage degradation was determined to increase when the parameters were combined
at their optimal conditions, with over 99% degradation of rifampicin and 59% degradation
of MB reported within 8 and 32 minutes, respectively. Additionally, green CuO NPs and
ZnO NPs were demonstrated to retain their degradation ability even after multiple cycles
of use. According to the study’s findings, P. hysterophorus-mediated green CuO NPs and
ZnO NPs exhibited degradation properties that enabled them to break down the studied
pollutants, indicating potential use in the decontamination of other aquatic pollutants.

Xvii



CHAPTER ONE

INTRODUCTION

1.1 Background Information

Majority of the world’s population experiences severe water scarcity. Statistics show that
about 2 billion people (26% of the world’s population) do not have access to safe drinking
water (UNESCO, 2023). The challenges of water shortage worldwide have escalated
primarily due to climate change, and more than half of the population globally is expected
to lack sufficient freshwater in the future (Naddaf, 2023). A recent report by the Africa
Health Agenda International Conference (AHAIC2023) held in Kigali, Rwanda, in March
2023, showed that climate change has exacerbated water scarcity issues in Africa (Ongaji,
2023). Amidst the global water scarcity issue, environmental pollution of existing waters
by untreated industrial effluents continues to rise, threatening people's daily lives (Fayiga
et al., 2018; Manisalidis et al., 2020).

Pharmaceuticals and organic dyes are some of the contaminants of greatest concern when
they enter water bodies because of their adverse effect on the ecosystem and human health
(Fagier, 2021; Kairigo et al., 2020). These contaminants exhibit high persistence, and their
occurrence in water systems must be addressed by devising strategies to remediate them.
A concern about pharmaceuticals, such as antibiotics, is that they contribute to the
development of antimicrobial resistance, which makes it more difficult for conventional
antibiotics to treat, thereby increasing the disease burden (Kairigo et al., 2020; WHO,
2023). The ubiquitous nature of organic dyes emanates from their uncontrolled release
into water bodies from the textile, pharmaceutical, polymer, and paper industries
(Katheresan et al., 2018; Slama et al., 2021). The dyes are reported to possess carcinogenic
and mutagenic properties, demonstrating that they cause serious health concerns (Lellis et
al., 2019). The release of antibiotics and dyes into water systems compromises the quality
of this valuable and limited resource required for human livelihood (Lellis et al., 2019;
Polianciuc et al., 2020).



Physical, biological, and chemical methods are regarded as conventional methods used in
wastewater treatment plants. However, these methods have limitations in decontaminating
organic dyes and antibiotics, especially at low concentrations (Kamaz et al., 2019; Nam
et al., 2017). Conventional wastewater treatment methods are also limited due to their
expensive nature, use of toxic reagents, high power consumption, and ineffectiveness in
removing the target pollutants completely (Derakhshan et al., 2016; Kamaz et al., 2019).
The potential pathways for the release of these pollutants into water bodies are via
infiltration from the wastewater treatment plants and from the domestic discharge of

human excreta (De llurdoz et al., 2022; Hanna et al., 2023; Polianciuc et al., 2020).

Recently, researchers have embraced green nanotechnology to develop nanomaterials for
use in removing emerging pollutants of concern (Anjum et al., 2019; Kokkinos et al.,
2020).

Nanomaterials can have multiple uses as catalysts, gas sensors, organic converters, and
waste treatment (Maruthupandy et al., 2017; Patil et al., 2021). Research has proven that
plant-mediated metallic nanoparticles are effective in the environmental remediation of
contaminants because the synthesis process is cost-effective, requires simple preparation
steps, does not produce toxic byproducts, and the developed nanoparticles can find
multiple applications (Narasaiah et al., 2017; Shafey, 2020). The resultant metallic
nanoparticles are characterized by a high surface area-to-volume ratio and improved
chemical and mechanical stability, which make them suitable for the remediation of
aquatic pollutants (Khan et al., 2020; Nayeri and Mousavi, 2020). Therefore, green
synthesized metallic nanoparticles are promising candidates for remediating aquatic
pollution and promoting environmentally friendly chemistry.

This study utilized aqueous P. hysterophorus extract as a reducing, capping, and
stabilizing agent to synthesize green CuO NPs and ZnO NPs and investigated their

degradation ability against rifampicin antibiotic and methylene blue dye.



1.2 Statement of the Problem

Water shortage remains an issue of global concern as many people worldwide lack access
to safe drinking water (Ngumba et al., 2020). Despite issues of water scarcity being
experienced, water pollution from untreated industrial effluents, including antibiotics and
organic dyes, continues to be reported in water bodies, further exacerbating the water
shortage crisis (Fayiga et al., 2018; Manisalidis et al., 2020). Furthermore, with the
increasing environmental contamination and climatic changes, water scarcity is becoming
a significant challenge in developing nations. Common emerging pollutants of concern
are antibiotics, and with increasing disease prevalence worldwide, antibiotic prescriptions
are expected to increase (Kairigo et al., 2020). Organic dyes have multiple applications in
different industries, and their release into water bodies remains evident. These pollutants
persist in the environment and, therefore, harm humans and the ecosystem. The existing
conventional methods utilized in wastewater treatment have proven ineffective in
completely removing pollutants and are regarded as cost-intensive and time-consuming
(Kumari et al., 2019; Rogowska et al., 2020).

1.3 Justification

Many research endeavors have tried to find solutions for removing residual antibiotics and
dyes from our water systems. However, more attention still needs to be paid to the
effectiveness of the methods used to address water pollution from these contaminants.
Some of the methods for remediating water pollution, such as reverse osmosis, distillation,
ion exchange, and electrodialysis, which have been in use, are regarded to be financially
intensive and most developing countries, such as Kenya, cannot afford them due to cost
implications, hence the need to find simple, cost-effective ways in which these pollutants
can be removed. If action is not taken, antimicrobial resistance, propagated by antibiotics
and the toxicity properties of dyes, will continue to affect humanity. To this end,
developing a novel approach to safeguard our water system from contamination by
antibiotics and dyes is required. The use of green metallic nanoparticles is proving to be

fruitful in the remediation of antibiotics and dyes from the water systems by countering



the limitations exhibited by conventional wastewater treatment methods (Mekconewi et
al., 2016; Roy et al., 2021).

Therefore, incorporating green nanotechnology in solving environmental pollution
challenges can be an appropriate approach to address water pollution issues arising from

antibiotics and dyes.

Metallic nanoparticles have also been reported to possess enhanced properties compared
to their large particles because they exhibit a greater surface area to volume ratio,
improved mechanical and chemical stability, and potential for reusability. These
nanoparticles can be prepared using chemical, physical, and biological methods, with each
method having its benefits and drawbacks. Specifically, biological methods that rely on
secondary metabolites from plants as reducing, capping, and stabilizing agents are known
to promote a cost-friendly and greener approach to preparing metallic nanoparticles. To
this end, researchers are embracing greener approaches in the synthesis of metallic
nanoparticles by exploiting the sustainability nature of plant-based sources of secondary
metabolites. Simultaneously, the researchers are investigating the effectiveness of these
nanoparticles in the removal of antibiotics and dyes from aquatic systems, as the method
involves simple steps, non-toxic products, is affordable, and promotes environmentally

green chemistry.

1.4 Hypothesis

P. hysterophorus-mediated green zinc oxide and copper oxide nanoparticles cannot
degrade rifampicin antibiotic and methylene blue dye.

1.5 Objectives

1.5.1 General Objective

To degrade methylene blue dye and rifampicin antibiotic using P. hysterophorus-mediated

green zinc oxide and copper oxide nanoparticles.



1.5.2 Specific Objectives

To screen phytochemicals in P. hysterophorus aqueous extract.

To characterize P. hysterophorus-mediated green ZnO NPs and CuO NPs using
UV-Vis, FTIR, SEM, TEM, XRD, and DLS techniques.

To determine the degradation percentage of rifampicin antibiotic and methylene
blue dye using green zinc oxide and copper oxide nanoparticles by optimizing
parameters such as nanoparticle amount, pollutant concentration, pH, reaction
time, and temperature, and subsequently assess the degradation percentage under
optimal parameter conditions.

To determine the reusability potential of green ZnO NPs and CuO NPs in
degrading fresh methylene blue dye and rifampicin antibiotic in multiple cycles.



CHAPTER TWO
LITERATURE REVIEW
2.1 Parthenium hysterophorus (Parthenium Weed)

P. hysterophorus (Plate 2.1) is an invasive weed growing in agricultural and cultivated
lands and along roadsides (Wabuyele et al., 2015). It is a much-branched, short-lived
(annual), upright herbaceous plant that forms a basal rosette of leaves during the early
stage of growth. In addition, it grows between 0.5 and 1.5 m tall and occasionally can

reach 2 m or more in height (Bashar et al., 2022).

Plate 2.1: P. hysterophorus Plant Growing in the Field

In Kenya, the weed is reported to grow in coffee plantations in Kiambu, Kajiado, and
Naivasha (Wabuyele et al., 2015). P. hysterophorus belongs to the Asteraceae



(Compositae) family (Kaur et al., 2021). It is known by other names such as Parthenium
weed, false chamomile, parthenium, whitehead, whitetop, congress grass, feverfew, carrot
grass, false ragweed, and bitter weed (Ahsan et al., 2020). However, no specific local

name for parthenium has been recognized in Kenya.

Traditionally, parthenium has been used as a therapeutic remedy in the treatment of
ailments such as herpes, diarrhoea, heart issues, and fever, among others (Kaur et al.,
2021; Saini et al., 2014) and in the formulation of bioherbicides in the management of
weed growth (Motmainna et al., 2021; Pati and Chowdhury, 2015). Recently, researchers
have shown that the plant has potential benefits in the removal of heavy metals and dyes
from aquatic systems (Bashar et al., 2022). Phytochemical screening of P. hysterophorus
plant extract indicates the presence of terpenoids (5, 6), phenolic acids (3, 4), flavonoids
(1, 2), trace oils (7, 8), major oils (9, 10), pseudoguaianolides (11, 12), and allelochemicals
(13, 14) (Bezuneh, 2015) as shown in Figure 2.1.
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Figure 2.1: Compounds (1-14) Isolated from P. hysterophorus Plant
2.2 Occurrence of Organic Dyes

Organic dyes are among the common industrial pollutants contaminating water systems.
Industries such as textiles, cosmetics, paper, pharmaceuticals, and plastics use organic
dyes in large quantities as colorants (Choudhary et al., 2023; Katheresan et al., 2018).
These dyes enter water bodies through discharge from industries or from wastewater



treatment plants, where they are released in low concentrations. As a result, the organic
dyes compromise water quality, making it unfit for human consumption and agriculture.
Additionally, organic dyes have high water solubility, which increases their prevalence in

water systems (Fagier, 2021).

The occurrence of organic dyes in water bodies leads to the escalation of chemical oxygen
demand and biological oxygen demand levels, affecting photosynthesis rate and plant
growth (Bhatia et al., 2018). Another problem with textile dyes in water is that they react
with chlorine disinfectants to form carcinogenic compounds that threaten human health
(Saini, 2018). Studies show that organic dyes have mutagenic and carcinogenic properties,
which continue to threaten human health (Berradi et al., 2019; Lellis et al., 2019).
Consequently, contamination of available water by organic dyes amidst the water shortage
crisis exacerbates problems humanity faces today. Figure 2.2 depicts structures of
common organic dyes present in water systems, including rhodamine B (15), methyl
orange (16), orange G (17), methylene blue (18), Carbol Fuschin (19), and Congo red
(20) (Patil et al., 2021).

A recent study reveals that organic dyes in surface waters remain prevalent in East African
countries, such as Kenya, with concentrations ranging from 9.1247 to 1682.9 mg/L being
reported (Kapanga et al., 2024). The study attributed pollution in surface waters to textile

industries.
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Figure 2.2: Some Organic dyes (15-20) Isolated from Aquatic Systems
2.3 Occurrence of Antibiotics

Active Pharmaceutical Ingredients (APIs) have been classified as emerging pollutants of
concern. Specifically, APIs, for instance, antibiotics have increasingly been detected in
various environmental compartments, especially in aquatic systems where their threat to
human and aquatic ecosystems remains significant (Wilkinson et al., 2022). Antibiotics
find their way into water bodies as either actual antibiotics or their metabolized form from
patients taking them via human excretion (Carvalho and Santos, 2016). Antibiotics can
also find their way into water systems due to discharge from wastewater treatment plants,
which are currently limited to removing antibiotics at trace concentrations (Kulkarni et
al., 2017). The occurrence of antibiotics in water systems increases proportionally to the
increasing population and improper disposal, and with escalating global disease burden
increased prescription of antibiotics would worsen the situation (Kairigo et al., 2020). The
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presence of antibiotics in water bodies propagates antimicrobial resistance, which the
WHO declared a public health threat (Kairigo et al., 2020).

With increasing antibiotic resistance, the available antibiotics would not be able to treat
the ever-emerging diseases. Furthermore, the presence of antibiotic traces in the
environment disrupts physiological processes and triggers ecotoxicological effects
(Polianciuc et al., 2020).

In Kenya, for instance, some common examples of antibiotics detected in the Nairobi
River Basin and other aquatic environment include tetracycline (21), ofloxacin (22),
ciprofloxacin (23) (129 ng/L), trimethoprim (24) (327 ng/L), amoxicillin (25) (0.3 ug/L),
sulfamethoxazole (26) (1800 ng/L), oxytetracycline (27), and erythromycin (28) as
illustrated in Figure 2.3 (De llurdoz et al., 2022; Kairigo et al., 2020; Ngumba et al.,
2016).

11



HO .
O O
OH OH O OH O Ofloxacin (22)
Tetracycline (21)
O
HO—/
- = o}
0 >®'_J( o
HzNYN\ NH o S \
' H
N~ o~ HN
Trimethoprim (24) Amoxicillin (25)

H
O\\ _N
S N
\b W
HoN

Sulfamethoxazole (26)

Oxytetracycline (27)

Figure 2.3: Some Antibiotics (21-28) Isolated from Aquatic in Aquatic Systems

2.3.1 The Case of Rifampicin Antibiotic

Rifampicin (Figure 2.4) is an anti-tubercular drug used in the management of all stages of

Tuberculosis infection.
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Rifampicin

Figure 2.4: Structure of Rifampicin

The fight against TB continues to show improvements, with the Ministry of Health citing
remarkable progress in achieving a 41% decline from the projected 50% in 2025 (MOH,
2025). However, despite the efforts to manage TB, the incidences remain high (124,000
cases) recorded in Kenya as of 2024, according to the country’s Ministry of Health (2025)
and prescription of conventional anti-tubercular agents such as rifampicin, remains
prevalent. As with common antimicrobial agents, anti-tubercular drugs such as rifampicin
are not completely metabolized in the patient’s body, and portions are excreted in urine or
in fecal matter in their original or metabolized forms, finding their way into water bodies
(Magwira et al., 2019). A recent study by Mtetwa et al. (2024) indicates that 4.27 ng/mL
rifampicin was detected in treated wastewater samples, which proves the gap in removing
the antibiotics at trace levels. TB treatment involves a combination of drug regimens such
as Isoniazid, pyrazinamide, and ethambutol, as TB patients are susceptible to developing
other infections, including HIV, posing environmental risks of the antibiotics in water
(Mtetwa et al., 2024; Magwira et al., 2019). As noted earlier, the conventional wastewater
treatment plants are not designed to remove these antibiotic metabolites at trace levels;
these antimicrobial agents find their way into water bodies eventually (Magwira et al.,
2019; Ngumba et al., 2016).
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2.4 Remediation Techniques for Antibiotics and Organic Dyes

Physical, chemical, and biological treatment methods are conventional methods used to
remove antibiotics and organic dyes in wastewater treatment plants (Piaskowski et al.,
2018). The physical methods involve ionic resin, membrane filtration, and physical
adsorption (Huang et al., 2022). The removal of pollutants by physical methods is
achieved through electrostatic interaction, hydrophobic interactions, and anionic

exchange (Huang et al., 2022). For instance, Ajala et al.

(2023) reports removal of antibiotics from wastewater by adsorptive processes employing
biochar-based adsorbents. On the other hand, chemical methods involve strong oxidation
methods and advanced oxidation processes that react with antibiotics in a redox manner
(Huang et al., 2022). Compared to physical methods, chemical methods destroy
antibiotics and dyes to less harmful compounds (Huang et al., 2022). The biological
methods used in the treatment of pollutants involve the use of enzymes, microorganisms,
plants, and fungi, which react with pollutants and decompose them into stable and less-
toxic substances (Ardila-Leal et al., 2021; Huang et al., 2022; Narasaiah et al., 2017).

However, these conventional methods used in treating antibiotics and organic dyes are
faced with limitations. For instance, physical methods are reported to be expensive and do
not result in the complete removal of the pollutants (Ismail et al., 2019). Chemical and
physical methods are also associated with the production of sludge, which proves difficult
to remove and requires large remediation spaces (Ardila-Leal et al., 2021). In comparison,

biological methods are reported to be cost-effective and environmentally friendly.

Magnetic manganese catalysts have been employed to remove organic dyes in water (Hu
etal., 2019). Biodegradation using microorganisms (Huang et al., 2021), use of adsorbents
(Eniola et al., 2019), membrane technologies (Nasrollahi et al., 2022), coagulation-
flocculation (Ho et al., 2019), and advanced oxidation processes (De llurdoz et al., 2022)
are some of the approaches which have been employed in remediation of antibiotics from

the aquatic system.
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2.5 Approaches for Nanoparticle Synthesis

Due to scientists' curiosity to explore this exigent research area, two approaches to
synthesizing nanomaterials were adopted: top-down and bottom-up (Parveen et al., 2016).
In the top-down approach, bulk materials are broken down into nano-sized materials while
in the bottom-up approach, molecules or atoms are assembled to create nanometer-sized
materials (Parveen et al., 2016). Figure 2.5 summarizes methods used in top-down and

bottom-up approaches for nanoparticle synthesis.
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Figure 2.5: A Simplified Illustration of Top-Down and Bottom-Up Approach for

Nanoparticle Synthesis

From the top-down and bottom-up approaches, three methods for synthesizing
nanoparticle exist, which include chemical, physical, and biological, each with advantages

and disadvantages depending on the field of application.
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2.5.1 Methods of Nanoparticle Synthesis

2.5.1.1 Physical Methods

The physical methods for nanoparticle synthesis involve high-energy radiations,
mechanical pressure, or thermal energy, which cause materials to disintegrate to form
nanoparticles (Dhand et al., 2015). For instance, copper nanoparticles were synthesized
using two ball mills of different sizes employing a planetary ball mill in which a crystal
size of 21 nm was obtained after 40 hours (Yadav, 2016). In another study, Copper/Copper
(1) oxide (Cu/Cu20) nanoparticles were produced by ball milling incorporated with
organic additives (Musza et al., 2018). In addition, induced laser ablation was used to
synthesize copper oxide colloidal and silver nanoparticles (Khashan et al., 2015; Iravani
et al., 2014). Another study synthesized chitosan-coated iron oxide nanoparticles using a

laser pyrolysis technique (Criveanu et al., 2023).

Although the physical method for synthesizing metallic nanoparticles with uniform and
controlled-sized particles is employed, it is limited due to its expensive nature and the
need for huge amounts of energy and power (Almatroudi, 2020; Wu et al., 2019). Physical
methods for nanoparticle synthesis are also associated with the production of huge wastes,
and thus it is not economical for the large-scale production of nanoparticles (Dhand et al.,
2015).

2.5.1.2 Chemical Methods

This method involves using chemical reagents to reduce metal salts into nanoparticles.
Some chemical methods include hydrothermal synthesis, chemical vapor synthesis,
microemulsion technique, plasma-enhanced chemical vapor deposition, and sol-gel
method (Dhand et al., 2015). Co-precipitation methods have been used to prepare copper
oxide nanoparticles (Rangel et al., 2020). Synthesis of pure CuO NPs and nano clay-

supported CuO NPs using chemical reduction was reported (Khan et al., 2020). The
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synthesis of titanium oxide nanoparticles was achieved using the sol-gel method by

dissolving titanium chloride using distilled water (Madivoli et al., 2020).

Microemulsions (water-in-oil) are a common method for synthesizing superparamagnetic
nanoparticles. In one study, Cetyl Trimethyl Ammonium Bromide and 1-butanol were
used to synthesize superparamagnetic magnetite nanoparticles (Salvador et al., 2021).
Moreover, hydrothermal techniques were used to synthesize ZnO NPs for the production
of nanoflowers and nanorods for optical applications (Mohan et al., 2020). While the
chemical method is an appropriate strategy that can be employed to synthesize metallic
nanoparticles, it has a host of drawbacks. For instance, it generates toxic byproducts,
which were reported to be more toxic than the intended target for removing aquatic
pollutants, threatening the ecosystem (Rahimi and Doostmohammadi, 2019). Transfer of
pollutants between the phases has also been evident in chemical methods for synthesis of
nanoparticles (Gudikandula and Charya, 2016; Ngumba et al., 2020). These drawbacks

make the chemical method expensive to operate.

2.5.1.3 Biological Methods

Biological methods for nanoparticle synthesis involve using biological organisms as
reducing agents for metallic precursors to form the nanoparticles (Abdullah et al., 2023).
For this reason, a biological method for nanoparticle synthesis is divided into three
categories, namely, the use of microorganisms, the use of biomolecules as templates, and
the use of plant extracts (Dhand et al., 2015). Biological nanoparticle synthesis methods
are greener than chemical and physical methods since they are energy-efficient, cost-
effective, and self-sustaining (Parveen et al., 2016). In addition, biological methods
possess other advantages, such as the ability to be used in large-scale production of

nanoparticles due to their cost effectiveness (Keat et al., 2015).

The use of microorganisms such as bacteria and fungi provides a greener approach to
synthesizing nanoparticles as these organisms release chemicals responsible for reducing,

capping, and stabilizing metal ions into their nanometer size (Bao et al., 2021; Singh et
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al., 2019; Singh et al., 2018). For instance, Faisal et al. (2023) synthesized silver
nanoparticles using the Paraclostridium benzoelyticum strain for investigation as an anti-
aging agent. The use of bacteria is advantageous because of rapid reproduction, which is
suitable for the large-scale production of nanoparticles. Moreover, the bacterial cells can
be frozen and regrown cheaply, making the method friendly and sustainable (Gebre and
Sendeku, 2019). On the contrary, microorganisms based methods exhibit challenges in
separating the biomass mixed with the nanoparticles (Sridevi et al., 2023; Zikalala et al.,
2022).

As a result of the aforementioned limitations, researchers are opting to plant-mediated
methods for preparing nanoparticles attributing the method to be a greener alternative for
nanoparticle synthesis. Plant parts such as seeds, fruits, stems, leaves, roots, and flowers
have been used to synthesize nanoparticles. In nanoparticle synthesis, plant extracts from
these plant parts are mixed with metallic precursors, forming nanoparticles (Parveen et
al., 2016). The plant contains secondary metabolites such as flavonoids, tannins, alkaloids,
and terpenoids, which act as reducing agents, and amine, carbonyl, and carboxyl groups,
which act as stabilizing agents in the formation of nanoparticles (Dhand et al., 2015; Jan
et al., 2021). Plant-mediated nanoparticles have been proven safe and effective, making
them suitable for biomedical applications. In addition, plant-mediated nanoparticles
promote an environmentally friendly chemistry compared to chemical methods for
nanoparticle synthesis (Gebre and Sendeku, 2019). The use of plant parts in nanoparticle
synthesis is also sustainable as plants can be replanted, and different plants can be used to
prepare the same type of nanoparticles (Dhand et al., 2015). Biological agents are
recognized as low-toxic, cost-effective, and environmentally friendly methods for
synthesizing metallic nanoparticles (Dhand et al., 2015). Green synthesis using plant
extracts has excited researchers to investigate the effectiveness of green nanoparticles in
photocatalytic degradation of dyes (Muthukumar et al., 2022) and antibiotics from aquatic
surfaces (De llurdoz et al., 2022; Jadoun et al., 2020; Narasaiah et al., 2017; Pal et al.,
2019).
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For instance, Abdullah et al. (2023) synthesized barium oxide nanoparticles (BaONPSs)
using Spirogyra hyalina extracts. The formed nanoparticles exhibited anti-inflammatory
activities and demonstrated a potential for use in the medical field. Faisal et al. (2021)
used Myristica fragrans fruit extracts to synthesize ZnO NPs for use as a photocatalyst in
environmental contaminant removal. In addition, ZnO NPs were formed using aqueous
leaf extracts of Aquilegia pubiflora for investigation for medical treatment of cancer and
diabetes (Jan et al., 2021). Figure 2.6 shows a simplified summary of nanoparticle

producing methods.

Methods of Making Nanoparticles ’

* Mechanical milling < Sol gel “ Microorganism-mediated
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< Laser pyrolysis

Figure 2.6: A Simplified Illustration of Physical, Biological, and Chemical

Techniques for Making Nanoparticles
2.6 Nanoparticles in Environmental Remediation

As an exigent research area, researchers are developing nanoparticles for environmental
remediation of pollutants of concern. These endeavors support the United Nations'
Sustainable Development Goals on clean water and sanitation, and promoting human
well-being by using nanotechnology to develop nano adsorbents that are cheap,
environmentally friendly, and sustainable. Examples of nanomaterials commonly used to

remediate water, soil, and air contaminants include metallic nanoparticles,
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nanocomposites, carbonaceous nanomaterials, and polymeric-supported nanoparticles
(ElI-Ramady et al., 2023). These nanomaterials have promising applications because of
their enhanced characteristics in comparison to their large materials, including improved
surface area to volume ratio, improved stability, and potential for recycling and reusability
(ElI-Ramady et al., 2023; Khan et al., 2020; Nayeri and Mousavi, 2020). Nanoparticles
can be prepared using chemical, physical, or biological methods (ljaz et al., 2020; Iravani
et al., 2014). To promote sustainable and an environmentally-friendly chemistry, the use
of plant extracts is showing to be fruitful in the synthesis of nanoparticles for

environmental pollution remediation.
2.6.1 Synthesis of Nanoparticles Using Plant Extracts

Secondary metabolites in the plant extracts mediate the nanoparticle synthesis process. As
previously mentioned, plant extracts contain phytochemicals such as tannins, flavonoids,
terpenoids, phenols, and saponins, which have functional groups capable of reducing
metallic ions from high oxidation states to zero valent ions (Jan et al., 2021; Letchmanan
et al., 2021; Patil et al., 2021). This process results in the formation of the nanoparticles.
Specifically, the secondary metabolites perform the capping and stabilizing roles, which
leads to formation of the nanoparticles (Narasaiah et al., 2017; Singh et al., 2018). Figure
2.7 illustrates a generalized schematic representation of a step-by-step pathway of
synthesizing nanoparticles using plant extracts in which metal nanoparticles can be

formed from their respective metal salts.
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2.6.2 Use of Metallic Nanoparticles

Metallic nanoparticles find wide application in numerous areas, such as in biomedicine,
photocatalysis, soil stabilization, waste treatment cells, light emitting devices, and gas
sensors (Maruthupandy et al., 2017; Singh et al., 2020; Yang et al., 2021). The
modification of usual metal oxides initially used as catalysts into a nanometer size range
increases their effectiveness in the degradation of environmental pollutants due to an
increase in their surface area to volume ratio (Anastopoulos et al., 2017; Danish et al.,
2021).

With an increase in contamination of water systems, metallic nanoparticles’ functionality
as catalysts is widely exploited in this area. In this light, synthesizing nanoparticles to
remove pollutants and curb the effect that the contaminants impose on the ecosystem and
human health remains useful. To bring it into context, several metallic nanoparticles have
been synthesized using green methods to remove antibiotics and organic dyes from aquatic
systems to improve water and human safety. Selenium nanoparticles were reported to
degrade industrial dyes compared to conventional catalysts utilized to degrade organic
dyes (Menon et al., 2021). Carbon nitride-mediated metal oxide forms a recent class of
nanocomposite being used in photocatalysis and degradation of dyes from effluent streams

(Patil et al., 2021). Carbon nitride (CsN4) possesses essential characteristics which make
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the material fit for catalysis. It exhibits good thermal stability with metal oxides and exists
in a planar polymeric structure, similar to a graphite molecule (Patil et al., 2021).
Malakootian et al. (2020) achieved degradation of ciprofloxacin antibiotics using titanium
(V) oxide nanoparticles. Carbon nitride-mediated metal oxide has also been reported to
be useful in photocatalysis and degradation of Carbol Fuschin dye from effluent streams
(Patil et al., 2021).

2.6.2.1 Mechanism of Degradation using Metallic Nanopatrticles

The probable mechanism of degradation of antibiotics and organic dyes using metallic
nanoparticles (MNPs) have been proposed in previous studies (El-Sayed et al., 2014;
Faisal et al., 2021; Kulis-Kapuscinska et al., 2023; Kumar, 2017; Saeed et al., 2018;
Nabilah Mohd Noor et al., 2022; Venkatesan et al., 2022; Zhou et al., 2018). A schematic
representation of the degradation mechanism of antibiotics and dyes using green MNPs is

depicted in Figure 2.8.
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Figure 2.8: Generalized Probable Mechanism of Degradation of Antibiotic and Dye
Using Green MNPs

From Figure 2.8, the incident light leads to the excitation of an electron from the valence
band (VB) to the conduction band (CB) on the green MNPs surface, leading to the creation
of a positive hole in the VB (h{g) (Kulis-Kapuscinska et al., 2023; Saeed et al., 2018).
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The electron on the CB (ecp) is taken up by oxygen adsorbed onto the surface of green
MNPs, leading to the generation of a superoxide anion radical (O3 ). The (03 ) radical
anion further reacts with hydrogen peroxide, a radical generator used in the degradation
reaction, and produces an OH radical (Saeed et al., 2018). The generation OH radical
reacts with the dye, leading to the generation of degradation products. The positive hole
in the VB then moves onto the surface of green MNPs, releasing more oxygen that
produces (057). A similar process repeats itself to produce OH radicals, which are
involved in the degradation of antibiotic/dye. Consequently, the (h{g) serves as the
oxidizing agent and interacts with the OH ~which leads to the significant generation of OH
radicals that react with antibiotic/dye adsorbed onto the surface of the green MNPs,

enhancing oxidation of antibiotic/dye (Venkatesan et al., 2022).
2.6.2.2 Use of Zinc Oxide Nanoparticles

Zinc oxide nanoparticles have numerous uses. It is widely used in industries that produce
cosmetics, rubber, and coating products (Jiang et al., 2018). These nanoparticles are also
used in biological applications since they have good biocompatibility and less toxicity.
Moreover, zinc oxide nanoparticles are useful as anticancer and antimicrobial agents,
making them promising candidates for biomedicine applications (Jiang et al., 2018). ZnO
NPs have feasibly been used in green agrochemicals, antimicrobial activity, antibacterial
activity, photocatalytic degradation, and photocatalysis in environmental remediation
(Fagier, 2021). Additionally, zinc oxide nanoparticles have been used to degrade 4-
chlorophenol and Rhodamine B dye in water (Raj et al., 2022). The ZnO NPs have high
electron mobility, large surface area, and electrochemical stability, which makes them fit
for photocatalysis (Basnet et al., 2019; Khan et al., 2022).

2.6.2.3 Use of Copper Oxide Nanoparticles

CuO NPs possess crucial properties that are fascinating to researchers. Specifically, CuO
NPs have strong thermal, magnetic, electrical, and mechanical functionalities (Crisan et

al., 2022). Because of these properties, CuO NPs find applications in diverse areas. They
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exhibit high-temperature superconductivity, electron correlation effects, and spin
dynamics (ljaz et al., 2017). The crystal morphologies and high surface area that CuO NPs
possess prove to be a potential antimicrobial and antioxidant agent (ljaz et al., 2017).
Singh et al. (2019) reported the degradation of Nile blue dye with a degradation efficiency
of 93%. Ciprofloxacin was removed using a combination of copper oxide and UV

irradiation with over 83% removal efficiency (Khoshnamvand et al., 2018).
2.7 Determination of Degradation Percentage

The degradation percentage of organic dyes and antibiotics using metallic nanoparticles
is determined by recording the absorbance values of these compounds using a UV-Vis
spectrophotometer at varying time intervals. The percentage degradation is then
determined using equation 2.1 modified from previous studies (Ashwini et al., 2021; Mali
et al., 2020; Patil et al., 2021).

(Ao — At)
— X

100 e e e e (2.1
i (2.1)

% D(Degradation ) =

Where;

Ao is the initial dye or antibiotic absorbance value

A is the absorbance value of the dye or antibiotic after time, t.
2.8 Kinetics of Degradation

Kinetics of degradation of pollutants using metallic nanoparticles are obtained by fitting
Kinetic data at different temperatures assuming a pseudo-first-order kinetic model
(equation 2.2) and pseudo-second-order kinetic model (equation 2.3), which gives an idea
of the order of reaction (Madivoli et al., 2020). The order of the reaction is then obtained
by comparing it to correlation coefficient (R?) values for each kinetic model (Wang et al.,
2014). Other thermodynamics parameters, such as change in heat and entropy, are
obtained using the VVan't Hoff plot using equation 2.4 (Wanakai et al., 2022).
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Where;

In[A]t = —KT IN[A]O cev ev cov et vt et e vt e e e e (2.2)

1 1
m —_ _kT + m MEE maE mEs EEE sES EES EEE EEE S8 EEE ESu B mEs EEE (2.3)
InKeq = af + a5 2.4
NKeq = o e v (2.4)

[A]ois the initial concentration of the reactants

[A] is the change in concentration of a reactant after time t,
t is the reaction time

K is the rate constant

AH is a change in heat

AS is a change in entropy

T is the temperature in kelvin

R is the universal gas constant
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Sample Collection and Preparation

A Fresh P. hysterophorus whole plant sample was collected from Kalimoni, Juja town,
Kiambu County, and transported to the GoK Chemistry Laboratory at Jomo Kenyatta
University of Agriculture and Technology (JKUAT) for further preparation. It was
identified and authenticated by Mr. John Kamau Muchuku, a Botanist from the
Department of Botany, JKUAT, and a voucher specimen deposited in the JKUAT Botany
Herbarium with the accession number DMN-JKUATBH/001/2023A-C (Appendix 1). The
sample was then washed with running tap water, rinsed with distilled water, and dried
under the shade for two weeks. The dry sample was ground to a fine powder using a

milling machine (no model number, assembled locally).

3.2 Chemicals and Reagents

The following analytical grade chemicals and reagents were used in this study: Copper
(1) sulfate (CuSOsa), Zinc nitrate hexahydrate (Zn(NOs)2.6H20), Sodium hydroxide
(NaOH), Hydrochloric acid (HCI), Hydrogen peroxide (H202), Methylene blue,
Rifampicin, 98% Methanol AR grade were purchased from Sigma-Aldrich through the
Vision Scientific Ltd, Kenya. All chemicals and reagents were used without further

purification.

3.3 Instrumentation

The following instruments were used in this study: Shimadzu UV-1800
spectrophotometer (Kyoto, Japan), Bruker Tensor Il Fourier Transform Infrared
Spectrophotometer (Bruker, Ettlingen, Germany), STOE STADIP P X-ray Powder
Diffraction System (STOE and Cie, GmbH, Darmstadt, Germany), Tescan Mira3 LM FE
Scanning Electron Microscope (TESCAN, Brno, Czechia), Tecnai G2 Spirit (Thermo
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Fischer Scientific, Oregon USA), and Bechman Coulter DelsaMax pro dynamic light

scattering analyzer (Beckman Coulter, Indianapolis, United States).

3.4 Extraction of Secondary Metabolites in the Sample

The aqueous extract of the P. hysterophorus sample was obtained following a previously
established protocol by Marimuthu et al. (2015), with slight modification in which 20 g
of fine plant powder was dissolved in 200 mL of distilled water. The mixture was heated
at 40°C on a hot plate while being stirred constantly for 20 minutes, and the resultant

extract was filtered through a Whatman No. 1 filter paper (Marimuthu et al., 2015).

3.5 Phytochemical Screening Tests

The secondary metabolites in P. hysterophorus whole plant aqueous extract were screened
using the procedures adopted by Marimuthu et al. (2015) and Marimuthu and Ravi (2014)
as depicted in Table 3.1

Table 3.1: Phytochemical Screening Procedures

Phytochemical Procedure
tests
Flavonoids To 2 mL of the extract, 5 mL of ammonia was added, followed by the

addition of 1 mL of concentrated sulphuric acid, and a color change to yellow
was indicative of the flavonoid’s presence.

Tannins A few drops of 1% neutral ferric chloride were added to 2 mL of extract, and
the formation of greenish-black precipitate was indicative of the tannin’s
presence.

Alkaloids Mayer's Test was used to test the presence of alkaloids, in which three drops

of Mayer's reagent were added to 2 mL of the extract acidified with dilute
hydrochloric acid. A creamy white precipitate indicated the presence of
alkaloids.

Saponins Foam Test was used to test the presence of saponins. In this procedure, 4 mL
of the extract was added to a small amount of distilled water with thorough
shaking. A form that persisted for 15 minutes indicated saponins’ presence.

Steroids In this test, a few drops of chloroform were added to 2 mL of the extract,

and after which a few drops of sulphuric acid were added and then shaken. The

Triterpenoids  mixture was allowed to stand until the appearance of red color at the lower
level of the test tube.
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3.6 Synthesis of Zinc Oxide and Copper Oxide Nanoparticles
3.6.1 Synthesis of Zinc Oxide Nanoparticles

Using 0.01 M Zinc nitrate hexahydrate (Zn(NOs3)..6H>O) solution and aqueous P.
hysterophorus extract in the ratio of 1:4, ZnO NPs were prepared as guided by Datta et al.
(2017) method. The mixture was hand-shaken and left for 45 minutes, and changes in
color were noted. The mixture was centrifuged at 4000 rpm for 15 minutes, and the
supernatant was poured out. The formation of ZnO NPs was monitored by measuring the
surface plasmonic resonance (SPR) peak via a UV-Vis spectrophotometer. After the
formation of ZnO NPs was ascertained, the nanoparticles were dried at 80°C in an oven
for 6 hours. A portion of the nanoparticles was also added to 1 mL of distilled water before
being taken for characterization (Datta et al., 2017).

3.6.2 Synthesis of Copper Oxide Nanoparticles

Using Copper (I1) sulfate (CuSO4) (0.01 M) solution and aqueous P. hysterophorus extract
in the ratio of 1:4, CuO NPs were prepared as described by Datta et al. (2017). The color
change of the mixture was noted, and the SPR peak associated with the formation of CuO
NPs was measured using a UV-Vis spectrophotometer. After the formation of CuO NPs
was ascertained by its SPR band, the nanoparticles were then dried at 80°C in an oven for
6 hours, and a portion was added to 1 mL of distilled water before being taken for

characterization (Datta et al., 2017).
3.7 Characterization of Zinc Oxide and Copper Oxide Nanoparticles
3.7.1 Determination of Surface Plasmon Resonance

The UV-Vis profiles for P. hysterophorus extract, ZnO NPs, and CuO NPs were obtained
in the wavelength range between 280 and 800 nm using a UV-Vis spectrophotometer
(Kolahalam et al., 2022).
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3.7.2 ldentification of Functional Groups

The functional groups in the P. hysterophorus extract, ZnO NPs, and CuO NPs were
identified using an FTIR spectrophotometer. The samples were directly placed on the
sample holder, pressed, and scanned at a resolution of 4 cm™, and the spectra were
recorded between 4000-400 cm~* (Asamoah et al., 2020).

3.7.3 Determination of Crystallinity

The crystallinity of ZnO NPs and CuO NPs was determined using a STOE STADIP P X-
ray Powder Diffraction System. The X-ray generator was equipped with a copper tube
operating at 40 kV and 40 mA, irradiating the sample with a monochromatic CuKa
radiation with a wavelength of 0.1545 nm. The XRD spectra were obtained at room
temperature over the 20 range of 10 — 90° at 0.05° intervals with a measurement time of
1 second per 260 intervals (Madivoli et al., 2016).

3.7.4 Determination of Surface Morphology

The ZnO NPs and CuO NPs were chemically fixed, dehydrated through an acetone series,
and dried to a critical point. The dried sample was mounted on a stub of metal with
adhesive, and surface morphology was observed using Tescan Mira3 LM FE scanning
electron microscope operated at an accelerating voltage of 20 kV at an aperture size of 30
um (Chaudhary et al., 2019).

3.7.5 Determination of Crystal Lattice Morphology

A smaller number of nanoparticles was dispersed in a small volume of ethanol. A smaller
droplet of chemical solution was directed at one or both surfaces of a thin disk. The
mixture was deposited on the TEM grid and left for the solvent to evaporate
(Umamaheswari et al., 2021). Tecnai G2 Spirit operated at 120 kV equipped with a Veleta
2048 x 2048 wide angle detector and an Eagle 4096 x 4096 bottom mount detectors was
used to visualize the crystal lattice morphology of the prepared ZnO NPs and CuO NPs.
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3.7.6 Determination of Polydispersity Index and Particle Size Distribution

ZnO NPs and CuO NPs were resuspended in ultrapure water (18 MQ.cm Barnstead
Genpure UV-TOC, Thermoscientific, Germany) and ultrasonicated to obtain a solution of
suspended nanoparticles. The solutions were filtered through 0.25 uM PTFE syringes into
glass vials, and 45 pL of each solution was transferred onto quartz cuvettes before
analysis. The particle size distribution and polydispersity index were then measured using
a Bechman Coulter DelsaMax pro dynamic light scattering analyzer (Beckman Coulter,
Indianapolis, United States) (Madivoli et al., 2016; Madivoli et al., 2022).

3.8 Degradation Studies Using CuO NPs and ZnO NPs

3.8.1 Degradation of Rifampicin Antibiotic

Rifampicin solution (10 mg/L) was prepared by dissolving 0.0025 g of rifampicin in 1 mL
of methanol and adding 10 mL of distilled water, and transferring the contents into a 250
mL volumetric flask using a previously established protocol (Wanakai et al., 2022). The
UV-Vis spectral scan of 2 mL rifampicin solution alone, 2 mL rifampicin spiked with 1
mL H202, 2 mL rifampicin sprinkled with 10 mg ZnO NPs and CuO NPs and 2 mL
rifampicin spiked with 1 mL H202 and 10 mg of ZnO NPs and CuO NPs sprinkled in
separate reaction vessels for 1 h was recorded. The rifampicin solution alone and the
rifampicin solution spiked with H.O> were used as control experiments. The degradation
progression of rifampicin was then monitored by measuring the changes in absorption
intensity of rifampicin at Amax = 480 nm using a UV-Vis spectrophotometer. FTIR analysis
was performed for ZnO NPs and CuO NPs after the degradation process and compared
with the FTIR spectra before degradation to observe any shifts in the functional groups’

frequencies.
3.8.2 Degradation of MB Dye
The degradation of MB dye by ZnO NPs and CuO NPs was established using a previously

established protocol with slight modifications (Wanakai et al., 2019). A 5 mg/L MB
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solution was prepared using distilled water, and 2 mL of the solution was scanned in a
UV-Vis spectrophotometer to obtain the MB dye spectral profile. 1 mL of H20. was added
to the 2 mL MB solution, and a UV-Vis spectral scan was obtained in the same wavelength
range. In addition, 10 mg of ZnO NPs and CuO NPs were added to 2 mL MB solution
spiked with 1 mL of H20- in a separate reacting vessel, allowed a 1 h reaction time, and a
UV-Vis spectral scan recorded. The degradation was then monitored by measuring the
changes in the absorption intensity of MB dye at Amax = 664 nm in the UV-Vis
spectrophotometer. The MB solution alone and the MB solution spiked with H2O2 were
used as control experiments for the degradation. FTIR analysis was performed for ZnO
NPs and CuO NPs after the degradation process and compared with the FTIR spectra

before degradation to observe any shifts in the functional groups’ frequencies.
3.9 Optimization of Degradation Conditions
3.9.1 Optimization of Nanoparticle Amount

The effect of CuO NPs and ZnO NPs amount was investigated using 10 mg, 20 mg, 30
mg, 40 mg, and 50 mg of each of the nanoparticles with 10 mg/L rifampicin solution, 5
mg/L MB dye solution, all spiked with 1 mL H20. The mixture was allowed to react, and
the UV-Vis spectrophotometric measurements were recorded at a constant time for all
varied nanoparticle amounts to monitor the degradation progression of rifampicin and MB
dye. The degradation percentage of the rifampicin antibiotic and MB dye for each amount
of CuO NPs and ZnO NPs was calculated using equation 2.1 (Khan et al., 2020).

3.9.3 Optimization of pH

The effect of pH on the degradation of rifampicin and MB dye was investigated using 10
mg/L rifampicin, 5 mg/L MB dye solutions, and 10 mg of ZnO NPs and CuO NPs spiked
with 1 mL H2O2. The pH was varied from 2, 4, 5, 8, 9, to 12 using 0.1 M HCl and 0.1 M
NaOH for acidic and basic conditions, respectively. The change in absorbance values for

the rifampicin and MB was recorded using a UV-Vis spectrophotometer, and equation 2.1
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was used to calculate the degradation percentage at each pH value at a constant time (Khan
et al., 2020).

3.9.2 Optimization of Rifampicin and MB Concentration

The effect of rifampicin and MB concentration on degradation percentage was studied
using 10 mg CuO NPs and ZnO NPs, and 1 mL H20.. The concentration for rifampicin
was varied from 10, 15, 20, 25, to 30 mg/L while that of MB was varied from 2.5, 5, 7.5,
10, to 12.5 mg/L. The absorbance values for rifampicin and MB were recorded using a
UV-Vis spectrophotometer at a constant time, and the degradation percentage was

calculated using equation 2.1 (Khan et al., 2020).
3.9.4 Optimization of Reaction Time

The effect of reaction time on the degradation ability was investigated using 10 mg/L
rifampicin, 5 mg/L MB dye, 10 mg of CuO NPs and ZnO NPs, 1 mL H,O> and changes
in absorption intensity were recorded via a UV-Vis spectrophotometer at specific minute
intervals (Ahmadi and Adaobi, 2021). The degradation percentage at each time interval

was calculated using equation 2.1.
3.9.5 Optimization of Temperature

The effect of temperature on degradation was studied using 10 mg of CuO NPs and ZnO
NPs, 10 mg/L rifampicin and 5 mg/L MB solutions, and 1 mL H.O>. The temperature was
varied from 25, 35, 45, 55, to 65°C. The absorbance values for the MB and rifampicin at
each temperature condition were recorded using a UV-Vis spectrophotometer at a constant
time, and the degradation percentage was calculated using equation 2.1 (Khan et al.,
2020).
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3.10 Degradation Studies at Optimal Conditions

For this study, CuO NPs and ZnO NPs amount, rifampicin and MB concentration, pH,
reaction time, and temperature parameters that yielded the highest degradation percentage
were taken as the optimal conditions for that parameter. These optimal conditions were
combined, absorbance values for the rifampicin and MB were recorded using a UV-Vis
spectrophotometer, and the degradation percentage was calculated using equation 2.1
(Khan et al., 2020).

3.11 Reusability Potential of CuO NPs and ZnO NPs

The ability to reuse CuO NPs and ZnO NPs in the degradation of rifampicin and MB was
investigated in four cycles at a constant time in which 20 mg of CuO NPs and ZnO NPs,
10 mg/L rifampicin, 5 mg/L MB dye, and 1 mL H>O> were used. After each use, the
nanoparticles were decanted, washed with distilled water, and dried in an oven at 80°C
for 6 hours (Chowdhury et al., 2020; Zainuri et al., 2018). The dry nanoparticles were
then used in the subsequent degradation cycle with fresh rifampicin and MB solution.
After each cycle, the degradation percentage was calculated using equation 2.1, and the

results were plotted in a bar graph.
3.12 Data Analysis

All experiments were performed in triplicate, and the data were averaged and reported as
mean + SD. The results were represented using line and bar graphs plotted using

OriginPro software (version 8.5). In addition, the correlation coefficients (R?) values of
the kinetic models were determined by statistical functions of OriginPro (version 8.5).

33



CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Phytochemical Test Results

The phytochemicals in P. hysterophorus whole plant aqueous extract, responsible for
reducing, capping, and stabilizing metallic nanoparticles, were screened and the results
tabulated in Table 4.1.

Table 4.1: Phytochemical Test Results

Phytochemical Test Presence/Absence
Flavonoids +
Tannins
Alkaloids
Saponins
Terpenoids
Steroids -
Key: + = presence, - = absence

+ + + +

The screening results showed that flavonoids, tannins, alkaloids, saponins, and terpenoids
were present in the P. hysterophorus aqueous extract, while steroids were absent. The
confirmation of the presence of these phytochemicals in the plant extract demonstrated
their role in reducing copper ion and zinc ion salts from their 2" oxidation states to 0-
valent species, leading to the formation of their respective metal oxide nanoparticles
(Andualem et al., 2020; Marslin et al., 2018). Previous studies have attributed these
secondary metabolites to also perform the function of capping and stabilizing the formed
nanoparticles (Gebre and Sendeku, 2019; Marslin et al., 2018).

4.2 Characterization of Zinc Oxide and Copper Oxide Nanoparticles
4.2.1 UV-Vis Spectroscopy Profiles

Figure 4.1 represents the UV-Vis absorption profiles of P. hysterophorus extract and CuO
NPs.
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Figure 4.1: UV-Vis Profile of P. hysterophorus Extract and CuO NPs

The absorption spectrum associated with P. hysterophorus extract was recorded in the
range of 280-800 nm and appearance of a peak at 287 nm revealed the presence of
electron-rich secondary metabolites (Figure 4.1). The absorption peak associated with
CuO NPs was recorded to occur at 340 nm. The CuO NPs absorption peak at 340 nm was
indicative of the surface plasmonic resonance peak of the CuO NPs, a wavelength at which
CuO NPs absorbed the UV-Vis light. The SPR peak associated with CuO NPs obtained
in this study agreed to results reported in previous studies, indicating the peak occurs in

the range of 200 to 350 nm (Akintelu et al., 2020).

The UV-Vis absorption profile associated with ZnO NPs and P. hysterophorus extract is

represented in Figure 4.2.
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Figure 4.2: UV-Vis Profile of ZnO NPs and P. hysterophorus Extract

The formation of ZnO NPs was confirmed by appearance of surface plasmonic resonance
(SPR) peak centered at 337 nm (Figure 4.2). The appearance of ZnO NPs SPR peak at
337 nm was in agreement with previous studies employing plant extract to form green
ZnO NPs. For instance, Igbal and colleagues (2021) prepared ZnO NPs using Elaeagnus
angustifolia leaf extract and obtained an SPR band at 399 nm. Wang et al. (2022) reported
ZnO NPs synthesized from coffee extract had an SPR peak at 376 nm. Naseer et al. (2020)
also reported ZnO NPs prepared using Cassia fistula and Melia azedarach extracts had
SPR peaks at 320 and 324 nm, respectively. Moreover, the formation of ZnO NPs was
confirmed by a UV absorption peak at 320 nm in which plant extract of Cayratia pedata
was used as a reducing agent (Jayachandran et al., 2021). For ZnO NPs, the absorption
peaks are reported to occur between 310 nm to 380 nm and 310 to 360 nm, as pointed out
by Jayachandran et al. (2021) and Wang et al. (2022) research findings, respectively.
These wavelengths confirm the formation of ZnO NPs obtained using P. hysterophorus

whole plant extract.
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4.2.2 FTIR Spectroscopy Analysis

The functional groups present in the P. hysterophorus extract and green CuO NPs are
depicted in Figure 4.3.
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Figure 4.3: IR Spectra of P. hysterophorus Extract and CuO NPs

The IR spectrum for CuO NPs showed that functional groups appeared at wavenumbers
of 3284, 1600, 1368, 1278, 1084, 820, 522, and 590 cm™. The peak in the range of 3371-
3212 cm? indicated the presence of the O-H functional group typical of water in the
extract. These findings are consistent with previously reported results on CuO NPs (Faisal
etal., 2021). A C=0 stretching vibration at 1630 cm™and 1600 cm™ is present in both the
extract and CuO NPs (Renuga et al., 2020). In addition, the spectra show the appearance
of a peak at 1368 cm? representing the C-N bending vibration of secondary metabolites,
typically amines in the extract (Andualem et al., 2020). A C-O bending vibration
associated with flavonoids in the extract appears 1084 cm™ (Andualem et al., 2020). The

Cu-O vibration band is confirmed by the peaks at 522 cm™ and 590 cm™ which previous
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studies report to be characteristic of the formation of green CuO NPs (Alhalili, 2022;
Andualem et al., 2020). From the IR profile, the formation of green CuO NPs is

confirmed.

In addition, the functional groups in the P. hysterophorus extract and green ZnO NPs are
depicted in IR spectra in Figure 4.4.
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Figure 4.4: IR Spectra of P. hysterophorus Extract and ZnO NPs

From the IR profiles, P. hysterophorus extract shows presence of several absorption
peaks. The peaks appear at 3299 cm™, 1632 cm™, 1362 cm™, and 1222 cm™®. These peaks
are attributable to broad O-H, C=0, and C-N stretching bands characterized by phenols,
flavonoids, and amine metabolites in the plant extract (Datta et al., 2017). It was noticed
that there was a shift in the peaks’ position in the extract and after ZnO NPs were formed.
The shift indicated the bonding and capping of the nanoparticles by the secondary
metabolites in the extract (Alamdari et al., 2020). Observable vibration bands in ZnO NPs
spectra were at 3173 cm?, 2923 cm, 1591 cm?, 1375 cm™®, 1259 cm?, 1001 cm™, 809
cm, and 543 cm™. A characteristic peak attributed to the Zn-O bond appeared at 543 cm’
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L with previous studies using Cayratia pedata, Cassia fistula, and Melia azedarach plant
extract, reporting the Zn-O vibration band to occur between 435 and 683 cm
(Jayachandran et al., 2021; Naseer et al., 2020). In addition, ZnO NPs formation was
confirmed by the Zn-O band at 560 cm™ (Umamaheswari et al., 2021). Hence, the
formation of green ZnO NPs using P. hysterophorus extract was confirmed.

4.2.3 Scanning Electron Microscopy Analysis

The SEM micrographs of green CuO NPs (a) and ZnO NPs (b) are shown in Figure 4.5.

Figure 4.5: SEM Micrographs of (a) CuO NPs and (b) ZnO NPs

From Figure 4.5 (a) CuO NPs were nearly spherical with some evidence of agglomeration.
ZnO NPs were also nearly spherical with more pronounced agglomeration evidence
(Figure 4.5 (b)). The nearly spherical morphology of CuO NPs and ZnO NPs obtained in
this study was in agreement with previous studies on CuO NPs and ZnO NPs’ shape
obtained using plant extracts (Altikatoglu et al., 2017; Amjad et al., 2021; Igbal et al.,
2021; Wang et al., 2022). The less agglomeration evidence illustrated that the synthesis
process yielded more homogeneous particles (Alamdari et al., 2020; Datta et al., 2017,
Faisal et al., 2021).
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The particle size distribution of green CuO NPs and ZnO NPs was also determined using
ImageJ software, and the distribution was plotted using a histogram as represented in

Figure 4. 6.
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Figure 4.6: Average Particle Size Distribution of (a) CuO NPs and (b) ZnO NPs

As shown in Figure 4.6, most of the sizes of the nanoparticles were below 100 nm, with
the average particle sizes for CuO NPs (a) and ZnO NPs (b) calculated to be 59.99 nm and
38.47 nm, respectively. The size distribution obtained in this study for green CuO NPs
and ZnO NPs was in agreement with findings reported in previous studies (Altikatoglu et
al., 2017; Amin et al., 2021). A study by Faisal et al. (2021) obtained ZnO NPs in the
range of 43.3 to 83.1 nm. In another study, ZnO NPs were prepared from green algae, and
SEM results revealed that the particle size ranged from 50 nm to 80 nm (Hameed et al.,
2023).

4.2.4 Transmission Electron Microscopy Analysis

TEM micrographs of CuO NPs (A) and ZnO NPs (B) are depicted in Figure 4.7 below.
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Figure 4.7: TEM Micrographs of (a) CuO NPs and (b) ZnO NPs

The TEM images showed that the nanoparticles were spherical and smaller than those
observed under SEM visualization (Figure 4.6). The agglomeration of green CuO NPs
was more pronounced than what was observed for green ZnO NPs. Figure 4.8 represents
the size distribution of green CuO NPs and ZnO NPs determined using ImageJ software.
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Figure 4.8: Particle Size Distribution of (a) CuO NPs and (b) ZnO NPs Determined
Using TEM

From Figure 4.8, it can be shown that the size distribution for CuO NPs (a) ranged from
8 to 22 nm, while those of ZnO NPs (b) ranged from 1 to 13 nm, with the average particle
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size for CuO NPs and ZnO NPs being 12.43 and 7.54 nm, respectively. The particle size
range obtained in this study was consistent with previously reported studies in terms of
the spherical morphology and size distribution (Bhatnagar et al., 2019; Chand Mali et al.,
2019; Wang et al., 2022).

4.2.5 XRD Analysis

The crystallinity of the green CuO NPs was determined using the XRD diffractometer and

the obtained diffractogram is represented in Figure 4.9.
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Figure 4.9: XRD Diffractogram of (a) CuO NPs and (b) ZnO NPs

The X-ray diffraction patterns for CuO NPs (a) revealed the presence of three prominent
peaks at 20 angles in the range of 20° to 80° at 43.6°, 50.8°, and 73.5°. These 26 angles
represent Miller indices (111), (200), and (220). According to the International Centre for
Diffraction Data (ICDD) database, CuO NPs with such Miller indices are indexed to be
highly crystalline with a monoclinic structure (Andualem et al., 2020; Alhalili, 2022;
Amin et al., 2021; Raja et al., 2008). In addition, the XRD diffractogram for ZnO NPs
revealed 11 peaks at 31.74°, 34.40°, 36.4°, 47.56°, 56.73°, 62.88°, 66.55°, 68.05°, 69.22°,
72.54°, and 77.05° (Figure 4.9 (b)). These 20 values correspond to (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), and (202) crystallographic planes,

respectively, which correspond to International Center for Diffraction Data (ICDD)
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database indexed for ZnO NPs (Alamdari et al., 2020; Igbal et al., 2021; Wang et al.,
2022). Based on these crystallographic planes ZnO NPs are indexed to possess a
hexagonal wurtzite structure (Alamdari et al., 2020; Faisal et al., 2021a; Wang et al.,
2022). Therefore, the XRD data confirmed the formation of green CuO NPs and ZnO NPs
prepared using P. hysterophorus extract.were identified at

4.2.6 DLS Analysis

The particle size distribution for green CuO NPs and ZnO NPs was obtained using DLS
and results depicted in Figure 4.10.
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Figure 4.10: Particle Size Distribution of Green (a) CuO NPs and (b) ZnO NPs
Obtained by DLS

From Figure 4.10 (a), most CuO NPs ranged between 1 to 200 nm with smaller group of
particles with 300 nm size distribution. The size distribution for ZnO NPs ranged upto to
500 nm (Figure 4.10 (b)). The distribution of the nanoparticles from DLS analysis
indicated that the particles were large and polydisperse. In both CuO NPs and ZnO NPs,
the polydispersity index (PDI) was determined to be <0.3, which proved that the particles
were polydisperse while individual groups of particles were monodisperse, which
supported possible agglomeration of the particles (Alamdari et al., 2020; Carvalho et al.,

2018; Jain et al., 2020). The individual monodispersity can be associated to the
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agglomeration or aggregation during the nanoparticle synthesis process as seen in SEM
and TEM micrographs above (Raval et al., 2019). The monodispersity of the particles
shows that the particles were homogenous, which is desired in the activity of the

nanoparticles.

4.3 Degradation Studies Using CuO NPs and ZnO NPs

4.3.1 Degradation Studies of Rifampicin Antibiotic

The degradation progression of rifampicin antibiotic using green CuO NPs and ZnO NPs
was monitored by a UV-Vis spectrophotometer, and the results are depicted in Figure
4.11.

0.8

Rifampicin alone
— Rifampicin + 1 mL H,0,

Rifampicin + 10 mg ZnO NPs
= Rifampicin + 10 mg CuO NPs
— Rifampicin + 1 mL H,0, + 10 mg ZnO NPs

o
(2]
1

Rifampicin + 1 mL H,0, + 10 mg CuO NPs

Absorbance (a.u)
o
~
1

0.2 -

0.0

L] L] L] L] L]
300 400 500 600 700 800
Wavelength (nm)

Figure 4.11: Degradation of Rifampicin Using ZnO NPs and CuO NPs

From Figure 4.11, no observable change in the rifampicin solution when it was left alone
for 1 hour. However, spiking the rifampicin solution with 1 mL of H20- yielded a small
change in the absorption intensity at 480 nm. Related smaller changes in the absorption

intensity were recorded when rifampicin was reacted with 10 mg of ZnO NPs and CuO
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NPs. Further spiking rifampicin and 10 mg of ZnO NPs and CuO NPs with 1 mL H20;
recorded a remarkable decrease in the absorption intensity of rifampicin at 480 nm. This
decline showed there was degradation of the antibiotic by the nanoparticles, and the
presence of H>O: led to the generation of reactive radicals, which necessitate the
degradation process (Aksu Demirezen et al., 2019; Wanakai et al., 2022).

The degradation studies were conducted by varying conditions of green ZnO NPs and
CuO NPs amount, rifampicin concentration, pH, reaction time, and temperature and at

combined optimal conditions.
4.3.1.1 Effect of CuO NPs and ZnO NPs Amount on Percentage Degradation

The effect of green (a) CuO NPs and (b) ZnO NPs amount on the degradation of rifampicin
was investigated using 10, 20, 30, 40, and 50 mg. The results are depicted in Figure 4.12.
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Figure 4.12: Effect of (a) CuO NPs and (b) ZnO NPs Amount on Percentage
Degradation

As shown in Figure 4.12 (a), the rifampicin degradation percentage increased from
92.81% at a 10 mg amount to 99.89% at a 50 mg amount within 210 minutes using CuO
NPs. It was observed that at 10 mg of green ZnO NPs, the degradation percentage was
48.33% but increased to 60.29% using 50 mg of green ZnO NPs within 180 minutes
(Figure 4.12 (b)). The increase in degradation percentage upon increasing the amount of

green CuO NPs and ZnO NPs was attributed to the increase in the number of active sites
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on the surface of the nanoparticles that adsorbed the rifampicin antibiotic (Aksu
Demirezen et al., 2019; Kutuzova et al., 2021). In this regard, the higher amount of green
CuO NPs and ZnO NPs meant that there was a presence of a large total surface area to
volume ratio, making the number of active sites increase as the amount of green CuO NPs
and ZnO NPs was increased, enhancing the catalytic potential of the nanoparticle against
the rifampicin antibiotic, similar to what is reported in previous studies (El-Sayed et al.,
2014; Kutuzova et al., 2021).

Another observation in this investigation that supports the increase in degradation
efficiency with increased nanoparticle amount was a decrease in absorbance intensity of
rifampicin antibiotic as measured using a UV-Vis spectrophotometer. Absorbance is
directly related to concentration according to Beer-Lambert Law; therefore, it can be
concluded that the concentration of rifampicin antibiotic decreased as the amount of CuO
NPs and ZnO NPs was increased. Hence, rifampicin molecules were adsorbed into the
active sites at higher CuO NPs and ZnO NPs amounts, destroying the molecules faster

and faster due to more active sites at higher nanoparticle amounts.
4.3.1.2 Effect of Rifampicin Concentration on Percentage Degradation

The effect of rifampicin concentration on the degradation percentage of green (a) CuO
NPs and ZnO NPs (b) was determined by varying the concentration of rifampicin from
10, 15, 20, 25, to 30 mg/L using 10 mg of CuO NPs and ZnO NPs, and spiked with 1 mL

H20>. The results are represented in Figure 4.13.
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Figure 4.13: Effect of Rifampicin Concentration on Degradation Percentage

From Figure 4.13, the percentage of degradation of rifampicin solution decreased as its
concentration was increased from 10 mg/L to 30 mg/L in both CuO NPs and ZnO NPs.
The degradation efficiency decreased from 99.42% at 10 mg/L to 97.78% at 30 mg/L
within 12 minutes of reaction while using CuO NPs (a). In addition, the degradation
percentage of rifampicin using green ZnO NPs (b) decreased as the solution concentration
was increased from 10 mg/L to 30 mg/L, from 55.26% to 48.4%, respectively. The
decrease in degradation percentage of rifampicin at higher concentrations is attributed to
the saturation of active sites on the surface of the green CuO NPs and ZnO NPs, making
it difficult for degradation to occur (El-Sayed et al., 2014; Kutuzova et al., 2021). Another
probable reason for the decrease in degradation efficiency upon increasing rifampicin
solution concentration relates to the generation of intermediates or degradation products
that compete with actual rifampicin molecules for the limited number of available active
sites on the surface of the green CuO NPs and ZnO NPs. It is also possible that the
generation of reactive radicals from the H2O> becomes limited at a higher rifampicin
solution, affecting the antibiotic's degradation (Kutuzova et al., 2021). The UV-Vis
spectrum revealed that the absorption intensity of rifampicin remained higher at its higher
concentrations, implying minimal antibiotic degradation occurred at higher concentrations

using the same amount of green CuO NPs and ZnO NPs.
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4.3.1.3 Effect of pH on Percentage Degradation

The effect of pH on degradation percentage on rifampicin antibiotic was determined from
pH 2, 4,5, 8, to 12 using 10 mg of green CuO NPs (a) and ZnO NPs (b) spiked with 1 mL
H20>. The results are presented in Figure 4.14.
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Figure 4.14: Effect of pH of Rifampicin Solution on Degradation Percentage

From Figure 4.14, the degradation percentage of rifampicin antibiotic using CuO NPs and
ZnO NPs depended on the pH of the solution. The normal rifampicin solution was
determined to have a pH of 5, and upon reaction with CuO NPs, the degradation
percentage was calculated to be 93.84%. The pH was adjusted to acidic solutions, pH 2
and 4, with the degradation percentage calculated to be 98.09% and 97.35%, respectively.
In basic pH 8 and 12, a degradation percentage of 98.38% and 98.46% was recorded,
respectively. In addition, degradation of rifampicin using ZnO NPs at pH 2, 4, and 5, the
degradation percentage was 26.46%, 25.19%, and 30.76%, respectively. On the other
hand, at pH 8 and 12, the degradation percentage was 60% and 65%, respectively. The
variation of rifampicin solution pH affects the concentration of H and OH" ions, which
generate reactive radicals for the degradation process. The increase in the percentage of
degradation in acidic media can be attributed to the generation of hydrogen radicals upon
the interaction of H.O» with green CuO NPs and ZnO NPs (Usman et al., 2020).

Simultaneously, in acidic media, the nanoparticles become positively charged, which
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increases the rate of interaction of H.O> with green CuO NPs and ZnO NPs, resulting in
the generation of more H* ions and increasing the degradation of rifampicin (Aksu
Demirezen et al., 2019; Wanakai et al., 2022). In basic conditions, a higher percentage of
degradation of rifampicin can be attributed to increased generation of OH radicals, which
activate the active sites of green CuO NPs and ZnO NPs, enhancing their catalytic
potential. Compared to rifampicin at pH 5, it was observed that the acidic and basic pH
media remarkably improved the degradation efficiency of green CuO NPs and ZnO NPs
on rifampicin antibiotic, which shows that the degradation of rifampicin is pH-dependent.
Its alteration impacts the surface charge of the green CuO NPs and ZnO NPs, resulting in
varying percentages of degradation (Cai et al., 2019). In both acidic and basic conditions,
a remarkable decrease in absorption intensity of rifampicin was observed compared to
rifampicin at its normal pH, which could support possible formation of intermediates or

degradation products.
4.3.1.4 Effect of Reaction Time on Percentage Degradation

The effect of reaction time on degradation percentage of rifampicin antibiotic was studied
in 30-minute intervals using 10 mg using green (a) CuO NPs and (b) ZnO NPs, 10 mg/L

rifampicin solution spiked with 1 mL H20.. The results are presented in Figure 4.15.
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The degradation percentage of rifampicin antibiotic using green CuO NPs increased as the
reaction time was increased from 91% to 92% in 150 minutes (Figure 4.15 (a)). Using
ZnO NPs the degradation percentage of rifampicin increased from 17% at the start of the
reaction to 64% within 254 minutes (Figure 4.15 (b)). The decrease in absorbance
intensity of rifampicin at Amax = 480 nm was an indication of the degradation of rifampicin
antibiotic by green CuO NPs and ZnO NPs, which shows that the concentration of the
rifampicin decreased with time (Kansal et al., 2014). Previous studies have reported an
increase in the degradation efficiency of antibiotics using nanoparticles with increased
contact time. Hamad and EI-Sesy (2023) reported improved removal efficiency of
levofloxacin antibiotic using green CuO NPs from 27% in 15 minutes to 71% within 120
minutes. It was therefore noted that reaction time had an influence on the interaction of
the rifampicin antibiotic with the green CuO NPs and thus increase in degradation

efficiency with reaction time.
4.3.1.5 Effect of Temperature on Percentage Degradation

The effect of temperature on degradation percentage of rifampicin antibiotic using green
CuO NPs and ZnO NPs was studied at 25°C, 35°C, 45°C, 55°C, and 65°C and the obtained

results are represented in Figure 4.16.
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The percentage of degradation of rifampicin increased as the temperature increased from
25°C to 65°C from 97.19% to 98.76%, respectively, within 24 minutes using CuO NPs
(Figure 4.16 (a)). While for ZnO NPs, the degradation percentage increased to 40.16%
from 31.84% within 60 minutes (Figure 4.16 (b)). The increase in the percentage of
degradation with temperature can be attributed to an increase in Brownian motion, which
improves the kinetics of the rifampicin molecules (Aksu Demirezen et al., 2019; Wanakai
et al., 2022; Xu et al., 2020). Simultaneously, the absorption intensity of the rifampicin
antibiotic was observed to decrease exponentially as the temperature was increased from
25°C to 65°C, meaning temperature increate the rate of degradation of antibiotic
(Wanakai et al., 2022).

4.3.1.6 Kinetics of Degradation of Rifampicin Using CuO NPs and ZnO NPs

The kinetics of degradation of rifampicin using green CuO NPs and ZnO NPs were
determined by fitting experimental data by assuming pseudo-first-order and pseudo-
second-order at 298, 308, 318, 328, and 338 K temperatures, and obtained rate constants
and correlation coefficient are provided in Table 4.2 and 4.3.

Table 4.2: Kinetic Models Fitting of Experimental Data at Different Temperatures
for Rifampicin Using CuO NPs

Temperature Pseudo-first order Pseudo-second order
(K) Rate constant R?2 Rate constant R?
(Min't) (Mint)

298 -0.00391 0.99382 0.01038 0.9917
308 -0.01424 0.99516 0.07749 0.98263
318 -0.01372 0.98761 0.07725 0.99477
328 -0.02072 0.96142 0.13196 0.99278
338 -0.01736 0.9655 0.11281 0.99406

The kinetics of degradation of rifampicin using green CuO NPs was observed to fit
pseudo-second-order Kkinetics rather than pseudo-first-order kinetics because the R?
(correlation coefficient) values were > 0.98 for all temperature conditions compared to

first-order R? values. It was observed that the rate constants increased with temperature,
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which was indicative that the degradation of rifampicin using green CuO NPs was
endothermic, which was in agreement with previous findings investigating the
degradation of rifampicin (Wanakai et al., 2022). The first-order and second-order kinetic

plots used to calculate R? values are given in Appendix I1.

Van’t Hoff’s plot of Ink,, against % was used to determine the change in heat and entropy

of the degradation reaction of rifampicin using green CuO NPs and results are presented

in Figure 4.17 below.
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Figure 4.17: Van’t Hoff Plot for Degradation of Rifampicin Using CuO NPs

From Figure 4.17, the change in heat was calculated from the slope, while the change in
entropy was determined from the intercept values of Van't Hoff's plot. The change in heat
and entropy were calculated to be 45.87 kJ mol™* and 108.03 JK ™ respectively. The Van't
Hoff's equation provides a relationship of change in equilibrium constant with a decrease
in rifampicin concentration with increasing temperature. Notably, the degradation of
rifampicin by green CuO NPs was higher at higher temperatures, implying the

endothermic nature of the degradation reaction (Cai et al., 2019). It can be mentioned that
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the entropy of an endothermic reaction decreases when the temperature increases, which
is attributed to the formation of degradable products (Wanakai et al., 2022).

Figure 4.18 presents the Arrhenius plot of Ink against 1/T used to determine the activation

energy of the degradation process of rifampicin using green CuO NPs.
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Figure 4.18: Arrhenius Plot of Ink against 1/T to Obtain Activation Energy of the

Degradation Reaction of Rifampicin

From Figure 4.18, the activation energy (Ea) was calculated by following the pseudo-
second-order kinetic model established for the degradation of rifampicin antibiotic using
green CuO NPs and found to be 454 kJ mol™.
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Table 4.3: Kinetic Models Fitting Experimental Data at Different Temperatures for
Rifampicin Using ZnO NPs

Temperature (K) Pseudo-first order Pseudo-second order
Rate constant R? Rate constant R?
(Min) (Min1)
298 -0.00582 -0.98484 0.01286 0.98255
308 -0.007 -0.9915 0.01574 0.98785
318 -0.007 -0.99675 0.01434 0.99625
328 -0.007 -0.99277 0.0175 0.98318
338 -0.008 -0.97919 0.0202 0.96278

The degradation of rifampicin using green ZnO NPs was found to follow pseudo-first-
order kinetic model as most R? values were greater for pseudo-first-order kinetic model
compared to R? values for the second-order-kinetic model. The kinetic plots are provided
in Appendix Ill. The thermodynamics parameters, change in heat and entropy of the
degradation reaction was determined using Van’t Hoff’s plot of InKeq V 1/T and results

presented in Figure 4.19.
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Figure 4.19: Van’t Hoff Plot for Degradation of Rifampicin Using ZnO NPs

From Figure 4.19, the change in heat was calculated to be 5.35 kJ mol™ while the change

in entropy was found to be 24.46 J K1, These thermodynamic parameter values show that
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the degradation of rifampicin using green ZnO NPs was an endothermic process, implying

that the degradation was temperature-dependent (Cai et al., 2019).

4.3.1.7 Optimal Conditions for Degradation of Rifampicin

Optimal conditions that resulted in the highest degradation percentage in each of the
varied parameters were combined, and the degradation of rifampicin was monitored. This
study's optimal conditions were 10 mg/L rifampicin solution, temperature at 65°C, and 50
mg of green CuO NPs and ZnO NPs. The optimal studies were conducted at pH 8 for CuO
NPs and pH 12 for ZnO NPs and absorption intensity of rifampicin at A = 480 nm

monitored and change in spectra presented in Figure 4.20 below.
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Figure 4.20: Degradation of Rifampicin at Optimal Conditions for (a) CuO NPs and

(b) ZnO NPs

From Figure 4.20, the degradation of rifampicin was recorded to be completed as the
absorption peak of rifampicin at A = 480 nm flattened. The percentage degradation of
rifampicin at optimal conditions was calculated and found to be 98.37%, achieved within
16 minutes under CuO NPs while it was 78.45% for ZnO NPs achieved within 22 minutes.
This indicated that the combined optimal conditions of green CuO NPs and ZnO NPs
amount, rifampicin concentration, reaction time, pH, and temperature to were able to
achieve completion destruction of rifampicin molecules within a short period (16 and 22

minutes respectively) than when each parameter was used independently. Therefore, it
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can be concluded that at these optimal conditions, more active sites are available on the
surface of green CuO NPs and ZnO NPs to degrade the rifampicin molecules with high
kinetic energy and generation of reactive radicals is maintained higher activating the
surface of nanoparticles and thus, the resultant increase in degradation efficiency
(Wanakai et al., 2022).

4.3.1.8 Functional Group Analysis of CuO NPs and ZnO NPs after Degradation
Studies

After degradation studies of rifampicin using green CuO NPs and ZnO NPs, the
nanoparticles were analyzed using an FTIR spectrophotometer to observe any possible
changes in the frequencies of the functional groups before and after degradation, and the
results are depicted in Figure 4.21.
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Figure 4.21: FTIR Spectra of (a) CuO NPs and (b) ZnO NPs before and after
Degradation of Rifampicin

Slight changes were observed in the FTIR spectra of green CuO NPs after its use in the
degradation of rifampicin antibiotic (Figure 4.21 (a)). Shifts in the wavenumber of the
functional groups were observed after the green CuO NPs interacted with rifampicin. The
broadband typical of an OH group shifted from 3270 cm™ to two peaks at 3288 cm™ and
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2949 cm* after degradation, slightly narrower than before degradation studies. The band
typical of C=0 groups shifted from 1609 cm™ before degradation to 1737 cm™ after
degradation. The shift of the C-O was observed from 1271 cm™ before degradation to
1209 cm™ after degradation studies. Related observations were also recorded for the IR
spectra of ZnO NPs, as shown in Figure 4.21 (b). There were shifts in the frequencies of
the functional groups present in the IR spectrum of green ZnO NPs after the degradation
of the rifampicin antibiotic (Figure 4.21 (b)). Before degradation ZnO NPs had peaks at
3173 cm™, 2923 cm?, 1591 cm?, 1375 cm™?, 1259 cm®, 1001 cm?, 809 cm™, and 543 cm”
! However, variation in the wavenumbers occurred after degradation at 3187 cm™, 1606
cm?, 1363 cm™, 1219 cmt, 1009 cm, and 522 cm™. The transitions were attributed to
the adsorption of rifampicin on the surface of CuO NPs, which altered the frequencies.
The peaks assigned to the Cu-O functional group slightly shifted from two peaks at 590
cmtand 522 cm™ to a single peak after degradation at 528 cm™. The intensity of the peaks
after degradation of rifampicin also reduced compared to the peaks before the degradation
process. These changes in the peaks of CuO NPs and ZnO NPs before and after
degradation studies of rifampicin demonstrate that their degradative ability in removing
antibiotics did not lose the functionality of the CuO NPs (Xu et al., 2020).

4.3.1.9 Reusability Potential of CuO NPs and ZnO NPs

The reusability ability of green CuO NPs and ZnO NPs in the degradation of rifampicin
solution was investigated in four cycles, each maintained for 90 minutes. The degradation
was studied using 10 mg/L rifampicin solution and 20 mg green CuO NPs and ZnO NPs
spiked with 1 mL H202. Figure 4.22 below presents the change in the degradation
percentage of green CuO NPs and ZnO NPs in four recycling cycles.
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Rifampicin

It was recorded that the degradation percentage of green CuO NPs on rifampicin antibiotic
decreased from 35.48% (first cycle) to 28.87% (fourth cycle) (Figure 4.22 (a)). A similar
trend was also observed using ZnO NPs, in which in the first cycle, the degradation
percentage was 39.02% and decreased to 27.42% in the fourth cycle (Figure 4.22 (b)).
Several reasons can be attributed to the decline in degradation efficiency with the reuse of
green CuO NPs and ZnO NPs. One of the probable reasons is that the adsorption of
rifampicin antibiotic solution onto the active sites of the nanoparticles deactivates the
catalytic properties of green CuO NPs and ZnO NPs (Faisal et al., 2022; Zhou et al.,
2018). Another probable reason for the decline in degradation efficiency after each reuse
cycle is that the nanoparticles can lose their catalytic potential during separation and
drying processes (Chowdhury et al., 2020; Kaushal et al., 2023). The reusability property
findings obtained in this study are consistent with previous study findings (Chowdhury et
al., 2020; Kaushal et al., 2023).

4.3.2 Degradation Studies of Methylene Blue Dye

The degradation of MB dye was monitored using a UV-Vis spectrophotometer by

measuring the change in absorbance of the dye alone; the dye spiked with H2O2, dye
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sprinkled with 10 mg of CuO NPs and ZnO NPs, and dye spiked with H20, and sprinkled
with 10 mg of CuO NPs and ZnO NPs at a constant time of 150 minutes, and the change
in absorption intensity of MB at 664 nm were depicted in Figure 4.23.
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Figure 4.23: Monitoring Degradation of MB Using CuO NPs and ZnO NPs

From Figure 4.23, there were no observable changes in the absorption intensity of 5 mg/L
MB dye after it was left standing for 150 minutes. This showed that MB dye is stable, and
its degradation does not occur in the absence of the catalytic agent. Figure 4.23 also depicts
a slight change in absorption intensity of 5 mg/L MB dye after it was reacted with 1 mL
H20> and left for the same duration. Remarkable reduction of absorption intensity of MB
was also recorded when the dye was sprinkled with 10 mg of CuO NPs and ZnO NPs for
the same duration as shown in Figure 4.23. A significant decrease in absorption intensity
was observed when the same concentration of MB dye was reacted with 1 mL H>O; and
10 mg of green CuO NPs and ZnO NPs for the same time (Figure 4.23). This observation
indicated that green CuO NPs and ZnO NPs had catalytic properties desired in the
degradation of MB dye (Kgatle et al., 2021; Riapanitra et al., 2022).

59



The degradation studies of MB dye were conducted by varying parameters such as the
amount of the green CuO NPs and ZnO NPs, concentration of the MB dye solution, pH,
reaction time, and temperature and degradation percentage calculated using equation 2.1

(Goyal et al., 2022; Kgatle et al., 2021; Reza et al., 2017).
4.3.2.1 Effect of CuO NPs and ZnO NPs Amount on Percentage Degradation

The effect of green CuO NPs and ZnO NPs amount was investigated by varying the
amount from 10 mg, 20 mg, 30 mg, 40 mg, to 50 mg using 5 mg/L MB dye solution and
1 mL H20.. The percentage degradation was calculated after 2.5 hours, and the results are

represented in Figure 4.24.
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Figure 4.24: Effect of (a) CuO NPs and (b) ZnO NPs Amount on Degradation
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The degradation percentage of MB dye using green CuO NPs increased from 68.49% to
83.73% as the amount of green CuO NPs was increased from 10 to 50 mg within 2.5 hours
(Figure 4.24 (a)). In addition, by using ZnO NPs the degradation percentage of MB dye
increased proportionally as the amount of the green ZnO NPs was increased from 10 mg
(23.44%) to 50 mg (44.31%) (Figure 4.24 (b)). At higher amounts of green CuO NPs and
ZnO NPs, the total surface area to volume ratio increases, making more active sites

available for the interaction with the MB dye, enabling degradation process to occur (Aksu
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Demirezen et al., 2019; Choudhary et al., 2023; Kutuzova et al., 2021; Vasiljevic et al.,
2020). Furthermore, more radicals are generated at high amounts of green CuO NPs and
ZnO NPs from the H2O> used as a radical generator in the degradation process, which
increases the catalytic properties of the nanoparticles against the MB dye when a larger
amount of the nanoparticles is used and was consistent to previous study findings (El-
Sayed et al., 2014; Kutuzova et al., 2021). The higher degradation of MB dye at a higher
amount of green CuO NPs and ZnO NPs was also supported by the higher reduction of
the absorbance of MB dye as observed using a UV-Vis spectrophotometer (Alkaykh et
al., 2020).

4.3.2.2 Effect of MB Dye Concentration on Percentage Degradation

In studying the effect of MB dye concentration, the dye was prepared into 2.5 mg/L, 5
mg/L, 7.5 mg/L, 10 mg/L, and 12 mg/L concentrations. The degradation of the dye was
then investigated using 10 mg green CuO NPs (a) and ZnO NPs (b) and 1 mL H20,. The

degradation percentage was calculated after 2.5 hours and the results are depicted in

Figure 4.25.
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Figure 4.25: Effect of Concentration of MB Dye on Degradation Percentage

The percentage of degradation of MB dye decreased from 48.84% to 27.56% as the dye
concentration was increased from 2.5 mg/L to 12 mg/L using CuO NPs (Figure 4.25 (a)).
It was also observed that the degradation percentage of MB dye decreased from 33% to
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14% as the concentration of MB dye solution increased from 2.5 mg/L to 12.5 mg/L
respectively using ZnO NPs (Figure 4.25 (b)). The decrease in the degradation percentage
of MB dye using green CuO NPs and ZnO NPs can be attributed to the saturation of the
active sites of the nanoparticles by more molecules of the dyes (Alkaykh et al., 2020; EI-
Sayed et al., 2014; Kutuzova et al., 2021; Salama et al., 2018). There is also a possibility
that the degradation intermediates compete for the active sites of the nanoparticles with
the actual MB dye molecules present in the reaction (Kutuzova et al., 2021). This hinders
the degradation of the dyes at this higher concentration than when the dye solution is less

concentrated.
4.3.2.3 Effect of pH on Percentage Degradation

The pH of MB solution was varied from 2, 4, 5, 8, 9, and 12 and the degradation studied
using 10 mg of green CuO NPs (a) and ZnO NPs (b), 5 mg/L MB dye solution, and 1 mL
H>0O> and degradation percentage calculated after 2.5 hours and results depicted in Figure

4.26.
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Figure 4.26: Effect of pH on Degradation Percentage

As shown in Figure 4.26 (a) using CuO NPs, at pH 2 and 4, the acidic conditions, the
degradation percentage was 21.97% and 19.14% respectively. At pH 5, the degradation
efficiency was 33.61%, while at basic conditions pH 8, 9, and 12, the degradation

62



percentages were 44.39%, 54.74%, and 33.51%, respectively. In addition, degradation
using ZnO NPs showed that at acidic conditions, pH 2 and 4, the degradation percentage
of MB dye was 26.04% and 29.92%, respectively (Figure 4.26 (b)). Moreover, at pH 8
and 12, the degradation efficiency was 45.50% and 114.80%, respectively (Figure 4.26
(b)). The changes in degradation efficiency of the MB using green CuO NPs and ZnO NPs
at varying pH were attributed to H* in acidic conditions and OH" in basic conditions, which
plays a role in the generation of reactive radicals involved in the degradation process
(Aksu Demirezen et al., 2019; Choudhary et al., 2023; Salama et al., 2018; Usman et al.,
2020; Wanakai et al., 2022). The variation of pH resulted in a variation in the degradation
efficiency of MB by green CuO NPs and ZnO NPs, demonstrating that the degradation

process was pH-dependent, consistent with previous findings (Cai et al., 2019).

4.3.2.4 Effect of Reaction Time on Percentage Degradation

The effect of interaction time on the degradation percentage of CuO NPs and ZnO NPs
against MB dye was studied using 10 mg of green CuO NPs and ZnO NPs, 5 mg/L MB
dye solution, and 1 mL H2O>, and the change in absorbance intensity was measured after

30 minutes interval. The results were represented in Figure 4.27.
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From Figure 4.27 (a), the percentage of degradation of MB using green CuO NPs was
observed to increase as the contact time between reactants was increased. After 30
minutes, the degradation percentage was 32.18%, and it increased to 59.58% after 150
minutes. It was also observed that the percentage of degradation of MB dye by the green
ZnO NPs increased from 9% at 30 minutes to 58% after 360 minutes (Figure 4.27 (b)).
The increase in degradation percentage with reaction time is attributed to maximum
contact between the reactants. The results obtained in this study agreed with previous
studies (Faisal et al., 2022; Faisal et al., 2021).

4.3.2.5 Effect of Temperature on Percentage Degradation

The influence of temperature in the degradation of MB dye using green CuO NPs and
ZnO NPs was investigated at 25°C, 35°C, 45°C, 55°C, and 65°C using 5 mg/L MB dye
solution, 10 mg of green CuO NPs and ZnO NPs, and 1 mL H2O2. The degradation

percentage was calculated after 2.5 hours, and the result are depicted in Figure 4.28.
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Figure 4.28: Effect of Temperature on Degradation Percentage

As shown in Figure 4.28 (a), the degradation percentage of MB dye using green CuO NPs
increased from 30.46% to 42.99% within 2.5 hours as the temperature increased from
25°C to 65°C. Under ZnO NPs, the percentage of degradation of MB dye of 53.78% was
obtained at 65°C (Figure 4.28 (b)). The increase in percentage degradation as the

temperature increased was attributed to the kinetic properties of MB dye molecules due
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to Brownian motion, making the degradation process of MB occur faster (Goyal et al.,
2022; Wanakai et al., 2022; Xu et al., 2020). The absorption intensity of the MB dye
solution also decreased as the temperature increased, indicating the dye molecules'
destruction by the nanoparticles. Therefore, the MB dye molecules possess enough energy
at higher temperatures for the reaction and degradation (Salama et al., 2018).

4.3.2.6 Kinetics of Degradation of MB Dye Using CuO NPs and ZnO NPs

Table 4.4 below presents the kinetic data of degradation of MB dye using green CuO NPs
experimentally fitted assuming pseudo-first-order and pseudo-second-order Kkinetic
models using equations 2.1 and 2.2, respectively, at 298, 308, 318, 328, and 338 K

temperatures. The kinetics plots are provided in Appendix IV.

Table 4.4: Kinetic Data for Degradation of MB Dye Using CuO NPs at Different

Temperatures

Temperature Pseudo-first order Pseudo-second order
(K) Rate constant R?2 Rate constant R?
(Min't) (Min't)
298 -0.002 -0.92278 0.00262 0.90449
308 -0.00281 -0.98148 0.00333 0.97764
318 -0.0029 -0.97641 0.00355 0.96487
328 -0.0033 -0.99061 0.00391 0.97356
338 -0.0036 -0.98899 0.00512 0.97312

From the kinetic information provided in Table 4.4, the degradation of MB dye by green
CuO NPs was experimentally observed to fit the pseudo-first-order kinetic model since
correlation coefficient values (R?) were greater than the R? obtained assuming pseud-
second order kinetic data. The change in heat and entropy of the reaction were then

investigated using Van’t Hoff’s plot (Figure 4.29).
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Figure 4.29: Van’t Hoff Plot of InKeq v 1/T for Degradation of MB Using CuO NPs

From Figure 4.29, the change in heat and entropy of the degradation reaction were
calculated from the slope and intercept and found to be respectively 11.29 kJ mol™ and
13.09 J KL, The values indicated that the degradation reaction was an endothermic process
and thus the degradation reaction was highly dependent on temperature (Cai et al., 2019).
Table 4.5 provides rate constant and correlation coefficient values of degradation of MB
dye using green ZnO NPs assuming pseudo-first-order and pseudo-second-order kinetics
obtained at 298, 308, 318, 328, and 338 K temperatures. Appendix V illustrates the kinetic
plots for first-order and second-order kinetic models.
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Table 4.5: Kinetic Models Fitting Experimental Data at Different Temperatures for
MB and ZnO NPs

Temperature (K) Pseudo-first order Pseudo-second order
Rate constant R? Rate constant R?
(Min1) (Min1)
298 -0.00271 -0.98203 0.00552 0.97305
308 -0.00339 0.97307 0.0074 0.95715
318 -0.00385 -0.99156 0.00886 0.98896
328 -0.00483 -0.99318 0.01238 0.98201
338 -0.00529 -0.99532 0.0154 0.99618

From Table 4.5, the kinetic data was experimentally determined to fit the pseudo-first-
order rather than the pseudo-second-order kinetic model because most R? (correlation
coefficient) values were higher compared to the R? of the pseudo-second-order kinetic
model. The kinetic plots are provided in Appendix V. In this regard, the degradation of
MB was highly dependent on temperature. The increase in temperature increases the
reacting molecules’ Brownian motion, resulting in the highest degradation efficiency
(Goyal et al., 2022; Salama et al., 2018).

The change in heat and entropy of the reaction was obtained by Van’t Hoff's plot of

InK v % as shown in Figure 4.30.
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Figure 4.30: Van’t Hoff’s Plot of Degradation of MB Dye

From Figure 4.30, the change in heat and entropy of the degradation reaction of MB using
green ZnO NPs was determined to be 14.199 kJ mol*, and the change in entropy was
calculated to be 1.37264 J K™%, respectively. It was also observed that the degradation of
MB dye was an endothermic reaction, which implied an increase in temperature led to a
resultant increase in the degradation rate of MB dye. At higher temperatures, the reaction's
entropy enhanced system disorder, providing room for breakdown of MB dye molecules
(Bhatti et al., 2020).

4.3.2.7 Optimal Conditions for Degradation of MB Dye

The degradation of MB dye using CuO NPs and ZnO NPs was studied at optimal
conditions obtained for each parameter by reacting 2.5 mg/L MB dye with 50 mg green
CuO NPs and ZnO NPs, pH 9 and at 65°C. The change in absorption intensity of MB dye
was monitored using UV-Vis 1800 spectrophotometer and the results are presented in
Figure 4.31.
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Figure 4.31: Degradation of MB Using (a) CuO NPs and (b) ZnO NPs at Optimal

Conditions

As shown in Figure 4.31 (a) the absorption intensity was observed to reduce when the
degradation was performed when the parameters were at their optimal conditions under
CuO NPs degradation. However, it was observed that as the degradation proceeded with
time, the absorption intensity increased and then reduced as reaction time was at 20
minutes. For ZnO NPs there was a significant decrease in the absorption intensity of MB
dye within 32 minutes at the optimal conditions described in this study (Figure 4.31 (b)).
After the degradation, the degradation efficiency was calculated to be 54.74% and 59.69%
for CuO NPs and ZnO NPs respectively. These observations revealed the formation of
degradation products probably with high absorption intensity occur before the products
were degraded further to formation of products with lower absorption intensity (Kgatle et
al., 2021; Riapanitra et al., 2022).

4.3.2.8 Functional Group Analysis of CuO NPs and ZnO NPs after Degradation
Studies

After the degradation study of MB with CuO NPs and ZnO NPs was performed, the IR
spectra of green CuO NPs and ZnO NPs were recorded using FTIR spectrophotometer
and compared with the spectra before degradation. The results are illustrated in Figure
4.32 below.
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Degradation

From the FTIR spectra (Figure 4.32), it was observed that there were slight changes in
wavenumbers of the functional groups in the IR spectra before degradation and after
degradation. The IR spectra show CuO NPs (Figure 4.32 (a)) had peaks at 3284, 1600,
1368, 1278, 1084, 820, 522, and 590 cm* before degradation. The wavenumber shifted to
3293, 1590, 1365, 1010, 803, 474, and 457 cm™ after the degradation of MB dye by the
CuO NPs. The intensity of the peaks of CuO NPs decreased after the degradation of MB
dye. Similarly, the frequencies of functional groups in the IR spectrum of green ZnO NPs
(Figure 4.32 (b)) before degradation were observed at 3173 cm™, 2923 cm™, 1591 cm™,
1375 cm, 1259 cm?, 1001 cm, 809 cm, and 543 cm™. The peak at 3173 cm™ was
attributed to the O-H group of phenols, 2923 cm™ due to the C-H band, while the bands at
1375 cm™ and 1259 cm™ were characteristic of C-N. The peak at 1001 cm™and 809 cm*
was attributed to C=C bending vibration. The peak at 543 cm™ was characteristic of Zn-
O stretching vibration (Alamdari et al., 2020; Choudhary et al., 2023). The shifts in the
IR spectrum of ZnO NPs after degradation studies with MB dye were observed at 3023
cm?, 2958 cm?, 1734 cm?, 1447 cmt, 1364 cm™?, 1215 cmt, 1095 cm™?, 891 cm?, and
521 cm™. The peaks at 3023 cm™ were due to O-H of phenols, the band at 2958 cm™ due
to C-H band, 1734 cm™ attributable to C=0, 1445 cm™ band attributable to C-H bending,
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the bands at 1364 cm™ and 1215 cm™attributable to C-N stretching band. The peaks at
1095 cm™ and 891 cm™ are due to C-O and C=C bending bands, respectively. The
characteristic peak at 521 cm™ is associated with Zn-O vibration bands. These changes in
the functional groups' position and intensity indicated the interaction between the
nanoparticles and the MB dye during the degradation process (Ainane et al., 2014;
Massoudinejad et al., 2019).

4.3.2.9 Reusability Potential of CuO NPs and ZnO NPs

The reusability potential of the nanoparticles was studied in four cycles. In each cycle, the
degradation conditions were maintained at 20 mg green CuO NPs and ZnO NPs, 5 mg/L
MB dye solution, 1 mL H2O3, and a reaction time of 2.5 hours per cycle. The degradation
percentage of MB after each cycle was calculated and the results are represented in Figure
4.33 below.
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Dye

From Figure 4.33 it was noticeable that the percentage of degradation decreased as the
number of cycles increased from one to four. In the first cycle, the degradation percentage
of MB dye was 31.23% and decreased to 22.76% after the fourth cycle using CuO NPs
(Figure 4.33 (a)). For ZnO NPs the degradation percentage declined from 44.41% to 15.67

for the same cycle numbers (Figure 4.33 (b)). The decrease in degradation efficiency of
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the green CuO NPs and ZnO NPs with the number of cycles can be attributed to the loss
of catalytic properties of the nanoparticles, which occurs during the decantation and

drying processes (Ainane et al., 2014; Chowdhury et al., 2020).
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In this study, copper oxide and zinc oxide nanoparticles were synthesized from aqueous

extract of P. hysterophorus. The synthesized CuO NPs and ZnO NPs were then used in

the degradation of rifampicin antibiotic and methylene blue dye at different degradation

conditions. The following conclusions can be drawn from the study;

Agqueous extract of P. hysterophorus whole plant contain secondary metabolites
(flavonoids, tannins, alkaloids, saponins, and terpenoids), which act as reducing,
stabilizing, and capping agents. These electron-rich metabolites were able to form
green ZnO NPs and CuO NPs from their respective metal salts.

The formation of green ZnO NPs and CuO NPs was confirmed by various
characterization techniques, including; UV-Vis spectroscopy, FTIR, SEM, TEM,
XRD, and DLS. The UV-Vis spectroscopy showed the SPR band associated with
ZnO NPs and CuO NPs occurred at 340 and 337 nm respectively. The FTIR
spectrophotometer showed bonding of zinc and copper ions with secondary
metabolites while SEM and TEM techniques revealed the nearly spherical
morphology of these nanoparticles. These characterization techniques showed that
the formed ZnO NPs and CuO NPs were in the nanometer scale range.

The green ZnO NPs and CuO NPs degraded the rifampicin antibiotic and MB dye.
The degradation percentage depended on parameters such as the amount of the
nanoparticles, the concentration of MB or rifampicin, pH, reaction time, and
temperature. The highest degradation percentage of rifampicin was achieved using
50 mg of green CuO NPs (>99%) while for MB dye percentage degradation
(>58%) was achieved using 10 mg of green ZnO NPs within 360 minutes.
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The degradation percentage of rifampicin antibiotic and MB dye was enhanced
when the parameters tested in (iii) above were combined with highest degradation
percentage occurring within short time (minutes).

The green ZnO NPs and CuO NPs showed potential for reuse in the degradation
of rifampicin and MB dye in multiple cycles. This indicated that CuO NPs and
ZnO NPs showed stability for multiple uses.

5.2 Recommendations

There is a need to establish actual phytochemicals involved in the synthesis
process, since the synthesis is from a mixture of secondary metabolites.

Future studies could be done to identify the actual degradation products from the
degradation of rifampicin and methylene blue dye using green copper oxide and
zinc oxide nanoparticles by employing LC-MS/MS.

Studies should be done to explore the probable toxicity and ecotoxicity of
degradation products from the degradation processes of rifampicin and methylene
blue dye using green zinc oxide and copper oxide nanoparticles.

Studies should be conducted to explore the possibility of using green zinc oxide
and copper oxide nanoparticles to remove other water contaminants, such as
pathogens, heavy metals, and pesticides.

An investigation on the encapsulation of zinc oxide and copper oxide nanoparticles
with polymeric adsorbents and their effect on the degradation efficiency of

pollutants should be explored in future studies.
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Appendix I1: Kinetic Model Plots for Degradation of Rifampicin and CuO NPs
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Appendix I11: Kinetic Model Plots for Degradation of Rifampicin Using ZnO NPs

0.05
-0.05 4
y =-0.0058x - 0.0168
-0.10 4 . 2
R™ =0.9848
-0.15
< y
3 0204
£
-0.25
-0.30 4
-0.35 4
n
-0.40 4
0 10 20 30 40 50 60
Time (min)
0.0 ] )
c
017 y = -0.0076x + 0.0307
2 _
o 0.2+ R"=0.9915
<
F
=
-0.3
-0.4 4
05 T r T T T T T
0 10 20 30 40 50 60
Time (min)

106



InAJ/A,

INAJA,

0.0 4 45°C
n
y =-0.0070x + 0.01197
-0.14
R2 =0.9968
-0.2 4
-0.3 4
-0.4 4
0 0 20 30 4 50 60
Time (min)
004 = °c
-0.14
y =0.0075x + 0.0205
2_
0.2 4 R® =0.9928

-0.3
-0.4 o

n

-0.5 T T T T T T T

0 10 20 30 40 50 60

Time (min)

107




INAJ/A,

A

-0.14

-0.2

-0.3 -

0.4 4

-05

-0.6

0.0 4

y =-0.0083x + 0.0409

R2 =0.9792

2.8 =

2.6 4

2.4 4

2.0+

18+

Time (min)

y=0.0129x + 1.8223

R% =0.9823

10 20 30 40 50 60

2.6

2.4 =

2.2

2.0

1.8+

16

10 20 30 40 50

Time (min)

y =0.0157x + 1.6063 35°C

R? = 0.9879

Time (min)

108




UA¢

A

1/At

2.6=

2.4

2.2

1.8+

16

y =0.0143x + 1.6266

R? = 0.9963

3.0 4

2.8

2.6

2.4 -

2.2

2.0+

1.8+

y =0.0175x + 1.7872

R% =0.9832

3.2+

3.0+

2.8

2.6

2.4

2.2+

2.0 4

18

0 10 20 30

Time (min)

y=0.0202x + 1.7794

R?=0.9628

0 10 20 30
Time (min)

40

50

60

109




Appendix 1V: Kinetic Model Plots for Degradation of MB and CuO NPs
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Appendix V: Kinetic Model Plots for Degradation of MB Using ZnO NPs
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Green synthesis of copper oxide
nanoparticles and its efficiency
in degradation of rifampicin
antibiotic

Dennis Mwanza Nzilu* , Edwin Shigwenya Madivoli’, David Sujee Makhanu?,
Sammy Indire Wanakai®, Gideon Kirui Kiprono® & Patrick Gachoki Kareru*

In recent ages, green nanotechnology has gained attraction in the synthesis of metallic nanoparticles
due to their cost-effecti , simple preparation steps, and i Ily=friendly. In the p
study, copper oxide nanopamdcs (CuO NPs) were prepared using Parthenium h phorus wholn
plant aqueous extract as a reducing, stabilizing, and capping agent. The CuO NPs were characterized
via UV-Vis S py, Fourier Transform Infrared Spectroscopy (FTIR), powder X-Ray Diffraction
(XRD), Sc:nmng Electron Microscopy (SEM), Transmission Eltctron Mocroswpy (TEM), and Dynamic
Light Scattering (DLS). The UV-Vis spectra of CuO NPs st d a surface pl band
to occur at 340 nm., FTIR analysis revealed the presence of secondary mnubolrtos on (hn surface of
CuO NPs, with a characteristic Cu-0 stretching band being identified at 522 cm™. Scanning electron
graphs and ission electron micrographs showed that CuO NPs were nearly spherical,
with an average particle of 59,99 nm obtained from the SEM micrograph. The monoclinic crystalline
structure of CuO NPs was confirmed using XRD, and crystallite size calculated using the Scherrer
Debye equation was found to be 31,58 nm, DLS showed the presence of nnnoputidt ugglom«allon,

which revealed umformuty of thc CuO NPs. Furth , the degradation ability of biosynth

icles was i i rif i ibioti The results showed that the optimum
degndation efficiency of nfampldn at 98, 6396 was obtained at 65°C temp , 50 mg dosage of
CuO NPs, 10 mg/L concentration of rifampicin solution, and rifampicin solution at pH 2 in 8 min, From
this study, it can be concluded that CuO NPs synthesized Parthenium hy ph q
extract are promising in the diation of envi I pellution from antibiotics. In this light, the
study reports that Parthenium hysteroph diated green synthesis of CuO NPs can effectively

dd i I poliution in cost-effective, eco-friendly, and sustainable ways.

Water shortage remains one of the global challenges affecting many of the world's population as it is documented
that about 26% (2 billion people) lack access to safe drinking water per the UNESCO 2023 report'. The report
further indicates that 2-3 billion people worldwide experience water shortage, with water scarcity projected to
increase in the coming years. [t is reported that about half of the global population is at risk of experiencing water
scarcity’, A report published during Africa Health Agenda International Conference {AHAIC2023) revealed that
climatic changes have worsened water scarcity challenges in Africa’. Climatic changes affect terrestrial water
storage, further exacerbating water scarcity and leading to a global water crisis, Amidst the water shortage crisis,
water pollution from active pharmaceutical compounds (APIs), such as antibiotics classified as emerging poliut

ants, continues to rise’—. Pathways for antibiotics into the envi 1 (soil o surface water) are infiltration from
wastewater treatment plants and domestic discharge of human excretion™. These antibiotics exhibit detrimental
effects on humans and water ecosystems, attributed to their higher concentrations sbove the predicted environ-
mental concentration". The existence of antibiotics in the environment propagates antimicrobial resistance™'!

and their low concentrations are difficult to remove ustng conventional wastewater treatment plants'”. The World
Health Organization declared this resistance a public health crisis, threatening modalities to treat the increasing
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h 1

Herein, zinc oxide nanoparticles (ZnO NPs) were sy ized using Par hysterophorus whole plant agueous extract as
reducing and capping agents. The synthesized ZnO NPs were characterized via UV-Vis spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction {XRD},
and dynamic light scattering (DLS). An intrinsic optical absorbance of ZnO NPs occurred at 337 nm in the UV-Vis spectrum, The
FIIR analysis revealed the presence of secondary metabolites responsible for reducing and stabilizing the nanoparticles. Fur-
thermore, SEM and TEM images revealed that ZnO NPs were spherical with an average particle size of 38 nm. The XRD analysis
revealed that ZnO NPs had a hexagonal wurtzite crystal structure with a crystallite size of 42.6 nm. The synthesized nanoparticles
were investigated for degradation ability against methylene blue dye at varying conditions of ZnO NPs" dosage, methylene blue
concentrations, pH, temperature, and interaction time, Degradation efficiency of 55.69% was obtained at optimal conditions using
50 mg of ZnO NPs, 5 mg/L of MB dye concentration, and pH 12 and at 65°C within 32 minutes. Due to their novel green synthesis
route, Parthenium hysterophorus-mediated ZnO NPs are promising candidates for removing persistent organic dyes from aquatic

environments.

1. Introduction

Aquatic pollution by industrial effluents and emissions from
wastewater treatment plants is a serious threat facing hu-
manity and the ecosystem [1, 2], Among the industrial
wastewater contaminating our water systems are organic
dyes from textile, cosmetic, paper, plastic, and pharma-
ceutical factories [3-5]. These organic dyes endanger water
quality, and some, such as methylene blue, are non-
biodegradable and toxic because of their mutagenic and
carcinogenic properties, threatening human health [6].
Chemical, physical, and biological methods are con-
ventional methods employved in wastewater treatment to
remove contaminants, including dyes [5]. However, these

that can effectively remediate the pollutants before being
discharged into the water system [7-11]. Chemical, bi-
ological, and physical methods are the primary methods
employed in the synthesis of nanoparticles [11, 12].
Chemical and physical processes of synthesizing nano-
particles include coprecipitation, pyrolysis, thermal de-
composition, sol-gel, solvothermal, laser ablation, and ball
milling [13, 14]. However, both chemical and physical
processes of synthesizing nanomaterials have drawbacks of
using toxic chemicals and being time-consuming, energy
inefficient, and cost-ineffective [14-16]. Researchers find
biological methods for synthesizing nanomaterials more
attractive because they are environmentally friendly and
cost-effective [16, 17]. Biological methods involve the use of

methods have drawbacks in removing the ¢ i at
low concentrations. Recently, researchers have embraced
green nanotechnology to develop materials in nanoscale size

microorg: and plants. However, the use of microor-
ganisms is characterized to be labor-intensive and involves
delicate  procedures in  microbe isolation, growth,
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