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ABSTRACT

Water pollution remains a critical threat to public health and environmental sustainability,
especially in low- and middle-income countries where access to efficient and affordable
purification technologies is often limited. Conventional treatment systems frequently fail to
effectively remove key contaminants such as pathogenic microorganisms, toxic heavy metals, and
excess fluoride from drinking water. This study seeks to address these challenges by developing
green-synthesized nanocomposite materials, mediated by coffee husk extract (CHE), for advanced
water treatment applications including microbial disinfection and the removal of both cationic
(Pb**, Cr(VI)) and anionic (F) pollutants.

The specific objectives of this study were to: (1) synthesize CHE-capped ZnO nanoparticles (ZnO
NPs) for the disinfection of waterborne pathogens; (2) enhance the properties and antibacterial
activity of bare CHE-capped ZnO NPs through the incorporation of CHE-capped Fe:O./PU
nanocomposites (NCs); (3) develop a CHE-capped magnetite-based pumice silica nanocomposite
(CHE-M/PU/SIi-NC) for lead ion adsorption; and (4) incorporate CHE-capped MgO NPs and
amine functional groups into the CHE-capped M/PU/Si-NC to improve surface charge for the

removal of anionic pollutants.

For the plant-mediated synthesis of nanomaterials, coffee husk extract (CHE) was obtained using
an ethanol-based solid-liquid extraction method. The study focused on optimizing the synthesis
parameters of ZnO nanoparticles (ZnO-NPs) by employing CHE as an effective reducing and
capping agent to improve nanoparticle size control and functional performance. The optimization
involved key parameters such as temperature, zinc precursor-to-CHE ratio, reaction time, and pH.
Moreover, the total phenolic content of indigenous CHE, which is essential for understanding its
reducing potential, was evaluated and applied throughout all synthesis procedures.

The initial formation of the synthesized nanomaterial was visually indicated by a noticeable color
change. This was followed by thorough characterization using ultraviolet-visible (UV-Vis)
spectroscopy, Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD).
Further analysis of the physicochemical properties of the synthesized materials was carried out
using scanning electron microscopy (SEM), zeta potential analysis, dynamic light scattering
(DLS), Brunauer-Emmett-Teller (BET) surface area analysis, and thermogravimetric analysis

(TGA).The functional performance of the nanocomposites was assessed through antibacterial



activity using agar well diffusion assays, heavy metal quantification via atomic absorption

spectroscopy (AAS), and fluoride removal efficiency using a fluoride ion-selective electrode.

The optimized CHE-ZnO NPs synthesis conditions included a 1:1 zinc precursor-to-extract ratio,
pH 10, reaction temperature of 80 °C, and a 1h reaction time. The resulting ZnO nanoparticles
exhibited strong antibacterial activity, against S. aureus and E. coli. Their performance was further
improved by forming a composite with FesOs/PU, yielding particles with enhanced colloidal
stability (zeta potential —23.8 mV), reduced size (11.2 nm), and broader-spectrum antibacterial
efficacy against both S. aureus and E. coli .

For heavy metal adsorption, a green-synthesized CHE capped magnetite-pumice-silica
nanocomposite (M/PU/Si-NC) was fabricated and tested for lead removal. The material
demonstrated a high surface area (313 m?/g), good thermal stability (up to 690 °C), and a strong
negative surface charge (—37.7 mV). It achieved 95% lead removal efficiency at 2 g/L dosage and
100 mg/L Pb** concentration. Adsorption followed the Langmuir isotherm model with a maximum
capacity of 150 mg/g and pseudo-second-order Kinetics. The CHE-capped M/PU/Si-NC
maintained its initial adsorption capacity after five cycles highlighting its reusability. However, its
negatively charged surface limited its ability to capture anionic species such as fluoride and Cr
(VI). To address this, the material was modified by incorporating magnesium oxide and amine
functional groups, resulting in a positively charged surface under acidic conditions. The amine-
functionalized magnetite-magnesium silica nanocomposite achieved removal efficiencies of 92%
for fluoride and 86% for Cr (V1), the material maintained a relatively high removal efficiency even
after multiple cycles. The adsorption behaviors for both pollutants conformed to the Langmuir
isotherm and pseudo-second-order kinetics, confirming the efficiency and stability of the modified
adsorbent. In conclusion, this research successfully demonstrates the potential of plant-mediated
nanotechnology for the development of sustainable water purification materials. The synthesized
aforementioned nanocomposites effectively addressed key challenges in water treatment by
combining disinfection capabilities with the removal of hazardous ions. Their high performance,
environmental compatibility, and reusability make them strong candidates for practical
implementation in decentralized or resource-constrained communities, offering a scalable solution

to global water quality concerns.

Keywords: phenolic compound; pollutant; drinking water; biogenic-synthesis; Water treatment.
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CHAPTER ONE

1. INTRODUCTION

1.1. Background and justification

Water is the most abundant source of necessary substances for all life on Earth and has been a
driving force in human civilization's evolution. However, the world is currently facing a severe
water shortage, affecting 1.1 billion people globally [1]. The primary causes of water shortages
include climate change, leading to altered weather patterns like droughts and floods, increased
pollution, and excessive human water use. Water resources can become polluted due to various
natural and human-made factors. Natural sources of pollution include volcanic activity, soil
erosion, biological processes, and the weathering of rocks and minerals. One significant natural

pollutant is fluoride, which becomes harmful at high concentrations (above 1.5 mg/L) [2].

Regions with high fluoride levels often coincide with areas of volcanic or geothermal activity,
such as the mountainous regions from Irag and Iran to Syria, Turkey, Algeria, and Morocco, parts
of the United States, Europe, and the former Soviet Union, as well as along the East African Rift
Valley, including Ethiopia, Eritrea, and Malawi [3]. In the Ethiopian Rift Valley, groundwater
fluoride levels exceed the WHO standard at 6.03 mg/L [2] as shown in Fig.1.1. Excessive fluoride
exposure can lead to various health problems, including dental fluorosis, skeletal fluorosis, tooth
decay, and bone deformities. Additionally, fluoride can cause non-skeletal fluorosis by damaging
red blood cells, ligaments, sperm, the thyroid gland, and muscle tissue, resulting in muscle
weakness [3].

Anthropogenic pollutant sources include landfills, fuel combustion, street run-off, sewage,
agricultural activities, mining, and industrial pollutants [4]. Among these, wastewater pollutants,
particularly heavy metals and pathogens, are of significant concern [5]. Over 50 elements can be
classified as heavy metals, 17 of which are extremely toxic and readily accessible [6]. Particularly
in Ethiopia, toxic heavy metals such as copper (Cu), manganese (Mn), zinc (Zn), chromium (Cr),
cadmium (Cd), nickel (Ni), lead (Pb), iron (Fe), and arsenic (As) are produced by various
industries, including textile and garment, tanning, dye, and industrial parks [7]. Additionally,
agriculture, fuel stations (using leaded petroleum products), and garage operations contribute to
heavy metal pollution [8]-[10]. These heavy metals pollute groundwater and surface waters,




including rivers, leading to significant pollution in downstream areas where the water is used for
domestic purposes and irrigation [11]. Due to their non-biodegradability, mobility, toxicity, and
bioaccumulation potential in the liver, kidney, and other human organs, these well-known toxic
heavy metals pose serious global threats to public health [12].

Fig.1. 1. Fluoride distribution map of Ethiopia [13]

Other anthropogenic water pollutants include pathogens, originating from human waste, animal
waste, wildlife excreta, and waterfowl droppings [14]. Fecal contamination, often resulting from
poor sanitation, leads to the proliferation of E. coli, a bacterium that can pollute water bodies and
beaches [15]. The E. coli O157:H7 strain, in particular, produces a potent toxin that damages the
intestinal lining, causing severe illness, including bloody diarrhea [15]. In Ethiopia, poor Water,
Sanitation, and Hygiene (WASH) practices contribute significantly to the national disease burden,
with diarrheal diseases accounting for 70% of cases [16]. This challenge affects both rural and
urban communities. Although small-scale and household water treatment devices have been
widely promoted globally, their adoption in Ethiopia remains low. Consequently, access to safe
drinking water is extremely limited [17].




To mitigate the impact of these pollutants, various water treatment technologies have been
developed. These include chemical precipitation, ion exchange, adsorption, membrane filtration,
reverse osmosis, solvent extraction, and electrochemical treatment. However, many of these
methods are costly and energy-intensive [18]. Adsorption emerges as a promising technique due
to its low cost, and ease of operation. Adsorbents, such as activated carbon, zeolite, and various
waste materials, can remove pollutants [19]. However, the adsorption efficiency of the
aforementioned conventional adsorbent mechanisms is low. As a result, finding more efficient
adsorbents has become critical [20]. The use of nanomaterials in wastewater treatment has recently
received significant attention. These are natural, incidental, or manufactured materials with
particles ranging in size from 1 nm to 100 nm. Nanostructured adsorbents offer higher surface
area, higher efficiencies, and faster adsorption rates in water treatment compared to conventional
materials [21]. Some of the nano-based materials for water and wastewater treatment include nano-
sorbents, metal oxide nanoscale materials, polymer-based nano-sorbents, nano-scale membrane

materials (nanomembranes), carbon nanotubes (CNTSs), and silver nanoparticles (AgNPs).

However, some studies have reported that nanoparticles can dissolve into toxic ions, posing risks
to human and environmental health [22]. To mitigate this issue, several strategies can be employed:
replacing toxic species with less toxic elements, capping nanoparticles with a shell [23], and
adopting green synthesis methods. Green synthesis involves using plants or plant parts for bio-
reduction of metal ions into their elemental form within the 1-100 nm size range and stabilizing
their size, as well as using bio-based precursors for nanoparticle production [24]. Additionally, the
incorporation of natural surfactants during nanoparticle synthesis can act as stabilizers, inhibiting
overgrowth and preventing aggregation/agglomeration in colloidal synthesis, ultimately affecting

the toxicity of nanoparticle dispersions [25].

Therefore, the combination of nanoparticles and biotechnology is crucial for implementing these
improvement strategies in the synthesis of nanomaterials for wastewater adsorption.
Nanotechnology offers numerous benefits and applications for enhancing water quality for human
consumption and promoting sustainability [26]. Consequently, significant efforts are being
directed towards developing novel strategies for synthesizing various types of nanoparticles with
specific compositions and sizes from biological sources for wastewater treatment applications
[27].




As aresult, in this study, the nano-biotechnology approach was used to synthesize the major heavy
metal and fluoride adsorbent (Silica NPs) and disinfectant (ZnO-NPs) nanomaterials. The primary
reason for selecting ZnO for this study is that it has strong activity even in small amounts, is
regarded as a good antibacterial agent due to its stability under harsh processing conditions, and is
considered a safe material for humans and animals. It has greater durability, selectivity, and heat
resistance, can treat water without forming disinfection by product (DBP), and is significantly less
expensive than other disinfection mechanisms [28]. Silica nanoparticles were selected for this
study due to their low toxicity, biocompatibility, environmental friendliness, ease of modification,
high recovery rate, resistance to microbial growth, and outstanding surface properties [29].
Furthermore, we will extract the precursor of silica nanoparticles from agricultural waste
(bagasse), as bio-based economies and the use of renewable biomass as raw materials have recently
been identified as viable solutions to the problems associated with local and global pollution [29].

Silica and ZnO nanoparticles have traditionally been synthesized using various chemical and
physical methods. While some research has explored green synthesis methods for ZnO
nanoparticles utilizing plant extracts, no study has combined magnetite pumice to enhance plant-
mediated CHE-capped ZnO-NPs. Coffee husk, a rich source of bioactive phenolic compounds
[30], offers a promising reducing and capping agent for ZnO nanoparticle synthesis in disinfection
applications. Pumice, a highly porous material with an average porosity of 90 % , exhibits excellent
chemical, thermal, and mechanical stability and initial buoyancy, making it an ideal support [31].
Similarly, for plant-mediated synthesized Si-NPs, no research has been conducted on incorporating
magnetite pumice nanocomposite for the immobilization and regeneration of CHE-capped silica
nanoparticles derived from bagasse ash, utilizing phenolic compounds from CHE as a replacement
for chemical stabilizing agents. This dissertation focuses on the removal of heavy metals (Pb &
Cr(VI)) and fluorides from drinking water using magnetic pumice-supported SiO> for cationic
pollutants and amine-functionalized magnetic pumice magnesium silicon oxide nanocomposites
for anionic pollutants, as well as the disinfection of E. coli and S. aureus using magnetic pumice-
CHE-capped ZnO NCs.




1.2. Problem statement

A critical water crisis looms in Ethiopia, as highlighted by a survey from the Ministry of Water
Resources. The data reveals a staggering reality: 33 million Ethiopians lack access to clean water,
and sanitation facilities are inadequate for a further 89 million [16], [32]. This situation is
particularly dire in rural areas where communities are heavily reliant on rivers and lakes as their
primary sources of drinking water. Unfortunately, these water sources are often severely
contaminated with harmful E. coli bacteria and heavy metals [33]. These combination of limited

access to clean water and inadequate sanitation poses a significant public health risk.

In Addis Ababa, research by Belete found the average Pb*? concentration in drinking water from
the Akaki, Legedadi, and Gefersa sub-systems to be 62.37 pg/L, significantly exceeding the
WHO's recommended limit of 10 ug/L [34]. This elevated exposure poses a serious health risk,
particularly to children, with an estimated 20% expected to have blood lead levels above the safe
threshold. Furthermore, research by Debebe documented high levels of lead accumulation in
Chamo Lake, highlighting the widespread nature of this environmental pollutant [35].Studies
have documented concerning levels of chromium contamination in various water bodies across
Ethiopia. Such as, Alemu & Gabbiye reported that chromium levels in the Abay River near the
Habesha Tannery discharge point (8.420 mg/L) drastically exceeded the WHQ's safe limit for
drinking water (0.05 mg/L) [36]. Similarly, Gebreyohannes & Asgedom found elevated
chromium levels in the Ellala River in Mekelle, surpassing the WHO standards [37]. Further
evidence of chromium contamination comes from studies in the Akaki River, Gondar City, and
Akaki groundwater [38]. In addition to chromium, fluoride contamination poses a significant
challenge in many regions, particularly in the Rift Valley (Fig.1.1) where deep wells are the
primary source of drinking water. Demelash et al. found that fluoride levels in groundwater often
exceed the WHO's recommended limit of 1.5 mg/L [2]. This necessitates the development and
implementation of cost-effective water treatment technologies to ensure safe drinking water

access from these valuable resources.

One of the difficulties in developing an antibacterial agent, and a limitation of conventional
disinfection methods, is their inability to effectively eliminate water pathogens and the formation
of disinfection by-products (DBPs) [39]. To address these challenges, this study prepared CHE-

capped Fe304/PU/ZnO NC, which is easily recyclable and separable from water after disinfection,




does not form DBPs, and exhibits efficient activity even in small amounts due to its large surface
area [28]. As a result, this research synthesized novel, sustainable drinking water purification
materials by combining CHE-capped Fe3O4/Pu/Si NC for the removal of fluoride and heavy metals
from water and CHE-capped FesO4/PU/ZnO NC for water disinfection.




1.3. Objective

1.3.1. General Objective

The general objective of the present study is to synthesize and characterize plant-mediated nano-
composite filter materials for disinfection and removal of heavy metals (lead ion and hexavalent

chromium) and fluoride from drinking water.
1.3.2. Specific objectives

a. To synthesize and characterize coffee husk extract (CHE)-capped ZnO nanoparticles and
evaluate their antimicrobial activity.

b. To synthesize and characterize CHE-capped Fez04/PU/ZnO nanocomposites, evaluate
their antimicrobial activity, and compare it with that of bare CHE-capped ZnO-NPs.

c. To synthesize and characterize plant-mediated magnetite-based pumice silica
nanocomposite for lead adsorption from aqueous solution.

d. To synthesize and characterize plant-mediated amine-functionalized magnetite-based
pumice magnesium silica nanocomposite for hexavalent chromium and fluoride adsorption

from aqueous solution.




1.4. Scope of the Study

This study focuses on the laboratory-scale development of a hybrid drinking water purifier capable
of effectively removing heavy metals (chromium and lead), fluoride, and bacterial contaminants
(S. aureus and E. coli) from polluted water sources. The work emphasizes the synthesis and batch-
type performance evaluation of the purification system using locally available and sustainable
materials. The scope of the study is limited to laboratory experimentation and does not extend to

large-scale field implementation.

1.5. Significance of the Study

This research is significant for several reasons. It aims to improve access to safe drinking water
through the development of an effective and affordable household purification system. The study
also promotes environmental sustainability by utilizing agro-industrial solid wastes in the
development of filter materials, reducing pollution and encouraging resource recycling.
Additionally, by offering a low-cost alternative to commercial water treatments, the system can
help reduce healthcare expenses associated with waterborne diseases, thus contributing to
economic improvement. Furthermore, the findings can provide valuable insights for policymakers
in developing guidelines and strategies that enhance the use of alternative water sources and

promote sustainable water treatment practices.

1.6. Structure of the dissertation
Chapter One

This chapter introduces the issue of water scarcity at both global and national levels, provides an
overview of the sources of water pollutants along with the target pollutant of the study, and
presents a general introduction to existing water treatment technologies. It also outlines the
problem statement, research scope, significance, and objectives of the dissertation.

Chapter Two

This chapter presents a literature review on water pollution in the country, with a specific focus on
pollution caused by the study's target pollutants Cr (VI), Pb**, F-, and pathogens such as E. coli
and S. aureus and their associated health impacts. It summarizes existing water treatment

technologies, including adsorbents for the removal of cationic and anionic pollutants, as well as




disinfection methods for pathogens. The chapter also discusses nanomaterial-based adsorbents,
nanoparticle synthesis methods, adsorption kinetics and isotherms, and adsorbent reusability. It
concludes by identifying current technological gaps and highlighting how the present research
aims to address them.

Chapter Three
Chapter Three details the extraction of phenolic compounds from indigenous coffee husk, the

synthesis of ZnO nanoparticles using coffee husk extract (CHE) as a reducing agent, and the
characterization of the synthesized nanoparticles. It also investigates the effect of synthesis
parameters on plant-mediated CHE-capped ZnO nanoparticles and evaluates their antimicrobial

activity.
Chapter Four

Focuses on the synthesis and characterization of coffee husk extract (CHE)-capped Fe304/PU/Zn0O
NCs, assessing their antimicrobial activity. The chapter compares the properties of bare CHE-
capped ZnO-NPs with those of the magnetic pumice nanocomposite-incorporated ZnO

nanoparticles and evaluates their antimicrobial properties.
Chapter Five

Chapter five deals with the synthesis and characterization of plant-mediated silica nanoparticles
derived from bagasse ash, comparing their properties to those of sol-gel synthesized silica
nanoparticles. The chapter then explores the enhancement of these silica nanoparticles by
incorporating them into magnetite-based pumice silica nanocomposites for the removal of lead
ions from aqueous solutions. Furthermore, it evaluates the adsorbent's Pb?* removal efficiency in
batch mode, analyzes adsorption isotherms and kinetics to understand the adsorption process, and

investigates the adsorbent's reusability
Chapter Six

Details the synthesis and characterization of amine-functionalized CHE-capped
Fe304/PU/Mg@SiO. nanocomposites. This chapter investigates the impact of amine
functionalization and the incorporation of MgO NPs on the surface charge properties of the

magnetite-based pumice silica nanocomposite. It evaluates the adsorption performance of these




modified nanocomposites for the removal of anionic pollutants F~ and Cr (V1) and assesses their

reusability.
Chapter Seven

Provides a comprehensive summary of the conclusions drawn from the study and offers

recommendations for future research.
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CHAPTER TWO
2. LITERATURE REVIEW

2.1. Water pollution overview

Water pollution is one of the most pressing global environmental challenges, affecting both
developed and developing nations [40]. According to the United Nations World Water
Development Report (2023), nearly 80% of the world’s wastewater is discharged into the
environment without adequate treatment, contaminating rivers, lakes, and groundwater [41]. An
estimated 2 billion people rely on drinking water sources that are contaminated with feces, leading
to the transmission of diseases [42]. Furthermore, industrialization and urbanization have
intensified the release of chemical pollutants, including heavy metals, pesticides, and

pharmaceutical residues, into aquatic environments [43].

Globally, the major causes of water pollution include industrial effluents, agricultural runoff,
domestic sewage, mining activities, oil spills, and improper waste disposal [44]. Agricultural
practices, in particular, contribute large quantities of nitrogen and phosphorus from fertilizers,
leading to eutrophication, which depletes oxygen and disrupts aquatic ecosystems [45]. Industrial
discharges introduce toxic metals such as lead, chromium, and mercury, while untreated municipal

wastewater adds pathogens and organic matter [46].

The effects of water pollution are wide-ranging and severe. Contaminated water poses serious
public health risks, contributing to millions of deaths annually, especially in low-income
countries[47]. Environmentally, it leads to the degradation of aquatic habitats, loss of biodiversity,
and disruption of the food chain [48]. Economically, it increases the cost of water treatment and
reduces agricultural productivity due to the use of polluted irrigation water [49]. Overall, the
increasing levels of global water pollution underscore the urgent need for sustainable water
management strategies, effective wastewater treatment technologies, and strengthened

environmental regulations to safeguard human health and ecosystem integrity

2.2.Water pollutants in Ethiopia

Ethiopia, known as the "water tower of East Africa," faces a paradox. Despite abundant water

resources, only 42 % of the population has access to clean water. This disparity is further
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compounded by the fact that just 11 % of its population benefit from adequate sanitation services
[50]. This limited access to clean water and proper sanitation poses a significant public health risk,

contributing to the spread of waterborne diseases such as diarrhea, cholera, typhoid, and dysentery.

One major threat comes from toxic heavy metals like lead (Pb), arsenic (As), chromium (Cr), and
nickel (Ni) contaminating water sources. Studies have shown high levels of these metals in tap
water from Gullele and Akaki-Kality sub cities, linked to an increased risk of cancer [51]. Lead
contamination is another widespread issue. Even after conventional treatment, lead levels in tap,
lake, and river water exceed WHO standards [52]. The ineffectiveness of these treatment plants in
removing heavy metals underscores the urgent need for innovative solutions. Most conventional
water treatment systems are limited in their capacity to remove heavy metals to handle heavy metal

contamination, necessitating the development of portable water purifiers for individual use.

Pathogenic contaminants pose an additional substantial danger to water quality. Contaminants
from urban garbage and animal feces wash into water sources during rainfall. Over half of rural
communities rely on unimproved surface water for drinking [53]. The situation is even more dire
where water sources are shared with livestock. Unsafe and inadequate water supply, coupled with
poor sanitation, leads to high rates of illness and death, especially in rural areas [42]. Diarrhea
remains a leading cause of death among children under five, accounting for 23 % of all under-five
deaths (more than 70,000 children per year) [33]

Another significant water quality issue in Ethiopia is fluoride contamination. This naturally
occurring pollutant can be found in high concentrations (above 1.5 mg/L) in rift valley waters. The
Ethiopian Rift Valley, a seismically active region, stretches across the country from south to north.
This area features active volcanoes in the Danakil Depression in the north and young volcanic
rocks in the middle and southern parts of the rift valley. Fluoride levels in the rift valley lakes
consistently exceed the WHO recommended limit [54]. Shala (264.0 mg/L), Abijata (202.4 mg/L),
and Beseka (32.2 mg/L) are among the lakes with the highest fluoride concentrations [55]. Fluoride
values ranged from 0.65 mg/L to 11 mg/L in Hawassa city shallow hand-dug wells [54]. Fluoride
levels in both the Hawassa and Halaba districts were found to be higher than the drinking water
standard [56]. Fluoride concentrations in drinking water samples were greater than 6.8 mg/L in
most rift valley rural areas [2]. In rift valley areas, approximately 8 million people drink high-

fluoride water [57]. Groundwater accounts for more than 70 % of Ethiopia's water supply [58].
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2.3. Health effects of E coli, excessive heavy metals and fluoride in water

Pollution of water and food from anthropogenic activities, including industrial waste and
agricultural runoff, poses a significant global health threat. Microbial contamination of water leads
to acute diseases like diarrhea, while heavy metals, fluoride, and other toxins cause insidious
illnesses that can lead to long-term health issues and death [59]. Heavy metals such as lead (Pb),
chromium (Cr), and nickel (Ni) are of particular concern due to their non-biodegradability,
mobility, toxicity, and bioaccumulation potential in human organs like the liver and kidneys [60].
Chronic exposure to lead and hexavalent chromium can negatively impact bone and kidney health,
increase blood pressure, and contribute to cancer. With a biological half-life of 10 to 33 years,
these metals can bioaccumulate in organisms and ecosystems [12]. Fluoride can also adversely
affect human reproductive organs. More "immobile and deformed births™ and a decrease in birth
rates have been reported in locations with high fluoride concentrations [61].

2.4. Water treatment technologies
Researchers have extensively studied various techniques for removing E. coli, heavy metals, and
fluoride from water. Common treatment methods for heavy metals and fluoride include
coagulation/precipitation, membrane processes, electrochemical treatments, ion exchange, and
adsorption [62]. However, these conventional methods often suffer from limitations such as low
efficiency, high cost, generation of toxic by-products, slow operation, limited selectivity for

specific pollutants, and complex treatment processes [63].

Other conventional water treatment methods, such as chlorination, UV treatment, and ozonation,
are used to disinfect water and eliminate waterborne pathogens. However, each of these methods
has its own limitations. Chlorination, while effective against many pathogens, can be less effective
against highly resistant strains and can lead to the formation of carcinogenic disinfection by-
products (DBPs). These DBPs—such as trihalomethanes (THMs) and haloacetic acids (HAAS)—
are produced when chlorine reacts with natural organic matter (NOM), bromide, or iodide that are
present in the source water. Natural organic matter originates from the decay of plant and animal
materials in surface or groundwater, while bromide and iodide are usually present in water from
seawater intrusion, industrial discharges, or the natural dissolution of minerals in soils and rocks
[64]. As bacteria develop resistance to disinfectants, higher doses are required, leading to increased

DBP formation [65]. Ozonation, although less prone to DBP formation, is more expensive than
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chemical disinfection and can produce harmful bromate when ozone reacts with bromide ions [66].
UV treatment, while effective, does not leave a residual disinfectant to protect against re-
contamination in the distribution system. To address these limitations, innovative approaches are
needed to improve water disinfection efficiency. Several technologies listed in Table 2.1, which
are currently available, can be used to remove fluoride, heavy metals, and waterborne pathogens

from water.
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Table 2. 1. Current removal mechanism of heavy metal, fluoride and pathogens from water.

Technology Pollutant Advantage Disadvantage Ref.
Coagulation/precipitati Heavy Commercially available Expensive, efficiency depends of pH and presence of co-ions in water, adjustment and | [67],
on: calcium hydroxide; metal, chemicals formation of sludge with high amount of toxic complex compound and unable to achieve | [68]
aluminum hydroxide E,coli a stable coliform removal which requires coupled with additional treatment process to

improve the overall pathogen removal efficiency.
lon-exchange: Heavy  metal, High efficiency Expensive, vulnerable to interfering ions (sulfate, phosphate,chloride, bicarbonate, etc.), | [69]
Fluoride, replacement of media after multiple regenerations, used media present toxic solid waste,
regeneration creates toxic liquid waste, efficiency highly pH-dependent.
Heavy  metal, Greater accessibility, low cost, High efficiency often demands adjustment and readjustment of pH, some common water |[21], [70]
Adsorptive materials: Fluoride, E, coli smple operation, availability of |ions can interfere pollutant adsorption
wide range of adsorbents.
Bio sand filtration. Turbidity, E, coli| It can be easily Constructed using | The treated water does not meet the WHO drinking waterguideline. [71]
raw materials that are locally
sourced.
Membrane filtration: Heavy metal,| High efficiency; remove High capital, high running and maintenance costs, toxic wastewater produced [72], [73]
r_ever§eosm05|s; Nano Fluoride, E, coli | other contaminates

filtration

Electrochemical Heavy  metal, | High efficiency; high High cost during installation and maintenance [74]

treatments: dialysis; | Fluoride, E. coli | selectivity

electro-dialysis; electro-

coagulation
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Advanced oxidation processes (AOPs), membrane technology, and nanotechnology are among the

most recent and cutting-edge water purification technologies.
Advanced oxidation processes (AOPS)

AOPs, in broad terms, are chemical treatment processes designed to remove organic (and sometimes
inorganic) materials from water and wastewater. This is achieved through oxidation reactions with
hydroxyl radicals (*OH). While the hydroxyl radical has traditionally been considered the primary
active species responsible for pollutant destruction [75], AOPs have also proven effective in
eliminating disease-causing pathogens. Researchers have successfully employed AOPs to remove a
wide range of contaminants, including pharmaceuticals, endocrine disruptors, pesticides, surfactants,
and various industrial toxicants like phenols, humic acids, and benzene derivatives, commonly found
in surface, ground, and wastewater [76]. Among the most well-known AOP technologies are
photochemical degradation processes (UV/O3, UV/H.0z), photocatalysis (TiO2/UV, photo-fenton),
and chemical oxidation processes (O3, O3/H202, H.02/Fe?*, H,0/Fe®"). These processes generate

highly reactive and non-selective hydroxyl radicals (*OH) [77], [78].

However, AOPs have several drawbacks. One is their high cost, particularly in terms of operating and
maintenance expenses due to energy consumption and chemical reagent requirements [79].
Additionally, the effectiveness of these processes is dosage-dependent, necessitating careful control of
the *OH molecule concentration to achieve the desired treatment level [80]. Hydrogen peroxide levels
must also be closely monitored to avoid potential negative impacts on subsequent oxidation processes
and human health [81].

Membrane Technology

Membrane separation is becoming increasingly important in applications such as water treatment,
wastewater treatment, water reclamation, and desalination. Pressure-driven processes like
microfiltration (MF), ultrafiltration (UF), and nanofiltration (NF) are used to remove a variety of
contaminants from water and wastewater [68]. These membranes are also widely employed in

industrial applications, such as water recycling and process intensification.

Membrane bioreactor (MBRs) represent a significant advancement in wastewater treatment
technology. Their high efficiency, compact footprint, and versatility make them a valuable tool for
addressing the growing challenges of water scarcity and environmental pollution [82].As technology
continues to evolve, MBRs are poised to play an increasingly important role in sustainable water
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management practices worldwide [83].

Reverse osmosis (RO) is a water purification technology that uses a semipermeable membrane to
remove dissolved salts and other impurities from water. By applying pressure greater than the osmotic
pressure, RO forces water molecules to pass through the membrane while leaving behind
contaminants. This process is widely used in desalination, water purification for drinking and

industrial purposes, and wastewater treatment.

Beyond reverse osmosis, other membrane processes such as electrodialysis (ED), membrane
distillation (MD), and forward osmosis (FO) present promising alternatives for desalination. ED
utilizes an electric field to transport ions across charged membranes, separating them from the water.
MD relies on a temperature difference to drive water vapor through a hydrophobic membrane [84].
FO leverages a concentration gradient to draw water across a membrane, potentially offering lower

energy consumption compared to traditional RO [85].

Membrane technology, while offering numerous advantages, faces several challenges. Fouling, where
particles and organic matter clog the membrane surface, significantly reduces efficiency and
necessitates frequent cleaning, increasing operational costs [86]. High initial investment costs
associated with the membranes and equipment can be a significant barrier. Furthermore, membranes
are susceptible to damage from chemicals, high pressures, and temperature fluctuations. Desalination
processes, particularly reverse osmosis, generate concentrated brine, requiring careful disposal to
avoid environmental harm [87]. While more energy-efficient than some traditional methods,
membrane processes still consume energy, contributing to the overall carbon footprint. Addressing
these drawbacks through careful design, operation, and maintenance practices is crucial for ensuring

the long-term viability and sustainability of membrane technologies [88].
Nanotechnology

The application of nanotechnology in water treatment has gained significant attention due to its ability
to address global challenges associated with water scarcity, pollution, and contamination (Hairom et
al., 2021). Nanotechnology employs materials at the nanoscale (1-100 nm), exhibiting unique
properties such as high surface area, reactivity, and tunable functionality. These properties enable
advanced solutions for water purification, desalination, and contaminant removal [89]. A variety of

nanomaterials have been explored for water treatment, each with specific roles and advantages.
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However, the release of nanomaterials into the environment during and after water treatment raises
concerns about potential ecological and human health impacts. Therefore, it's crucial to consider
the impact of nanomaterials on aquatic organisms. Nanoparticles, particularly TiO2 nanoparticles,
silver nanoparticles, and carbon nanotubes (CNT), are primarily responsible for these negative
effects. To mitigate these risks, improved mechanisms are needed to prevent the dissolution of

hazardous nanoparticles into toxic ions following water treatment [22].

2.4.1. Nanomaterials and nanoparticles on removal of heavy metal, fluoride and water
born pathogen.

Numerous nanotechnological studies in the last two decades have demonstrated novel approaches
to improving water treatment techniques. Nanoparticles, with sizes ranging from 1 to 100
nanometers, exhibit distinct properties and a significantly higher specific surface area compared
to their conventional macro-scale counterparts. These unique characteristics render nanoparticles

more efficient in water treatment applications [26], [90]

2.4.1.1. Removal of bacterial pathogens from water using different nanomaterial

In an attempt to remove bacterial pathogens from water, nanotechnology emerges as a promising
approach. Several categories of nanoscale materials demonstrate the ability to effectively
eliminate microbes from wastewater [91]. High perm selectivity and enhanced hydrophilicity of
nano-sized composite integrated with inorganic materials render them efficient tools for the
enhanced treatment of contaminated water [89]. Numerous previous studies have demonstrated
the efficacy of metal ions in disinfecting water. These metal ions exhibit altered capacities,
contributing to their antibacterial properties. A variety of nanoscale materials, including silver,
titanium, and zinc, exhibit the potential to disinfect water from various waterborne disease-

causing microorganisms.
TiO2 Nanoparticles

Titanium dioxide nanoparticles (TiO2 NPs) exhibit antibacterial properties due to their ability to
generate reactive oxygen species (ROS) when exposed to ultraviolet (UV) light [92]. These ROS
can damage bacterial cell walls, leading to cell death. However, TiO2 NPs also present several
drawbacks [92]. Primarily, their antibacterial activity relies heavily on UV light, limiting their

practical applications in many settings. Additionally, concerns exist regarding their potential
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toxicity, including the potential for oxidative stress, inflammation, and even genotoxicity.
Furthermore, the release of TiO2 NPs into the environment can have detrimental ecological
consequences [93]. Finally, their tendency to agglomerate reduces their surface area, thereby
diminishing their antibacterial efficacy.

Carbon Nanotubes

The antimicrobial potential of carbon nanotubes (CNTSs) in water purification applications is
significant, offering promising solutions for addressing waterborne diseases [94]. Their unique
nanostructure allows for efficient physical interaction with microorganisms, leading to cell
disruption and inactivation. Additionally, CNTs can generate reactive oxygen species, inducing
oxidative stress within microbial cells [95]. However, potential drawbacks include the potential
for environmental release and toxicity to aquatic organisms [96]. Furthermore, large-scale
production and implementation of CNT-based water treatment technologies may pose economic
challenges [97]. Continued research is crucial to optimize their use while mitigating potential

risks and ensuring their safe and sustainable application in water purification
Silver Nanoparticles

Silver nanoparticles (AgNPs) have emerged as promising antimicrobial agents for water treatment
due to their potent antibacterial properties [98]. Their small size and large surface area allow for
efficient interaction with microorganisms, leading to disruption of cellular processes and
ultimately, cell death. AgNPs can be incorporated into water filtration membranes, enhancing their
antimicrobial properties and improving the removal of bacteria and other pathogens [99]. They
can also be used as coatings for surfaces in contact with water, such as pipes and storage tanks, to
prevent microbial growth [100]. While AgNPs offer significant potential for improving water
quality, potential drawbacks include their potential environmental impact, potential human health
concerns, and the possibility of the development of microbial resistance [101].

ZnO Nanoparticles

Numerous studies have demonstrated the potential of zinc oxide (ZnO) nanoparticles to effectively
remove total coliforms from municipal wastewater treatment plants [102]. ZnO nanoparticles can
disrupt bacterial cell membranes, leading to cell death. This disruption occurs through mechanisms

such as the aggregation of ZnO nanoparticles within the bacterial membrane and cytoplasm, as
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well as the increased secretion of reactive oxygen species (ROS) like hydrogen peroxide, which

exert toxic effects on the bacteria [103].

ZnO nanoparticles are favored over other disinfectant nanoparticles due to their unique properties.
Their large surface area enhances contact with microorganisms, thereby boosting antimicrobial
activity [104]. Furthermore, ZnO-NPs exhibit broad-spectrum antimicrobial activity, effectively
targeting viruses, fungi, and bacteria [105], [106]. Importantly, ZnO-NPs are non-toxic to humans,
release zinc ions gradually for sustained antimicrobial protection, are biodegradable, and have
minimal environmental impact [107]. These factors, combined [108]with their relatively low cost,

make ZnO-NPs an attractive and affordable disinfection option.

. ZnO-NPs and its property
Zinc oxide nanoparticles exhibit a unique set of properties that make them valuable in various
applications. Key properties include strong antimicrobial activity due to their ability to generate
reactive oxygen species that damage microbial cells [108] . Their small size translates to a
significantly higher surface area-to-volume ratio compared to bulk ZnO, enhancing their reactivity
and interactions. ZnO-NPs also possess photocatalytic activity, utilizing light energy to generate
electron-hole pairs that can initiate chemical reactions, further boosting their antimicrobial
capabilities [109]. Additionally, ZnO-NPs are generally considered biocompatible, exhibit high
thermal conductivity, and possess excellent chemical stability, making them suitable for a wide

range of applications in fields such as medicine, environmental remediation, and energy [110].
. Synthesis of ZnO-NPs

Three primary methods can be used to synthesize zinc oxide nanoparticles, as illustrated in Fig.2.1.
a. Physical Methods for ZnO Nanoparticle Synthesis:

Physical methods utilize various techniques to synthesize ZnO nanoparticles, such as binding
smaller molecules and atoms together to form particles within the nanoscale range [111]. These
methods include amorphous crystallization, vapor condensation, colloidal dispersion, and physical
fragmentation. Specific examples of physical methods for ZnO NP synthesis encompass ion
implantation, ball grinding, sputtering, physical vapor deposition, electric arc deposition, laser
ablation, and many others [107]. While offering advantages like precise control over particle size
and shape, high purity, and the ability to produce a wide range of nanomaterials, these physical
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methods often require significant energy input and specialized equipment. Physical methods for
synthesizing ZnO nanoparticles, while offering certain advantages, also come with several
drawbacks. These methods often require significant energy input, making them potentially
expensive and less environmentally friendly [112]. Additionally, they can lead to agglomeration
of nanoparticles, reducing their surface area and affecting their properties [112]. Precise control
over particle size and distribution can be challenging, and controlling the shape of the nanoparticles
is often limited. Furthermore, impurities can be introduced during the synthesis process, affecting
the final product's quality, and specialized and often expensive equipment may be required,

increasing the overall cost of production [113].
b. Chemical methods for ZnO nanoparticle synthesis

Chemical methods for synthesizing ZnO nanoparticles offer several advantages over physical
methods. They generally involve lower energy consumption, making them more energy-efficient
and environmentally friendly [114]. These methods often provide better control over particle size
and distribution, allowing for the production of more uniform nanoparticles. Additionally,
chemical methods can be used to synthesize nanoparticles with specific shapes and morphologies,
which is crucial for many applications [115]. However, it's important to note that chemical
methods can introduce impurities into the final product and may require careful control of reaction
conditions to achieve desired properties [116]. Furthermore, careful control of reaction conditions
is crucial to achieve the desired particle size, shape, and distribution. Factors such as temperature,
pH, concentration of reactants, and the presence of surfactants or capping agents can significantly
influence the final product. Additionally, some chemical methods may involve the use of toxic

chemicals or generate hazardous byproducts, raising environmental and safety concerns [117].
c. Biological methods

Biological methods, often referred to as 'green synthesis' or 'bio fabrication," utilize biological
entities such as microorganisms, plants, and algae to produce nanoparticles [118] . These organisms
possess the ability to reduce metal ions, leading to the formation of metal nanoparticles, as shown
in Fig.2.1. Compared to traditional chemical and physical methods, this approach offers several
advantages. Nanoparticles are biocompatible when they possess suitable surface chemistry, such
as coatings with non-toxic biomolecules that reduce toxicity and improve hydrophilicity. Their

small, uniform size and smooth shape allow safe cellular uptake without causing damage. A
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moderate surface charge helps maintain stability and prevents harmful interactions with cell
membranes. Additionally, high purity, biodegradability, and stability in biological environments
ensure safe and efficient performance in biomedical applications [119]. Additionally, these
methods are generally more cost-effective due to the readily available and often inexpensive nature
of biological agents. Furthermore, green synthesis minimizes the use of harsh chemicals, resulting
in a more environmentally friendly process. By leveraging biological systems, the need for toxic

chemicals is significantly reduced, improving overall safety [120].
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Fig.2. 1. Biologically-mediated synthesis of nanoparticles through green chemistry methods (citation)

Plant-mediated green synthesis of ZnO nanoparticles

Synthesis using natural plant extracts is cost-effective, as these extracts inherently contain
biomolecules such as flavonoids, phenols, proteins, and sugars, which can act directly as both
reducing and stabilizing agents during nanoparticle formation. Consequently, there is no need to
create or add intermediary base groups, since these natural compounds efficiently and sustainably
perform those chemical roles [121]. It is time-efficient and requires minimal equipment to generate
high-quality, impurity-free, and highly pure products. Plants are the most preferred source for
nanoparticle synthesis due to their ability to produce stable nanoparticles with varying sizes for
specifc applications on a large scale [122]. Phytochemicals present in plants, including
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polyphenolic substances, proteins, alkaloid compounds, terpenoids, and polysaccharides, act as
reducing agents in the green synthesis process, converting metal ions or metal oxides into metal

nanoparticles [123] .

ZnO-NPs extracted from plants are typically washed with double-distilled water and then rinsed
with tap water. The dried plant material is subsequently weighed and ground. The required amount
of water is added during the boiling of the plant extract, followed by vigorous stirring [124]. The

resulting solution is filtered through Whatman filter paper to obtain the plant extract.

Studies have been conducted to optimize plant-mediated synthesis of ZnO-NPs for optimal particle
size and desired nano-characteristics. These characteristics are primarily influenced by factors
such as precursor concentration, the ratio of plant extract volume to precursor volume,
temperature, reaction time, and pH [125]. The effect of these synthesis parameters on nanoparticle
formation was evaluated by UV-Vis spectroscopy based on the wavelength of the observed
absorbance peaks [126]. The formation of ZnO-NPs is indicated by a visible yellow coloration of
the solution after an incubation period. Fig.3 illustrates the green synthesis process of ZnO-NPs.
These nanoparticles are then characterized using ultraviolet-visible spectroscopy [36], X-ray
Diffraction (XRD) , scanning electron microscopy (SEM), DLS (Dynamic Light Scattering), TGA

(Thermogravimetric Analysis) and transmission electron microscopy (TEM) [127].
I11.  Nanocomposite formation of ZnO-NPs for enhanced antibacterial activity

Incorporating ZnO-NPs enhance the antibacterial activity of nanocomposite materials by
generating reactive oxygen species (ROS), releasing Zn** ions that disrupt bacterial membranes
and metabolic processes, and providing a high surface area that ensures close contact with bacterial
cells. Incorporation into a nanocomposite matrix promotes uniform dispersion, prevents
aggregation, and maintains nanoparticle activity over time, resulting in a material that is more
effective against bacteria than ZnO-NPs or the matrix alone. These strategies allow for controlled
release of Zn?" ions [128], increased surface area [129], and improved thermal stability [130].
Common support materials for immobilization and nanocomposite formation include inorganic
materials like zeolites, pumice, clay minerals [131] , metal oxides [132] , and carbon-based
materials [133], [134] as well as organic materials such as polymers and natural fibers. By

addressing the limitations of free ZnO-NPs, these approaches offer significant advantages in terms
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of stability, reusability, controlled release, and synergistic effects, making them promising for

various applications.

Indeed, the combination of ZnO-NPs with inorganic support materials and metal oxide
nanocomposites has emerged as a highly effective strategy to enhance their antibacterial properties
[135]. For instance, Ag/ZnO/bentonite has been shown to exhibit superior bactericidal activity
compared to bare ZnO-NPs [136]. Similarly, the fabrication of iron oxide/zinc oxide
nanocomposites using plant extracts has demonstrated promising antibacterial applications [137].
To fully realize the potential of these nanocomposites, further research is needed to optimize the
synthesis process of plant-mediated ZnO nanocomposites and integrate magnetic nanoparticles to

facilitate reuse and incorporate high-surface-area inorganic materials as immobilizers [138], [139].
IV.  Mechanism of ZnO-NPs antibacterial activity

Zinc oxide nanoparticles have garnered significant attention due to their potent antibacterial
properties. The mechanism of their antibacterial activity is multifaceted and involves several key
processes, as shown in Fig.2. 2. These include the release of zinc ions, the generation of reactive
oxygen species (ROS), and the exploitation of their large surface area [140]. Released zinc ions
can penetrate the bacterial cell wall, disrupting cellular processes and binding to thiol groups in
proteins, interfering with their function [140]. Under UV light exposure, generate ROS, which can
damage the bacterial cell membrane, DNA, and proteins, leading to cell death [141]. Finally, the
large surface area of ZnO-NPs allows for close contact with bacterial cells, disrupting the cell
membrane and leading to the leakage of cellular contents [142]. ZnO-NPs can also penetrate the

cell wall and interact with intracellular components, further damaging the cell.
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It's important to note that the relative contribution of these mechanisms can vary depending on
factors such as the size, shape, and surface properties of the ZnO-NPs as well as the specific
bacterial strain [104], [111]. Further research is needed to improve the complex mechanisms
underlying the antibacterial activity of ZnO-NPs.

2.4.1.2. Nanomaterials in heavy metals and fluoride removal

Industrialization is the main source of the release of various pollutants into the environment,
including various organic and inorganic wastes, heavy metal ions such Pb?:Cd?*Zn?*, Ni?*, Hg?",

Cu?*, Cr¥ and Co?*.These heavy metals are poisonous and not biodegradable [143].

To alleviate these defects, nanomaterials offer significant potential for removing heavy metals and
fluoride ions from water due to their unique properties, such as large surface area, high reactivity,
and tunable surface chemistry [144]. These properties enable efficient adsorption of contaminants,
while surface modifications can enhance selectivity and adsorption capacity. Magnetic
nanoparticles facilitate easy separation after adsorption, and some nanomaterials can catalyze
redox reactions, enabling the reduction or oxidation of heavy metals into less toxic forms [145].
Several types of nanoparticles have shown significant promise for heavy metal removal such as:

metal oxide NPs,polymeric NPs, carbon based NPs.
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Nano scale particles synthesized from oxides of metals

Nanomaterials synthesized from metal oxides are inorganic nanomaterials widely used to remove
heavy metals from wastewater. Examples include iron oxides, silver nanoparticles, manganese
oxides, titanium oxides, magnesium oxides, copper oxides, cerium oxides, etc., which offer large
surface areas and specific affinities for heavy metal ions [146]. Metal oxide nanomaterials have
shown also promise in removing fluoride from water, such as alumina, iron oxide, and titanium
dioxide [60]. Their high surface area provides numerous adsorption sites for fluoride ions, while
their surface chemistry can be modified to enhance fluoride binding. For example, surface
modifications can introduce functional groups with high affinity for fluoride, improving adsorption
capacity and selectivity [147]. Additionally, the small size of these nanomaterials allows for

efficient contact with fluoride ions in water, facilitating rapid removal.

However, challenges include difficulties in separating these nanoparticles from wastewater due to
their high surface energy and nano size, non-selective adsorption of some metals, and potential
toxicity and environmental impact from nanoparticle synthesis precursors and surfactants.
Furthermore, these nanoparticles tend to aggregate, reducing their effective surface area. To
address these challenges, strategies include surface functionalization to enhance selectivity and
adsorption capacity, nanocomposite formation to improve stability and performance, using
magnetic nanoparticles for easy separation and recovery, and developing green synthesis methods

for nanoparticle production [148].
Polymer-based Nano sorbents

Polymer-based nano sorbents offer significant potential for fluoride and heavy metal removal due
to their high surface area, tunable surface chemistry, and potential for selective binding [149]. By
incorporating functional groups like chelating agents or ion-exchange sites into the polymer
matrix, these materials can effectively capture specific heavy metal ions. However, challenges
include potential leaching of polymer components into the environment, potential toxicity of some
polymers, and the need for careful design to ensure long-term stability and prevent aggregation,

which can reduce adsorption efficiency [150].
Magnetic nanomaterial’s

Magnetic nanomaterials, particularly those based on metal oxides, offer significant advantages in
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water treatment applications, including fluoride removal [151]. These materials exhibit high
efficiency in adsorbing fluoride ions while also enabling facile separation of the adsorbent from
the aqueous solution after the reaction [152]. This overcomes a major challenge faced by many
nanocomposite adsorbents — their difficult recovery from the treated water, which can lead to
nanoparticle leaching and potential environmental contamination [153]. The incorporation of
magnetic properties into metal oxide nanomaterials provides a convenient and efficient method for
solid-liquid separation using external magnetic fields. Iron oxide-based nanomaterials and their
composites are prominent examples within this category, offering a promising approach for

sustainable and efficient water treatment
Silica-based nanomaterials

Silica-based nanomaterials have emerged as promising candidates for removing heavy metals and
fluoride from water due to their unique properties. Their high surface area provides numerous
binding sites for pollutants, facilitating efficient adsorption. Additionally, silica's surface
chemistry can be readily modified through techniques like silanization, enabling selective
adsorption of target contaminants [154]. This tunability, combined with silica's biocompatibility,

makes it a versatile material for water treatment applications.

Silica-based nanomaterials demonstrate a wide range of applications in water treatment.
synthesized 3-aminopropyltriethoxysilane-modified silica gel (APTES) from rice husk ash,
creating a composite adsorbent for effective lead ion removal from metal solutions [155] .
Similarly, Milton Manyangadze et al. demonstrated the adsorption of lead ions from wastewater
using nano-silica spheres synthesized on calcium carbonate templates. In the context of fluoride
removal, Pillai et al. prepared a silica nano-adsorbent from rice husk, an inexpensive and effective
material for fluoride removal [156]. Furthermore, Srivastava et al. synthesized chitosan-
functionalized mesoporous silica nanoparticles, demonstrating high fluoride sorption efficiency
[157]. However, while silica nanoparticles are promising nanomaterials for bioremediation,
challenges remain, such as nanoparticle aggregation and the need for efficient methods for

separating them from treated water.

. Silica-nanoparticles (SNPs)

Silica, one of Earth's most abundant materials, can be derived from various sources like
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agricultural waste (sugarcane, groundnut shells, corn cobs, wheat straw, rice husks, barley, etc.
and natural minerals (quartz, olivine). Given the environmental impact of agricultural waste,
researchers have increasingly focused on its reuse and reduction. Silica nanoparticles have
attracted significant attention due to their versatile physicochemical properties. SNPs are
relatively inexpensive to produce on a large scale, possess hydrophobicity, high surface area, pore

volume, and biocompatibility, leading to diverse applications [158].

Recent advancements have expanded the applications of SNPs to various fields, including
biomedicine, biotechnology, food, personal care products, pesticides, adsorption,
semiconductors, ceramics, and water purification. Composed primarily of silicon dioxide, these
materials exhibit high surface area, excellent chemical stability, and customizable pore structures
[159] . These properties make them effective for removing heavy metals, organic pollutants, and
dyes from water [160]. Their adsorption, catalytic, and filtration capabilities contribute to

efficient water treatment processes.
. Synthesis of SNPs

Silica nanoparticles can be synthesized using both chemical and green methods. Chemical
synthesis involves the use of silicate precursors under controlled conditions to form uniform
nanoparticles. These methods offer precision in size and shape but often require toxic reagents
and high energy. Green synthesis utilizes natural sources like plant extracts or microorganisms
as reducing and stabilizing agents. This eco-friendly approach eliminates the need for harmful
chemicals and supports sustainable nanoparticle production. Both methods aim to produce silica
nanoparticles with desired properties for various applications. The choice of method depends on
the intended use, scalability, and environmental considerations.

Chemical methods

Traditionally, silica nanoparticles were produced using conventional techniques such as the sol-
gel method, Stéber method, flame synthesis, and microemulsion [17]. While these chemical
approaches are relatively straightforward to implement and modify, they can be expensive and

difficult to control.

a. Microemulsion method
Microemulsion method which relies on surfactants to stabilize the emulsion, faces the significant

challenge of surfactant removal from the final product. Surfactants, although crucial for emulsion
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stability, can negatively impact the nanoparticles' properties, including their surface chemistry

and optical characteristics.

b. Chemical Vapor Condensation (CVVC)
Another common method for synthesizing silica nanoparticles is Chemical Vapor Condensation
(CVCQ). In this process, a volatile precursor, typically silicon tetrachloride (SiCls), is vaporized
and introduced into a reaction chamber, where it reacts with oxygen and hydrogen at high
temperatures to form silica nanoparticles. However, CVC presents several challenges, including
high temperature requirements, complex reactor design, high energy consumption, and particle

agglomeration.

c. Sol-gel method
The sol-gel method, a versatile technique for synthesizing silica (SiOz) nanoparticles, involves the
hydrolysis and condensation of a silica precursor, typically a silicon alkoxide. This process forms
a colloidal suspension (sol), which then evolves into a gel. Subsequent processing yields silica
nanoparticles. However, precise control over particle size and morphology remains challenging in
sol-gel synthesis. Subtle changes in reaction conditions can significantly affect the final product,
often leading to a broad particle size distribution. Uncontrolled aggregation during gelation is

another major issue, compromising uniformity.

d. Stéber method
The Stober method, another technique, synthesizes monodisperse silica spheres through base-
catalyzed hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in alcohol. While
producing relatively uniform spherical particles, this method is limited in controlling particle shape
beyond spheres and achieving precise sizes below 100 nm. The batch process hinders large-scale
production, ammonia usage requires safety precautions, and byproduct management is necessary.
Additionally, controlling porosity and achieving uniform surface functionalization pose
challenges, and high reproducibility can be difficult due to the reaction’s sensitivity to parameters.
Fig.2. 3 schematically illustrates the most commonly used chemical techniques for synthesizing
silica nanoparticles large-scale production, ammonia usage requires safety precautions, and
byproduct management is necessary. Additionally, controlling porosity and achieving uniform
surface functionalization pose challenges, and high reproducibility can be difficult due to the

reaction's sensitivity to parameters.
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Fig.2. 3. Synthesis of silica nanoparticles by different approaches [161].

Green synthesis method of SNPS (biogenic synthesis of SNPs)

Green synthesis techniques, which utilize plant extracts or microorganisms, have gained popularity
for producing silica nanoparticles. Researchers have successfully synthesized amorphous, semi-
crystalline, and porous silica nanoparticles from biomass sources like rice husk and sugar beet
bagasse. The most recently biogenic synthesis of silica nanoparticles using plant extracts offers a
sustainable and eco-friendly approach. By leveraging the reducing and stabilizing properties of
plant-derived phytochemicals, this method allows for the controlled synthesis of nanoparticles
[162]. The process typically involves mixing a plant extract with a silica precursor solution, such
as sodium silicate. Phytochemicals within the extract, including alkaloids, flavonoids, terpenoids,
and polysaccharides, play a crucial role in the synthesis process. These compounds act as both
reducing and capping agents. Reducing agents facilitate the conversion of the silica precursor into
nanoparticles, while capping agents prevent particle aggregation and influence their size and
shape. Despite the promising potential of this approach, there remains a significant gap in research
on the green synthesis of silica nanoparticles using silica precursors derived from agricultural

residues in conjunction with plant extracts as reducing or stabilizing agents.
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I11.  Immobilization, nanocomposite formation, and functionalization of silica-based
materials

Silica nano-composites are hybrid materials that combine silica nanoparticles with other materials
at the nanoscale, resulting in enhanced properties and functionalities compared to the individual
components [163]. The incorporated second phase material can be organic or inorganic,
significantly altering the nano-composite's overall properties including polymers, metals,
ceramics, magnetic nanoparticles, and carbon-based materials. The resulting nano-composites
exhibit tailored properties like increased strength, thermal stability, optical functionality, electrical
conductivity, or catalytic activity, depending on the incorporated material.

Recently to enhance the adsorption capacity of silica nanoparticles several inorganic nanoparticles
have been incorporated to enhance silica's adsorption capacity, including metal oxides ( iron oxide,
titanium dioxide, aluminum oxide), metal sulfides (zinc sulfide), and layered double hydroxides
(LDH) [164], [165]. The choice of nano-particle incorporated with silica depends on the target
pollutants in the water. Such as ,titanium dioxide can enhance the photocatalytic degradation of
organic pollutants [166]. While iron oxide nanoparticles are effective for removing heavy metals
due to their high surface area and affinity for metal ions and crucial for easy separation of the
adsorbent from the treated water using an external magnetic field [167]. Which significantly
simplifies the water treatment process and avoids the need for energy-intensive filtration. So many
research works have been carried out such as magnetic iron oxide-silica nanocomposites for heavy
metal adsorption from aqueous solution [168]. The immobilization of nanoparticles on clay
minerals and pumice has emerged as a promising strategy for creating advanced composite
materials with enhanced properties [169] . This technique involves anchoring nanoparticles onto
the surface or within the interlayer spaces of these natural materials, leading to a synergistic
combination of their individual characteristics [170]. And it can be used to control the release of
nanoparticles, making them suitable for of environmental remediation [171]. Functionalization
markedly improves the adsorption efficiency of silica nanoparticles. Introducing functional groups
such as amines, thiols, or carboxylic acids onto the silica surface generates specific binding sites,
which facilitate selective interactions with target contaminants through mechanisms like ion
exchange, chelation, and hydrogen bonding. For example, amine-functionalized silica exhibits
strong affinity for heavy metal ions via electrostatic attraction and ion exchange. In addition,

functionalization can alter the zeta potential of silica nanoparticles a key factor in their
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effectiveness at adsorbing anionic pollutants from aqueous solutions. Zeta potential refers to the
electrokinetic potential at the shear plane surrounding a particle in suspension. In their native state,
silica surfaces carry a negative charge due to the deprotonation of silanol groups (-Si—OH) in
water, which leads to electrostatic repulsion of negatively charged (anionic) pollutants [172]. As
depicted in Fig. 2.4, the adsorption behavior of both anionic and cationic pollutants is largely
governed by the surface charge, particularly the zeta potential. Through surface modification, the
charge properties of silica nanoparticles can be strategically adjusted, allowing for controlled and

selective adsorption performance.
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Fig.2. 4. Schematic illustration of the interaction of anionic and cationic pollutants with silica
nanoparticle surfaces

IV.  Silica adsorption mechanism

The adsorption mechanisms can vary depending on the specific contaminant and the properties of
the silica material. The adsorption process forms a layer of adsorbate (metal ions) on the surface
of adsorbents. Adsorption can be reproduced for multiple applications via a desorption method
(reverse adsorption in which adsorbate ions are transported from the adsorbent surface) because

adsorption is a reversible process in certain circumstances [173].

Adsorption on a solid material involves several steps: the contaminant first moves towards the
surface, then sticks to it, and finally may move within the material itself. Removing heavy metals

from water often involves a combination of different sticking mechanisms [174]. These include
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electrostatic interactions, where charged metals are attracted to oppositely charged sites on the
adsorbent; complexation, where metals form chemical bonds with functional groups on the
adsorbent; ion exchange, where metals are exchanged with other ions bound to the adsorbent;
precipitation, where metals react to form insoluble compounds; physical adsorption, based on
weak van der Waals forces; chemisorption, involving strong chemical bonding; intra-particle
diffusion, the movement of metals within the adsorbent's pores; pore adsorption, where metals are
adsorbed within the pores; hydrogen bonding between the metal and the adsorbent [173]. The
specific mechanisms involved depend on the adsorbent, the metal, and solution chemistry.
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Fig.2. 5.Mechanisms of adsorption process

Generally, electrostatic attraction causes charged pollutants to adsorb on differently charged
adsorbents because heavy metals have a vigorous affinity for hydroxyl (OH—) or other functional
group surfaces specially for cationic pollutant, as shown in Fig.2.5. The adsorption mechanism of
amine-functionalized any silica for anionic pollutants and fluoride involves a combination of
electrostatic interactions, hydrogen bonding, and surface complexation. The amine groups on the
surface of the adsorbent provide a positive charge, which attracts and binds to negatively charged
anionic pollutants and fluoride ions through electrostatic forces [147]. Additionally, the lone pair
of electrons on the nitrogen atom in the amine group can form hydrogen bonds with the anionic
species, further enhancing the adsorption process [175]. Surface complexation can also occur,
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where the anionic pollutants and fluoride ions form chemical bonds with the metal ions on the

surface of the adsorbent, leading to strong adsorption.

It is relevant to mention that there are many factors which affect heavy metal adsorption such as
initial concentration, temperature, adsorbent dose, pH, contact time and stirring speed. However,
the pH plays a vital role in deciding the maximum adsorption capacity of the adsorbent such as
activated carbons, carbon nanotubes, graphene, bio sorbents, low-cost adsorbents (vegetal and
industrial wastes), silica, chitosan, zeolites, alumina, clay, algal biomass, red mud, magnetic
composites, and so on. The pH affects the surface charge of the adsorbent, the degree of ionization
and speciation of the surface functional groups and metal ions [71-74]. In general, the adsorption
of cationic metallic species increases with increasing pH in certain range because at low pH, there

a competition between the metallic species and the H* ions of aqueous solution.
2.4.1.3. Adsorption performance evaluation models

Adsorption performance evaluation models are used to assess the effectiveness of adsorbents in
removing specific substances from a fluid phase (liquid or gas). These models help in
understanding the adsorption process, optimizing adsorbent selection, and designing efficient
adsorption systems. Here are some key models [176].

Isotherm models

Langmuir Isotherm describes the relationship between the amount of adsorbate adsorbed and its
equilibrium concentration in the fluid phase. It assumes a monolayer adsorption on a homogeneous
surface with a finite number of adsorption sites [176]. Freundlich Isotherm describes multilayer
adsorption on a heterogeneous surface with an infinite number of adsorption sites. It is often used
for complex systems where the adsorbent surface is not uniform [177]. Temkin Isotherm considers
adsorbent-adsorbate interactions and assumes that the heat of adsorption decreases linearly with
coverage [178].

Kinetic models

Pseudo-first-order is useful for describing physical adsorption processes and assumes that the

adsorption rate is proportional to the number of unoccupied adsorption sites [179].

Pseudo-second-order Often is used to describe chemisorption processes and assumes that the

adsorption rate is proportional to the square of the number of unoccupied adsorption sites [180].
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Intraparticle Diffusion Model describes the diffusion of adsorbate molecules within the pores of

the adsorbent. And helps to identify if intraparticle diffusion is the rate-limiting step.
2.4.2. Present research fulfillments of technology gaps

In the present study, Coffee husk extracted (CHE) capped magnetite pumice supported CHE
capped ZnO and CHE capped SiO2 nanocomposites were applied as disinfectants and for the
removal of lead ions from aqueous solutions, respectively. In addition, amine-functionalized
magnesium magnetite pumice silica nanocomposites (CHE Capped Fez04/PU/Mg@SiO -NH>
NC) were applied for Cr (VI) and fluoride ion (F) removal from aqueous solutions. These
materials have the potential to remove heavy metals, fluoride, and be utilized as disinfectants for
drinking water treatment. By applying green synthesis-based enhancement mechanisms, this

study aimed to fulfill the following research gaps.

Recently, many studies have been carried out on the synthesis of bio-silica nanoparticles from
bagasse ash using various techniques, including the sol-gel method, hydrothermal synthesis,
flame synthesis, and the reverse microemulsion technique. The sol-gel process is best known for
producing SiO2 NPs from agricultural waste ash [164], [165]. It involves a simultaneous reaction
of hydrolysis and condensation. In these studies, mentioned above, sodium silicate solution was
extracted from rice ash and bagasse ash and used to produce SiO2 NPs. The production of SiO>
NPs is based on the hydrolysis reaction (formation of silanol groups) and condensation (siloxane
formation) with sulfuric acid in a two-phase medium in the presence of Cetyl Tri-Methyl
Ammonium Bromide (CTAB) was added as a surfactant to control the size of nanoparticles,
avoid agglomeration, and modify their surface [181]. According to the study by Dlomo, Silica
nanoparticle size can be manipulated by controlling (slowing down) the poly-condensation rate

using a small amount of anionic surfactants (ammonium salts of Br, I, and CI) [183].

However, the utilization of CTAB and anionic surfactants like ammonium salts of Br, I, and Cl
for enhancing silica nanoparticle size presents several drawbacks, including potential toxicity and
environmental impact due to their chemical nature [184]. Complete removal of these surfactants
from the final product can be challenging, which is crucial for applications in sensitive areas like
biomedicine and food [185]. Additionally, their use can lead to inconsistent size control and
potential aggregation of nanoparticles, complicating the synthesis process and affecting the final

product's quality. This study investigated a solution for the aforementioned conventional silica
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nanoparticle synthesis mechanism, substituting phenolic compounds extracted from coffee husk
as a surfactant to manipulate nanoparticle size. Additionally, synthesized silica nanoparticles
were endowed with magnetic properties by incorporating green-synthesized magnetite
nanoparticles and pumice, facilitating simplified separation and regeneration.

The other area of focus is the synthesis of zinc oxide nanoparticles, where research has been
conducted using various green synthesis mechanisms. According to a review by Agarwal et al
[186], the size and morphology of zinc oxide nanoparticles are significantly influenced by the
specific green synthesis method employed. The primary factors contributing to size fluctuations
during plant extract-mediated synthesis are the concentration of phenolic compounds, which play
a crucial role in the reduction and capping processes, and pH variations. Acidic conditions can
promote excessive nucleation and agglomeration, while alkaline conditions may lead to
nanoparticle instability [187]. Consequently, precise regulation of zinc salt concentration,
reaction temperature, and time is critical for achieving ZnO-NPs with uniform size and shape
[188]. Therefore, this present study aimed to investigate the optimal parameter values for these
factors during the synthesis of ZnO-NPs using plant-mediated coffee husk extract (CHE) and we
enhanced green-synthesized ZnO-NPs by incorporating them with CHE-capped FesO4/Pumice to

facilitate easy separation, increase surface area, and improve regeneration properties.

In general, based on the descriptions above, significant gaps remain in the application of hybrid
drinking water treatment methods capable of simultaneously removing all three types of
contaminants water born pathogens, (E. coli and S.aurus) , fluoride, and heavy metals using
purification systems that rely on affordable, locally available materials. Water sources in many
regions contain diverse pollutants that require effective treatment. This study evaluated the
individual performance of the synthesized nanocomposite materials and recommended their
potential application in water purification.
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CHAPTER THREE

3. SYNTHESIS AND CHARACTERIZATION OF COFFEE HUSK
EXTRACT (CHE) CAPPED ZNO NANOPARTICLES AND THEIR
ANTIMICROBIAL ACTIVITY

3.1. Introduction

Access to safe drinking water and sanitation services for all is a critical public health and
development issue that all countries around the world have endorsed. However, more than 1.6
billion people worldwide lack access to safe drinking [1]. In Sub-Saharan Africa, rain and surface
water are used for drinking, which is heavily polluted by fecal microorganisms and emerging
pathogens [189]. The deposition of fecal material results in Escherichia coli (E. coli) pollution of
waterways. Specifically, the E. coli O157:H7 strain produces a potent toxin that damages the small

intestine lining, causing bloody diarrhea and other health complications.

In Ethiopia, poor water sanitation and hygiene (WASH) are responsible for 23 % of all under-five
deaths (more than 70,000 children per year) due to various pathogenic microbes found in the
aquatic environment [16]. E. coli and Staphylococcus aureus (S. aureus) are two enteric pathogens
that cause various infections [190]. According to several studies, Ethiopia’s major causes of water-
borne diseases are water source contamination, lack of treatment mechanisms, cross-
contamination in the pipeline system, and unsafe household storage. In Addis Ababa (the capital
city), 10 %, 7 %, and 3 % of tap water tested positive for bacteriological, total coliforms, and fecal
coliforms, respectively [191]. E. coli contamination of household stored-water was found in 83.3
% of the cases [192]. In North Eastern Ethiopia, E. coli and total coliforms were detected in both
bottled drinking water and city tap water, beyond the World Health Organization standard [193].
In Jimma City (Southwest Ethiopia), total coliforms and fecal coliforms were found in all water
samples gathered from drinking water reservoirs [194]. These challenges are largely due to the
operation and application mechanisms of disinfectants, as well as the conditions of post-
disinfection storage systems. Therefore, developing an affordable and effective end-user water

disinfection mechanism is critical to addressing these issues.

Water disinfection methods commonly used to kill pathogens include chlorination, UV treatment,

and ozonation. Unfortunately, chlorination is not effective in some extremely resistant water
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pathogens. Moreover, adding chlorine to water produces harmful disinfection by-products (DBP)
[195]. However, some pathogens in water have developed resistance to the existing disinfectants,
and larger disinfectant dosages are required, resulting in greater DBP residual levels in the treated
water [196]. Ozonation creates less contaminant than conventional disinfection, but it is usually
expensive. Moreover, it can produce toxic bromates when the ozone reacts with bromide ions in
water, which can easily corrode water transmission pipelines. Similar to ozone treatment, UV
treatment leaves no remnant in the water afterward. As a result, it does not cause defense from re-
infection in the supply chain. Furthermore, it needs ongoing upkeep and does not perform well in
turbid water [197], which can be the case in developing countries. Thus, new approaches need to

be considered to improve the efficiency of water disinfection.

Some nanomaterials have enormous antimicrobial properties that can inactivate waterborne
pathogens in water supplies [198], [199]. However, multiple research investigations have found
that nanoparticles (NPs) can disintegrate into dangerous ions harmful to both humans and the
environment [200]. To minimize NP’s degradation to harmful ions, poisonous species can be
substituted with less toxic components that have similar characteristics. As an alternative, NPs can
be capped with shells [201], and traditional synthesis methods can be replaced with green synthesis
methods. This may include the use of plants or plant parts to bio-reduce metal ions into their
elemental form in the size range of 1-100 nm and stabilize their size throughout the synthesis
process by inhibiting over-growth and reducing aggregation/agglomeration in colloids [187],
[202]. The phyto-fabricated components used in the manufacturing process have more roles than
only reduce metal ions; they also modify the nano-particle surfaces, resulting in the generation of
synergistic effects required for anti-oxidants, antimicrobial, and medicinal uses [203], [204]. In
addition, nano-biotechnology has numerous benefits, including applications for improving the
quality of water resources for human consumption, as well as its eminence for sustainability [205].
As a result, combining NPs and biotechnology may be an appropriate strategy for the successful
synthesis of nanomaterials for wastewater treatment [204], [205] This is because biotechnology
processes are non-toxic, environmentally safe/green, and simple to use [187]. Specially green-
process synthesized metallic oxide nanoparticles, such as titanium dioxide (TiOz), copper oxide
(CuO), gold oxide (Au203), silver oxide (Ag20), and other metal oxides, are widely used for water
treatment and medical applications, but their toxicity is currently a significant limitation for their

widespread use[204]. In this regard, significant effort is being directed to discovering novel ways
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for synthesizing diverse types of NPs from biological sources for wastewater treatment
applications [206]. In contrast to the aforementioned metal oxides, ZnO is a nontoxic metal oxide
with bio-compatibility attribute and can be utilized extensively in water disinfection, as antiviral
agent, and biomedical and environmental applications [207]. Furthermore, ZnO was chosen for
this study because its nanostructure has high antibacterial activity even in minute amounts. It also
displays stability under extreme processing circumstances [208], exceptional durability,
selectivity, and heat resistance [28], [124], [204]. As a result, the nano-biotechnology technique was
applied in this study to synthesize ZnO-NPs using plant extract (CHE) as a source of phytochemicals
[209], [210]. Plants have significant benefits over other green synthesis methods such as bacteria,
fungus, and algae as bio-templates [211]. The first advantage is that it is safer and easier to handle
than microbial nanoparticle production procedures because some bacteria produce toxins during
cultivation [187], [212]. The second reason is that microbial fabrication mechanism requires a time-
consuming synthesis process and is difficult to manage since it requires microbial growth to be
performed under specific conditions to avoid the formation of colonies, which is detrimental to ZnO
production. In addition, plant extract takes a few minutes to a few hours for Zn ion reduction
synthesis, and also phytochemical extraction from plant components only requires ethanol and
water as solvents. In this study, coffee husk (CH) was selected as a suitable plant extract due to its
abundant availability in Ethiopia, cost-effectiveness, and high content of phenolic compounds,
which serve as effective reducing and stabilizing agents for the biosynthesis of ZnO nanoparticles.
It is important to highlight that over 192,000 metric tons of CH is discarded annually in Ethiopia
[207], causing severe environmental pollution [206], [208]. Thus, the utilization of CH as a source
of aqueous extracts rich in phytochemicals and antioxidants is appealing and inexpensive [209].
The main functional groups of plants that contribute to metal ion size reduction to nanoscales are
hydroxyl (OH), carbonyl (C=0), and amine (NH>), which also act as stabilizing agents [187],
[210].

Several studies have been conducted on green synthesis methods for the generation of ZnO-
NPs[211]-[216] using plant extract as reducing and capping agents. The major factors for plant
mediated NPs synthesis like amount of plant extract concentration, amount of metal salt solution,
temperature, pH, reaction time have a detectable effect on the morphologies, shape, size and
characteristics of NPs [203]. The value of the synthesis parameters for NPs is determined by the

substrate or capping agent employed in the biosynthesis [211], [216], [217]. In this part of the
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study, the total phenolic content of indigenous CHE was investigated, and the synthesis parameters
(temperature, reaction time, pH, and the volume ratio of the precursor to CHE) were optimized to
produce CHE-capped ZnO-NPs. The antimicrobial activities of CHE capped ZnO-NPs against E.
coli and S. aureus were also tested.

3.2. Materials and Methods
3.2.1. Materials

Ethanol (C2HsOH, 99.02%), folic and Ciocalteu’s phenolic reagent, and gallic acid (C7HeOs-H20,
99.5%), were purchased from Loba Chemie Pvt. Ltd. Zinc nitrate hexa hydrate (Zn(NO3z)2-6H>20,
99%) was obtained from Effective Laboratory Supplies. Sodium carbonate (Na2COsz, 98%) and
LB agar medium were sourced from Blulux Laboratories Ltd., and Sisco Research Laboratories
Pvt. Ltd, respectively. Indigenous arabica coffee husk was collected from the eastern part of
Ethiopia, Chiro district (9.0795272N, 40.8652187E). Standard bacterial strains of S. aureus (ATCC
25923) and E. coli (ATCC25922) were obtained from the Ethiopian Biodiversity Institute. All
compounds utilized were of analytical quality, and all solutions were made with deionized (DI)

water.

3.2.2. Methods
3.2.2.1.Coffee husk extract preparation

Coffee husk was thoroughly washed with distilled water to remove dirt and impurities, then dried
to a constant moisture content and ground using a coffee grinder. The extraction method was
followed according to the procedure of Silva et al. The solvent for extraction was prepared by
mixing equal volumes of ethanol and deionized (DI) water. The coffee husk powder was immersed
in the solvent at a 1:10 (g/mL) ratio and heated at 60 °C for 1 h in a water bath. The resulting
mixture was centrifuged for 20 min at 6000 rpm, and the obtained coffee husk extract (CHE) was
stored at 4 °C until use [218].

3.2.2.2. Green synthesis of ZnO-NPs

The ZnO-NPs were synthesized using the method described by B. Naiel et al. [124] with some
modifications. These modifications included adjusting the precursor concentration, changing the

reaction temperature, and altering the reaction time to optimize the nanoparticle size and
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morphology as shown in Fig.3.1. The CHE was poured into a beaker onto which a precursor of
ZnO (Zn(NO3)2'6H20) was added. The beaker was then placed in a water bath and maintained at
different temperatures. The mixture was stirred using an overhead stirrer (200 rpm) for different
times. The reaction mixture was observed for color change from dark brown to yellowish white
(Fig.2.2a and b) as validation of ZnO-NPs synthesis. The dispersion was then cooled and
centrifuged (6000 rpm) for 25 min to separate the precipitate. It was then subsequently cleaned
with DI water, rinsed with ethanol to eliminate organic materials, and oven dried (60 °C for 24 h)
[124] . A Cary 60 UV-Vis spectrometer in the wavelength range of 190-1100 nm was used to
probe the formation of NPs [204].

NaOH

60°C
Coffee husk Oven
- overnight
Coffee husk  Zinc nitrate Yellowish-white Centrifuged e
soln. Zinc Oxide

extract hexahydrate

Fig.3.1.Schematic diagram for the green synthesis of CHE capped ZnO- NPs.

3.2.2.3.Effect of synthesis parameters of ZnO-NPs
One-factor-at-a-time (OFAT) approach was used to find the single effects of the study variables
on the green synthesis of ZnO-NPs. The investigated synthesis parameters were pH (4,6, 8, 10,
and14), temperature (25, 50, 65, 80, 90 °C), volume of precursor to extract ratio (0.25, 0.5, 1),
operating time (1 h, 2 h, 3 h, 4 h). The pH was adjusted by using 1M NaOH.

3.2.2.4. Characterization of CHE and its total phenolic content

Folin-Ciocalteu technique was used to quantify the amount of reducing agent found in CHE [219].

The total phenolic contents of the extract were also determined using the Folin Ciocalteau reagent
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as described by Mohamad et al., [219]. For this, a calibration curve was prepared by combining 1
ml of (0.2, 0.4, 0.6, 0.8 and 1 mg/mL) gallic acid solutions with 10.0 mL of diluted (1:10). Folin
Ciocalteu reagent and 8.0 mL of (7.5 g/100 mL) sodium carbonate solution. After 30 min, the
absorbance was measured at 765 nm using ultraviolet-visible spectroscopy (Cary 60 UV-Vis-
Agilent) for constructing the calibration curve. For the sample preparation, 2 mL of the extract was
mixed with the same reagents as standard solution excluding gallic acid. The absorbance was then

calculated after 1 h to assess the total phenolic content of the CHE using Eq.3.1 [219].

TP = TP1V/m. @30

Where TP is total phenolic content (mg/g) in GAE (gallic acid equivalent), TP1 is the concentration
of gallic acid obtained from the calibration curve in mg/mL, V is amount of CHE in mL, and m is

amount of the plant extract in gram [219].

Phytoconstituents in the CHE were identified using UV-Vis in the wavelength range of 190-1100
nm [220], [221] . FTIR spectroscopy (Thermo Scientific Nicolet 6700 with ATR) was used to
analyze CHE and CHE capped ZnO-NPs functional groups as well as to identify the functional
groups involved in zinc nitrate reduction and ZnO-NP synthesis at wavenumbers ranging from 400
to 4000 cm™™.

3.2.2.5. Characterization of CHE capped ZnO-NPs

The UV-VIS analysis was also used to determine the optimal synthesis parameters of ZnO-NPs
and to confirm their formation. SEM images were obtained using a scanning electron microscope
(Quanta FEG-250 SEM Abingdon, UK). The supported energy dispersive X-ray spectroscopy
(EDX) was used for surface elemental analysis. X-ray diffraction (XRD- MiniFlex 600, Rigaku)
at 40 kV with 30 mA with CuKa (A = 0.154 A) radiation was used to analyze the crystalline
structure and the sizes of the NP's were calculated using the Debye-Scherrer equation. Diffraction
data were collected in the 20 range of 10 ° - 60 °. The Brunauer-Emmett-Teller (BET) (SA-9600
Series Surface Area Analyzer, Horiba) was used to determine the surface area of the synthesized
nano-particle. The thermal stability and degradation characteristic of the generated ZnO-NPs were
investigated using thermo-gravimetric analysis (TGA; HCT-1, China) in the temperature range of
30 - 900 °C. Zeta potential and particle size of the synthesized NPs were measured using Dynamic
Light Scattering (DLS, Zeta sizer nano series, Malvern, Westborough, MA, USA).
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3.2.2.6.Determination of antimicrobial activity

The antimicrobial activity of the various materials in LB agar medium was evaluated using the agar -
well diffusion method. The McFarland 0.5 standard (1.5 x 108 colony-forming unit (CFU))/mL) was
used to achieve equivalent bacterial concentrations. Then, a very small amount of pre cultured bacteria
was collected using a sterile swab, mixed in sterile saline, and compared to the 0.5 McFarland standard
opacity. The opacity was adjusted following the method used by Hudzicki [222] in order to achieve
the 0.5 McFarland opacity. Similar bacterial strain dilutions were prepared and inoculated in the
media. After that, 8 mm diameter wells were punched into the agar medium. The wells were separately
filled with 100 pL of ZnO-NPs at two different concentrations (1 and 2 mg/mL). The plates were then
incubated for 24 h in an upright position at 37 °C. After incubation, the diameters of the growth

inhibition zones were measured with a graduated ruler.

3.3. Results and discussion
3.3.1. Characteristics of CHE and activity on formation of ZnO-NPs

Both indigenous CHEs, i.e., obtained using a water-ethanol mixture (1:1 ratio) and DI water
extraction alone, showed the presence of phenolics in Folin-Ciocalteu analysis. The total phenolic
contents (gallic acid equivalents, mg/g) in the water-ethanol and water-only extracts were
calculated to be 14.25 mg/g and 12.04 mg/g, respectively, showing that the ethanol-containing
solvent gives more phenolic content. Other studies [30], [223] also showed that water-ethanol
mixture-based extraction provides high phenolic compounds concentration.

3.3.2. UV-Vis’s analysis

To regulate the size and morphology of the NPs, phytochemicals present in CH were used in the
biosynthesis processes. Due to the presence of phytochemicals, metal ions in plant extract are
changed into metal NPs. Thus UV-Vis spectroscopy [221] was employed to confirm this reaction
progress. The UV spectra of the ethanolic extract of CHE showed a characteristic wavelength for
the maximum absorption (Amax) at 274 nm and another absorption band at 285 nm (Fig.3.2c). At
this wavelength range, the common phenolic compound to be noted is caffeine [41,42]. This is
not surprising as caffeine is considered the major phytochemical component of CHE in arabica
CH [226]. Because of the existence of -OH groups, this phytochemical may function as a bio-

reducing and capping agent [227]. Additionally, due to the antioxidant characteristics and absence
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of harmful compounds, these plant-based chemicals are particularly efficient at reducing metal
ions and maintaining them at the nano size [25].The color of the resulting solution changed from
dark brown to yellowish-white, indicating that the zinc ion was reduced to ZnO (Fig.3.2 a and b).
Further UV/Vis spectral analysis revealed a surface plasmon resonance (SPR) peak of CHE-
capped ZnO-NPs at 365nm (Fig.3.2 ), which confirmed the formation of monodisperse ZnO-NP
[221], [228].
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Fig.3. 2. Formation of ZnO-NPs and identification by the color change: (a) mixture of CHE with
0.5M zinc nitrate hexahydrate solution, (b) mixture color change after 1h reaction time and (c)

UV-Vis’s spectra of CHE.

3.3.3. FTIR spectroscopy analysis

To determine whether CHE functional groups linked to these reductive biomolecules exist and to
identify the functional groups that assisted in the reduction of ZnO into NPs, FTIR spectra of the
CHE and ZnO-NPs were analyzed.
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Fig.3. 3. FTIR spectra of CHE and CHE-capped ZnO-NPs

Fig. 3.3 shows the FTIR spectra of prepared ZnO and CHE wherein vibrational bands at 3270,
2976, 2158, 1648, 1417, and 1045 cm™! are observed in relation to CHE. These bands are ascribed
to the presence of O—H group of phenolic compounds, C—H from alkane groups, C=0 group of
amide stretching mode, and C=C group of aromatic compounds, respectively [229]. They
demonstrate the presence of potential biomolecules in the CHE that could be responsible for the
reduction of zinc ions and their interaction with the produced ZnO-NPs for stabilization. The FTIR
spectra of ZnO-NPs revealed intense bands at 3366, 2921, 1617, 1394, 1036, 671 and 432 cm™".
Shifting of some peaks were observed in the nanoparticles FTIR spectra: the O-H group band in
CHE associated with the phenolics shifted from 3270 to 3366 cm™, indicating the phenol activity
in the formation of ZnO-NPs [230]. Furthermore, the bands associated with the C=0 group of the
amide stretching mode (1648 cm™) shifted to 1617 cm™. The presence of a primary amide band
suggests that proteins can bind to ZnO via carboxylate ions or free amine groups [227]. The amide
functional group can act as a stabilizing agent reducing nanoparticle aggregation [25]. The bands
associated with the C=C group of aromatic compounds (1417-1394 cm™), and the C-O stretching
the frequency of phenolic group (1045-1036 cm™) inferred the role of these functional groups in
the bio-reduction and stabilization of ZnO-NPs. Moreover, additional bands at 432 and 671 cm™
indicate the formation of a Zn-O stretching vibration [231], [232].
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3.3.4. Influence of synthesis parameters on the biosynthesis of ZnO-NPs using CHE

3.3.4.1.Effect of temperature

The response of biosynthesized ZnO-NPs to changes in temperature is depicted in Fig. 3.4a. It is
revealed that an increase in temperature up to 80 °C (50, 65, 70, and 80 °C) caused an increase in
the UV-Vis absorption spectra of ZnO-NPs. However, at 90 °C, the absorption peak was reduced,
suggesting the agglomeration of ZnO-NPs at higher temperatures. The sizes of the particles were
also estimated from the absorbance spectra using eq. (2.2) [233] and were 7.1 nm and 12.4 nm at
80 °C and 90 °C, respectively. This indicates that particle sizes became larger as the absorbance
reduced (Fig.3.4 a) due to the decrease in particle concentration of nanoparticles [228]. Also, when
the temperature increased from 65 to 80 °C, the peak absorption wavelength shifted from 355 to
350 nm, indicating that the small-sized NPs were formed at 80°C. Thus, it can be noted that, in the
investigated temperature range, the highest activity of CHE as a reducing and capping agent for
the formation of ZnO-NPs was found at 80 °C.

—0.3049+,/(~26.23012+10240.72) /Ap(nm
—6.3829+2483.2/Ap(nm)

d(nm) = (3.2)
Where d and Ap are half of particle diameter and the peak absorbance wavelength (nm),
respectively.

3.3.4.2.Effect of reaction time

The reaction time is crucial in the synthesis of nanoparticles [234]. Figure 3.4 b depicts the UV-
Vis spectra of ZnO-NPs for various reaction times. As can be observed, the position and form of
the absorption peak of ZnO-NPs are greatly dependent on particle size. UV-vis peaks displayed
up to 360 nm at 1h reaction time. However, the absorption peak shifted to 370 nm and then to 385
nm as the processing time rose from 2 to 3 h, revealing that particle sizes have increased.
Furthermore, as contact time increased to 4 h, the absorption spectra shifted to 390 nm in
agreement with other studies [234]. Such shifts in UV-vis peaks to higher wavelengths indicate
that the particles continued to grow, reducing the free surface energy by increasing particle size
and decreasing surface area due to agglomeration [235], [236]. Based on the observation, the best

processing time for the synthesis of ZnO-NPs using CHE was taken as 1 h because its UV-vis
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peaks showed up at the lowest absorption wavelength (360 nm) when compared to the other
reaction times (2 h, 3 h, 4 h).

3.3.4.3.Effect of volume ratio of Zinc nitrate to CHE

The effect of CHE concentration on the quantity of NPs and the size of CHE-capped ZnO-NPs is
shown in Fig.3.4c. As can be observed from this Figure, when the volume ratio of extract to
precursor rose from 0.25 to 0.5, and to 1, the absorption peak at 357 nm increased (the SPR bands
became sharper). This result is consistent with the study reported by Christensen et. al. [237], who
found that using higher concentrations of extract raised the final concentration of NPs. The
presence of larger concentrations of plant extract causes an increase in the amount of NPs. Overall,
an equal volume ratio of CHE to precursor was found to be optimal for the synthesis of ZnO-NPs,

resulting in well-capped nanoparticles with controlled and smaller particle sizes.

3.3.4.4 Effect of pH

The reduction of metal ions was also significantly influenced by pH. The primary impact of pH is
a change in the electrical charges of biomolecules, which could alter their capacity for reducing
and capping, and subsequently, the formation of NPs. In Fig.3.4d, at pH 6, absorption peaks related
to ZnO-NP are not observed at all because both nano-ZnO and nano-Zn metal are highly soluble
at low pH [32. 56]. At high pH, when the pH ascended from 10 to 12, the absorption peak shifted
from 355 to 365 nm, which indicated the increment of particle size and reduction in the dissolution
of zinc [239], [240]. As the pH increased to 14, the absorption peak further shifted to 370 nm with
reduced intensity. This revealed that particle agglomeration is favored at higher pH [215]. Hence,
pH 10 was considered optimal for synthesizing ZnO using CHE, similar to other studies [241]
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Fig.3. 4. UV-vis absorption spectra showing the effect of ZnO-NPs synthesis parameters: (a)

temperature, (b) reaction time, (c) ratio of precursor to CHE, (d) pH, and (e) optimum condition
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Thus, the synthesis of ZnO-NPs was carried out at the optimal processing condition for the
subsequent sections. These were pH 10, 80 °C reaction temperature, 1 h reaction time, and at 1:1
volume ratio. These conditions produced ZnO-NPs with a strong absorbance peak at 365nm (Fig.
4e). This result is in agreement with the result demonstrated by [228].

3.3.5. Structural Characterization of the CHE capped ZnO-NPs

3.3.5.1.X-ray diffraction (XRD) analysis

The purity, crystal size and structures of CHE-capped ZnO-NPs were assessed using XRD (Fig.
3.5a). Various diffraction peaks were visible in the ZnO-NPs powder's X-ray diffraction (XRD)
pattern at 20 degrees of 31.62°, 34.27°, 36.07°, 47.42°, 56.47° related to the lattice plane of (100),
(002), (101), (102) and (110) Miller indices, respectively. The whole XRD spectra is in perfect
accordance with the crystallographic database's standards JCPDS 36-1451 [215] similar to earlier
reports of [124], [204], [211], [242]. The broadening of the XRD peaks indicates that the
synthesized material contains particles in the nanoscale range [243], and it additionally proves that
the synthesized nano-powder is without impurities since XRD peaks other than ZnO peaks are not
evident. The crystal size of the CHE capped ZnO-NPs was determined using the Debye-Scherrer
formula shown below [244].

D =k\/ (B CosO) (3.3)

Where D is the crystal size, Scherer constant (k) =0.95, A is X-ray wavelength, i.e., 1.5406 A, p=
FWHM (Full Width at Half Maximum) and 6 = Bragg’s angle of diffraction.

The average crystal size of ZnO-NPs using the assigned five peaks in Fig.3.5a was approximately
9.8 nm. This showed that the synthesized CHE capped ZnO-NPs have good performance and CHE
is a proficient reducing and stabilizing agent for the biosynthesis of ZnO-NPs due to its lower
optimal size compared to ZnO-NPs prepared using other conventional techniques [206] or green
synthesis mechanisms reported in the literature [215], [245], [246].
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Fig.3. 5. (a) X-ray diffraction pattern of ZnO-NPs, and (b) Particle size intensity-based distribution
of ZnO-NPs.

3.3.5.2. Dynamic light scattering and zeta potential analysis

A dynamic light scattering (DLS) technique was employed to investigate the size distribution and
zeta potential of bio-synthesized ZnO-NPs in DI water. The average particle size of the
biosynthesized ZnO-NPs, as determined using DLS, was found to be 281.89 nm (Fig.3.5b). Similar
results were reported elsewhere [32], [66]. However, the aforementioned particle size, which
resulted from DLS has become larger than the one estimated based on XRD spectra. Such size
increment can be attributed to the repulsive forces between the NPs due to the capping of the NPs
with the CHE. In addition, DLS displays a combination of particle size and surrounding diffuse
layer of the particle, whereas XRD analysis is attributed only to particle size [215]. Surface
analysis via BET revealed that ZnO-NPs had a surface area of 19.096 m?/g at 150 °C degassing

temperature.

Furthermore, the zeta potential of CHE synthesized ZnO-NPs was found to be -20.27mV
indicating its potential to generate a colloidally stable [248]. A similar result was reported by [249].
This is attributed to the strong negative charge (strongly anionic), which causes the particles to
repel each other with limited tendency to come together and aggregate or agglomerate due to the
binding affinity of CHE compounds with the NPs [249], confirming the positive effect of the
green synthesis approach on the nanoparticle dispersion capacity. The zeta potential of CHE

capped ZnO-NPs is greater than that of ZnO-NPs synthesized utilizing Raphanus sativus var.
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Longipinnatus extract as a bio reducing and stabilizing agent [215]. It is commonly accepted that

zeta potential greater than or equal to 15 mV result in excellent nanoparticle stability [248].

3.3.5.3.Thermo-gravimetric and differential thermal (TGA/ DTA) analysis

Fig.3.6 reports the TGA/ DTA results of the ZnO-NPs. The figure shows an initial weight loss of
10% around 80 °C, which was attributed to the evaporation of residual moisture and decomposition
of volatile phenolic compounds [250], The next stage is distinguished by a 6% weight loss at 236
°C. This stage was likely associated with the transformation of Zn-organic complexes into
Zn(OH), and the formation of ZnO [250]. The complete formation of ZnO-NPs and the
degradation of organic compounds can be attributed to the 10.42% weight loss from 236 to 500
°C. At temperatures above 500 °C, a nearly constant value with a residual weight of 73.58% was
observed. Fig.2.6 also shows a ZnO-NPs DTA plot with one endothermic and one exothermic peak
at 50 °C and 303.4 °C, respectively. These peaks are associated with the removal of water

molecules, organic compound decomposition, and the formation of ZnO-NPs.
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Fig.3. 6.TGA and DTA curves of the fabricated ZnO-NPs
3.3.5.4. Scanning Electron Microscopy Analysis (SEM)

Fig.3.7 depicts the SEM image showing the morphology of CHE capped ZnO-NPs. The presence
of spherical nanoparticles was confirmed by SEM scans [124], [251], with aggregation indicating
the availability of biological material recognized due to the polarity and electrostatic attraction of
ZnO-NPs arising from the capping material [252]. The uniform spherical shapes of the primary
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particles in Fig.3.7, suggest that the manufactured NPs had not only low surface energy but also
good thermodynamic stability, confirming the high zeta potential of the produced ZnO-NPs [253].
On the other hand, the average particle size of ZnO-NPs measured using an image processing
software application [254] is around 22 nm, which is the ideal particle size when compared to
earlier research on the green synthesis ZnO-NPs [255] Comparison of the XRD data and particle
size of SEM indicated good alignment, displaying small crystal size and broad XRD peak resulting
from the small particle size of the synthesized nanomaterial [240].
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Fig.3. 7.SEM images of CHE capped ZnO-NPs

3.3.5.5. Energy dispersive spectroscopy (EDX) and EDS mapping analysis

To determine the elemental composition and stereochemistry of the synthesized zinc oxide NPs,
an EDS analysis was performed. The weight percentages of the Zn and O elements detected in
ZnO-NPs (Fig. 3.8a) were 75.9% and 24.1%, respectively. The presence of only Zn and O shows
the NPs were synthesized in their pure chemical state. Single zinc and single oxygen peaks are
found between 0 keV and 2 keV, and two zinc peaks between 8 keV and 10 keV. These results are
consistent with previously reported findings of similar peaks in the biological synthesis of ZnO-
NPs using the leaf extract of Candida albicans [256] and Calotropis gigantean [257].
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Fig.3. 8. (a) EDS spectrum of biosynthesized Zinc oxide NPs, (b) EDS mapping

The EDS elemental mapping of the ZnO product also describes the excellent uniformity in the
spatial distribution of Zn and O (Fig.3.8b), indicating that the two elements are evenly distributed
in the spherical structure. Based on the above experimental results, it is reasonable to deduce that

spherical ZnO-NPs have been successfully prepared using CHE as reducing and capping agent.

3.3.5.6.Antibacterial activity of CHE capped ZnO-NPs

The antibacterial activities of CHE capped ZnO-NPs were evaluated using the agar well diffusion
method, as shown in Fig.3.9 and Table 3.1. The presence of significant inhibition zones indicated
that CHE capped ZnO-NPs have potent antibacterial activity against the bacterial pathogens E.
coli and S. aureus. Different concentrations of ZnO-NPs (1 and 2 mg/mL) were tested against E.
coli and S. aureus. The zone of inhibition against S. aureus and E. coli increased as the
concentration of ZnO-NPs increased from 1 to 2 mg/mL. This suggests the antibacterial
effectiveness of ZnO-NPs. The biocide activity of ZnO-NPs was determined by their concentration
[13], [75], [259].
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Fig.3. 9. Agar well diffusion for Antibacterial activity of ZnO-NPs against (a) E. coli. and (b). S.

aureus

Table 3. 1. ZnO-NPS zone of inhibition on E. coli and S. aureus

NPS Concentration Zone of inhibition (in cm)
(mg/ml) E. coli S. aureus
ZnO 1 1.2 1.3
2 1.4 1.5

Moreover, the antibacterial activity of green process produced ZnO-NPs may also be related to the
action of CHE, which acted as a capping agent in NPs, reducing particle size and enhancing
antimicrobial properties [260]. Smaller particles offer a higher surface-to-volume ratio, which
gives a more efficient means of antibacterial activity. The shape of NPs is also crucial for anti-
pathogen efficacy [260]. Spherical NPs are particularly effective during antibacterial activity due
to their capacity to quickly permeate pathogen cell walls [261]. SEM analysis revealed the
aggregation of the ZnO- NPs (Fig 2.7), which has an impact on the penetration of nanoparticles
into the biofilm matrix of bacteria [262]. However, the synthesized ZnO-NPs in this study has
high biotoxicity property, has spherical shape, small particle size, and minimal level of
aggregation due to the CHE capping of ZnO-NPs, resulting in excellent antibacterial efficiency
(Fig.2.9).As a result, the spherical CHE capped ZnO-NPs have the potential and very useful in
pathogen treatment.
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3.4. Conclusions

In this study, a facile, efficient, environmentally benign method was developed for synthesizing
ZnO-NPs, using indigenous CHE as a stabilizing and reducing agent without using any toxic
chemicals. FTIR spectroscopy demonstrated the presence of phenolic functional groups in the
CHE, and the quantified total phenolic compound was 14.2 mg GAE/g as gallic acid equivalent.
This research utilized UV-Vis spectrophotometry to investigate the biosynthesis of ZnO-NPs using
CHE. In order to achieve the best synthesis conditions, the effect of parameters, including pH,
temperature, reaction time, and volume ratio of CHE to zinc precursors, were investigated.
Spherical zinc oxide NPs with an average crystal size of 9.8 nm were produced using a one-to-one
volume ratio of CHE to 0.5 M zinc nitrate under optimal conditions (pH 10, 80 °C, and 1h reaction
time). From FTIR investigation, the indigenous CHE had functional groups that contributed to
zinc ion reduction. XRD, SEM, EDS, and EDS mapping images validated the synthesis of
spherical and pure crystal CHE-capped ZnO-NPs. The synthesized ZnO-NPs were stable due to a
strong negative surface charge. It was noted that the CHE-capped ZnO-NPs have strong
antibacterial activity against E. coli and S. aureus bacteria, which was evaluated from the
formation of inhibition zones. These results indicated that the CHE has a strong potential for
generating ZnO-NPs under optimal synthesis conditions. Because of the CHE capping, the ZnO-
NPs have excellent thermal stability, nano-size, and mono-dispersion, and stable spherical shape,
which is an appealing sustainable nanomaterial for the disinfection of pathogens in water and other
applications. More research is needed to develop the immobilization of ZnO-NPs in polymer

matrices and ensure separability after water disinfection.
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CHAPTER FOUR

4. SYNTHESIS AND CHARACTERIZATION OF COFFEE HUSK
EXTRACT (CHE) CAPPED Fes04/PU/ZNO NANOCOMPOSITES WITH
ANTIMICROBIAL ACTIVITY

4.1. Introduction

Access to clean and safe water remains a critical global challenge, particularly in regions with
limited sanitation infrastructure [53], [263] . One of the main challenges is the presence of
waterborne pathogens, which severely contaminate drinking water sources. As detailed in Chapter
3 and the literature review section, various conventional methods are employed for water
disinfection to eliminate pathogens and bacteria. However, each of these methods has its own set

of limitations.

In recent years, nanotechnology has emerged as a promising alternative, offering innovative
solutions for water treatment [23]. In Chapter 3, we discussed and reported the performance of
CHE-capped zinc oxide nanoparticles (ZnO NPs) for the disinfection of waterborne pathogens.
ZnO NPs exhibit strong antibacterial properties, primarily by puncturing bacterial cell walls and
damaging internal organelles. Additionally, they generate reactive oxygen species (ROS), which,

along with the release of Zn?* ions into the solution, are highly detrimental to bacteria. [264].

However, ZnO NPs tend to aggregate into clusters in aqueous environments, reducing their
effectiveness in interacting with microbial contaminants [260], [265] . To mitigate this issue,
several approaches have been explored, including microwave solvothermal synthesis [266],
sonication , and the use of capping agents [23]. Furthermore, numerous efforts have been made to
enhance the stabilization and immobilization of antibacterial nanoparticles using various support
substrates, such as aluminosilicate nanotubes [267], graphene sheets [268], silica [269], ZnO
nanoroads [270], palygorskite clay [271] and talc clay [272].However, these approaches are often
costly and may demonstrate limited effectiveness. Although these nanomaterials exhibit promising
antibacterial properties, their practical performance is constrained by several factors.
Aluminosilicate nanotubes and palygorskite clay frequently show low antibacterial activity due to

limited surface functionalization and weak interactions with bacterial cells. Graphene sheets are
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prone to aggregation, which reduces their active surface area and antimicrobial efficiency. Silica
nanoparticles generally require surface modification to achieve significant antibacterial effects, as
bare silica has minimal intrinsic activity. ZnO nanoroads possess strong antibacterial potential, but
their effectiveness depends heavily on particle size, morphology, and exposure conditions, which
can limit practical applications. Similarly, talc clay exhibits only moderate antibacterial activity,
often further restricted by poor dispersibility in aqueous media. Overall, while these substrates can
stabilize and support antibacterial agents, their inherent material properties, surface interactions,
and environmental factors frequently limit their effectiveness. In this study, indigenous volcanic
PU and green-synthesized coffee husk extract (CHE) capped FezOs-NPs were used to address
challenges in immobilization and aggregation of ZnO-NPs for antibacterial activity. The green
synthesis of NPs using plant extracts is an environmentally friendly, economically viable, and cost-
effective method that eliminates the need for hazardous and expensive chemicals. The biological
method surpasses physical and chemical approaches in efficiency, although it requires time and
multiple steps for preparation. Plant-mediated synthesis relies on the bio-reduction of NPs by
various biomolecules present in plants, including vitamins, amino acids, proteins, phenolic acids,
and alkaloids [273]. Phenolic acids, potent antioxidants with hydroxyl and carboxyl groups
capable of metal binding, contribute to the colloidal stability of plant capped FesO4-NPs, enabling

them to remain suspended in aqueous solution for extended periods without aggregation [274].

Although Fez04-NPs can function as peroxidase mimics, facilitating the breakdown of H>O- for
the oxidative removal of organic pollutants [275], they are not inherently antibacterial. However,
in solution, Fe?*/Fe* reacts with hydrogen peroxide to generate hydroxyl and peroxide radicals.
This radical generation can synergize with ZnO-NPs to enhance their antibacterial characteristics
[265]. The choice of PU as a support is rooted in its affordability, abundant in the earth's crust
having, good porosity, and high silica and alumina content [276]. Pumice has been widely
employed in various studies due to its ability to prevent agglomeration and immobilize NPs by
dispersing NPs over its surface, as well as its excellent chemical stability and mechanical strength
[31], [277], [278]. ZnO-NPs and Fe3O4-NPs have been synthesized using green synthesis methods
for various applications [279]-[283]. However, to the best of our knowledge, no study has been
conducted on the synthesis of CHE-capped magnetic pumice nanocomposite (CHE capped
Fe304/PU-NC) and CHE-capped magnetic pumice zinc oxide nanocomposite (Fez04/PU/ZnO-
NC). Additionally, this work has examined the composite effect on bare ZnO-NPs [284], which
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was previously published. The antibacterial properties of CHE capped Fez04/PU/ZnO-NC were

also investigated against both S. aureus and E. coli bacteria.

4.2. Materials and Methods
4.2.1. Materials

Ferric chloride (FeCls, 99%), Ferrous sulphate (FeSO4.7H20,99%),, ethanol (C2HsH,99.02%), and
ammonium hydroxide (NHsOH) were purchased from Loba Chemie Pvt. Ltd (Mumbai, India). Zinc
nitrate hexahydrate (Zn (NOz)2. 6H20,99 %) was purchased from Effective Laboratory Supplies
(Selby, South Africa) and LB Agar medium from Sisco Research Laboratories (Mumbai, India). Local

Coffee husk was gathered from West Harerge, Ethiopia. VVolcanic PU was collected from the

Adulala PU area in Bishoftu District, Ethiopia. Standard bacterial strains of S. aureus (ATCC 25923)
and E. coli (ATCC 25922) were obtained from Ethiopian Public Health Institute (EPHI).
Gentamicin was obtained from Sigma-Aldrich (WI, USA). All compounds utilized were of

analytical quality and all solutions were made with deionized (DI) water.

4.2.2. Methods
4.2.2.1. Synthesis of CHE capped FesOas-Nps.

For the synthesis of phyto-fabricated CHE-capped FesO. nanoparticles (NPs), we followed the
method described by A. V. Ramesh et al. [229] with a modification: In our modification, the
nitrogen environment was omitted. This change was made because the coffee husk extract (CHE),
used as a capping and reducing agent, naturally contains antioxidants and other phytochemicals
that protect Fe?* and Fe*" ions from oxidation [218], [285], as shown in Fig.3.1. In brief, 1.39 g
Ferrous Sulphate (FeSO4.7H20) and 1.62 g Ferric Chloride (FeCl3.6H20) were added in 100 mL
of distilled water, well mixed and heated on hot plate until it reached 80 °C. Then, 10 mL of coffee
husk extract was added. The extraction procedure followed the method outlined by Tsegaye et al
in their study [284] . And thoroughly mixed with a magnetic stirrer at 300 rpm for 5 min. Then,
ammonia was added to the mixture drop-wise until pH 9. After 30 min of continuous mixing, a
black colored precipitate was formed which was then made to cool down to room temperature.

Finally, the black precipitate was washed several times with distilled water until the pH of the
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washing solution reached 7 with DI water and dried in oven (80 °C for 24 h). Hence, it was stored

in a sealed container until further use.
4.2.2.2. Synthesis of CHE capped Fe3O4 /PU-NC

The pumice was pretreated using the method described by Soleimani et al., [286]. 1 g of pretreated
pumice was dispersed in 100 mL of DI water and sonicated for 10 min [287]. Subsequently, 1.39
g Ferrous Sulphate (FeSO4.7H20) and 1.62 g Ferric Chloride (FeCl3.6H20) were added and well
stirred using magnetic stirrer (300 rpm) and then heated to 80°C. Afterwards, CHE was added and
thoroughly mixed for 5 min. Ammonia was added to the mixture drop by drop until the pH reached
9.0. Consequently, a black-colored CHE capped Fe3O4 /PU-NC was obtained, which was cooled
to room temperature after 30 min of continuous stirring. The black precipitate was separated using
an external ferrite magnet and washed several times with deionized water until the pH of the wash
reached 7. Finally, the obtained product (FesOs-NPs) was oven-dried (24h at 80 °C).

4.2.2.3. Synthesis of CHE capped Fe304/PU/ZnO-NC

CHE capped ZnO/Fe304/PU nanocomposite was prepared based on the method reported by

Sajjadi et al. [288], with slight modification. Briefly, 1.25 g magnetic PU nanocomposite, 35 mL
of 0.5M Zinc nitrate, and 35 mL coffee husk extract were placed in a 250 mL round-bottom flask.
The reaction mixture was stirred for 1h at 80 °C using magnetic stirrer at 300 rpm and then cooled
to room temperature. The CHE capped ZnO/Fe304/PU nanocomposite product was separated with
an external ferrite magnet and washed 3 times with ethanol and DI water (until pH was 7.0), and
finally dried in vacuum oven at 60 °C overnight.

59



10 (CHE: Inanltled wates |

:“.l
: 3 CHE Fawset
Colfee Husk (CHE) - '
. A miine 8
W
Groafing ¢
Stirred for 1 30°C
esn

£0°C
Oven
>

Overnight

Liat Sax
v
i Washul
"-
& -

CHE Capped Fo , 0,717 CHE Capped Fe, 0, P1
I NC ZaO-NC
Precipitate powde

CHE cappedl PE/ Fu,0,-NC

Stirved for 1N, S0°C

Misture of lrsn Salt + Stirved for 1
Pamice

Fig.4. 1. Schematic Diagrams of the Biosynthesis of CHE capped Fe304/PU/ZnO -NC.
4.2.2.4.Physicochemical Characterization

The synthesized material was characterized using the methods described in Chapter 3, Section
3.2.2.5, which include X-ray diffraction, scanning electron microscopy with energy-dispersive X-
ray spectroscopy, thermogravimetric analysis, dynamic light scattering, Fourier-transform infrared

spectroscopy, and Brunauer—Emmett—Teller surface area analysis.

4.2.2.5. Data Analysis

The raw data from the characterization instrument was analyzed and graphed using Origin

software. The same software was used to calculate the mean and standard deviation of the data.

Additionally, ImageJ software was employed to extract the average particle size from the SEM
image. In addition, all statistical analyses regarding the antimicrobial activity of zone of inhibitions
were performed by using the IBM SPSS (v. 26.0). All of the collected data were analyzed using
one-way analysis of variance (ANOVA).
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4.2.2.6. Antibacterial performance evaluation
The antibacterial performance evaluation was conducted using the method described in Chapter 3,
Section 3.2.2.6. The agar diffusion method was employed to assess the antibacterial properties of
Fe;04, PU, and CHE-capped Fe;O4/PU/ZnO nanocomposites. The details of the procedure are

provided in the referenced section.

4.3. Results and discussions
4.3.1. X-ray fluorescence (XRF) analysis of samples

Analyses of the XRF data confirmed that the collected volcanic rock was pumice (PU), assessed
the effects of acid treatment on PU, and verified the composite formation of FezO4 and PU. The
major and minor element compositions of the samples are expressed as weight percent (wt%) of
oxides (Table 4.1). The table illustrates that the pumice powder contained both major (SiO2, Al>Og,
Ca0, Fe203) and minor components (K20, MgO, MnO, NaxO, P-0s, TiO,, and H20). Particularly
noteworthy is the high silica content (over 50%), confirming the material as pumice [289].
Furthermore, acid-treated PU (Table 4.1) has increased the SiO2 and Al.O3 content, thereby
enhancing the quality of PU with reduced metallic impurities due to acid leaching of heavy metals.
The confirmation of Fe304/PU-NC formation (Table 4.1) revealed that the magnetic PU nano-
composite contains 42.88% Fe>03, which is higher than the PU content of Fe,Os (4.68%),

indicating the successful deposition of the magnetic FezO4 onto the PU substrate.

Table 4. 1. Oxide composition of pumice (PU), Acid treated PU (At-PU) and Fez04/PU (%)

Sample Oxide Composition (wt%)

SiO» Al;O3 FexO3 CaO MgO Na0O KO MnO  POs TiO HO LOI
Fes04/PU  24.98 9.36 4288 <0.01 <0.01 34 516 <0.01 019 <0.01 4.31 1050
At- PU 69.8 1131 45 <0.01 <001 29 498 <0.01 010 <0.01 154 581
PU 69.76 1049 468 062 018 3.02 514 <001 0.07 <0.01 158 5.60

4.3.2. Formation of CHE capped Fe3Os-NPs confirmation

The antioxidant properties of these phyto- fabricated NPs, coupled with their safety profile, render

them particularly effective at reducing metal ions [30]. The formation of CHE capped Fe304-NPs
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was confirmed by the color change in the mixture of iron salt from brown to black precipitate
(Fig.4.2a and b), and its magnetic property was demonstrated by the attraction of the black
precipitate with an external magnet, as depicted in Fig.4.2c. These observations indicate that the
presence of -OH groups in the caffeine phytochemicals of CHE played a significant role in
reducing the iron salt to FesO4 NPs [218], [284].

(a) (b)

\ External magnet

Precipitate |

Fig.4. 2.(a) Mixtures of iron salt (b) CHE capped Fe3sO4-Nps Formation (c) External magnetic
attraction of CHE capped Fe304-NPs

4.3.3. Impact of CHE on bio synthesized CHE capped Fe304-Nps, CHE capped
Fe304/PU/ZnO-NC and their Structural Characterizations

4.3.3.1. Scanning Electron Microscopy (SEM) analysis

SEM was employed to assess the surface morphology and particle size of CHE capped
Fe304/PU/ZnO-NC. As can be seen in Fig. 4.3a, PU exhibits a porous structure with a tortuous
shape. These porous and tortuous structures support strong nanoparticle immobilization due to
their complex pore network and large internal surface area. Such structures provide suitable
substrates for the formation of CHE-capped FesOs nanoparticles and ZnO nanoparticles, as
indicated by the presence of rectangular-shaped particles in Fig 4.3b, [287]. Rod-shaped CHE
capped Fe304-NPs and spherical shaped ZnO-NPs were observed on the surface of PU particles,
which are denoted by arrows and circles in Fig. 4.3b, respectively. Additionally, the SEM images
were used to determine the particle size distribution of CHE-capped Fe304/PU/ZnO-NC using
ImageJ software (version 1.8.0 and compared to CHE-capped ZnO-NPs) [33]. The histograms of
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CHE-capped Fe304/PU/ZnO-NC (Fig. 3.3c) reveal smaller particles with an average size of 11+1.4
nm compared to bare CHE-capped ZnO-NPs with an average size of 22+1.5 nm in appendix
(Fig,S1) [283].
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Fig.4. 3. SEM images of (a) Pumice, (b) CHE capped Fe304/PU/ZnO-NC, and (c) Particle Size
distribution.

4.3.3.2.Energy dispersive spectroscopy (EDS) mapping and analysis

Energy dispersive spectroscopy (EDS) was utilized to unequivocally confirm the presence of the
anticipated elements in the synthesized nanomaterial. Fig.4.4a demonstrates that PU’s elemental
composition includes Fe, Al, Si, O, and K, which validating the accuracy of the raw material
collected from PU site, which aligns with XRF analysis, with prominent Si peak at 1.8 keV.
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Additionally, Fig. 4.4b reveals that the elemental composition of CHE capped Fe304/PU/ZnO- NC
exhibits peaks around 0.9, 6.4, and 7.1 keV corresponding to the binding energies of Fe [290] ,
along with an oxygen peak at 0.5 keV. These results are consistent with those obtained by Rahman
etal [291]. Two strong zinc peaks were identified at 1 keV and 8.6 keV, corroborating findings
from Shamsuzzaman et al. [292], and the presence of Si in the composite was confirmed by the
1.8 keV peak. The weight percent composition of the observed elements in the CHE capped
Fe304/PU/ZnO-NC (Fig.4.4b) was 74.3% Zn, 1.6% Fe, 24% O, and 0.10% Si. Overall, EDS
spectrum analysis showed that the synthesized materials constituted approximately 100 % of the
identified elements, indicating high purity and free of extraneous impurities.

EDS elemental mapping of PU and CHE capped Fez04/PU/ZnO-NC is presented in Fig. 4.4a and
4.4c. The PU EDS maps (Fig. 4.4a) demonstrate the purity of the employed PU as well as the
evenly distributed elements O, Si, Al, and K. The CHE capped Fe304/PU/ZnO-NC EDS mapping
(Fig. 4.4c) shows good homogeneity and spatial dispersal of Fe, Si, Al, Zn, and O, showing that
all elements are uniformly dispersed and that CHE capped Fe304/PU/ZnO-NC was effectively
Phyto-fabricated.
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(b)

Fig.4. 4. EDS spectrum and elemental mapping of (a) Pumice and (b) CHE capped Fe304/PU/ZnO NC

4.3.3.3. X-ray diffraction (XRD) analysis

Crystal size, structures, and formation of PU and the synthesized NC were assessed using X-ray
diffraction (XRD). XRD patterns of PU, CHE capped Fe304/PU-NC, and CHE capped Fe304/PU/Zn0O-
NC are shown in Fig. 4.5. According to the XRD patterns (Fig. 4.5a), the broad maximum peak at 20
= 15-30° of the diffractogram profile can be associated with an amorphous matrix (glass), similar to
the study reported by Correcher et al. [293]. Another study also found an XRD pattern of amorphous
PU with a broad peak in the 20°-30° range [294]. For CHE capped Fez04/PU-NC) in Fig. 4.5b, several
major diffraction peaks at 20 degree of 30.6°, 35.86°, 43.46°, 54.01°, 57.4°, 63.60° and 74.46 ° were
observed for CHE capped FezOs-NPs corresponding to (220), (311), (400), (422) (511) (440) and
(620), respectively, as per standard data for magnetic cores (JCPDS card No.75-0449) [50, 51].
Additionally, new peaks at 18° were observed due to the amorphous structure of PU. The XRD spectra
of CHE capped Fez04/PU/Zn0O -NC (Fig. 4.5c) revealed common peaks with paternal CHE capped
Fe304-NPs (Fig. 4.5b) and ZnO-NPs (Fig. 4.5d) (30.6 °, 31.62°, 34.27°, 36.1°, 43.62 °, 47.42°,54.8
0 56.47 °,57.4°,63.60 ° and 74.46 °) [249] as well as PU peak formation at 18° similar to CHE
capped Fes04/PU-NC (Fig. 4.5b). Furthermore, the crystal size of the synthesized material was

assessed using Scherrer's method (Eq.4.1).
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D =k\A/ (B Cos) (4.1)

Where D is the size of the crystal, A is the X-ray wavelength, p — full width at half maximum intensity

of the peak [rad], and 6 = Bragg's angle of diffraction.

Using equation (4.1), the average crystal size of CHE capped Fez04 /PU-NC was estimated to be 4.3
nm. On the contrary, the average particle size of CHE capped Fe304/PU/ZnO - NC particles was
determined to be 6.17 nm. Comparing the crystal size of pure Zn--NPs (9.8 nm) [284] to CHE capped
Fe304/PU/ZnO-NC in this study (6.17 nm), the composite’s particle size had reduced by 37% than the
pure CHE capped ZnO-NPs. These results aligned well with the SEM particle size analysis observation
(11nm). Thus, both XRD and SEM indicate that the composite has smaller particle sizes than the bare
CHE capped ZnO-NPs.
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Fig.4. 5. XRD patterns of (a) PU (b) CHE capped Fe304/PU (c) CHE capped Fe304/PU/Zn0O (d)
CHE capped ZnO NC.

4.3.3.4.Nitrogen adsorption-desorption study

The N2 gas Brunauer-Emmett-Teller (BET) method was employed to calculate the surface areas of the
synthesized materials. The surface areas of PU, CHE capped Fez0s-NPs, CHE capped Fe304/PU-NC,
and CHE capped FesO4/PU /ZnO-NC were 8.9 m?g, 143.9 m%g, 66.6 m?/g, and 47.2 m?/g,
respectively. When compared to other materials, CHE capped Fe3zO4-NPs exhibited the largest surface
area, enabling CHE capped Fe304/PU/Zn0O-NCs to significantly enhance the surface area of pure ZnO-
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NPs [284]. This BET investigation corroborated the findings of XRD, DLS, and SEM, affirming the
beneficial effects of CHE-capped Fe304/PU/ZnO-NC on the particle size and surface area
enhancement of pure CHE-capped ZnO-NPs.

4.3.35. FTIR studies

FTIR analysis was employed to identify the functional groups present in the nanocomposite and
elucidate the contribution of CHE phenolic compounds to the formation of FesO4 NPs, ZnO-NPs and
nanocomposites. It also served as a reliable tool for confirming the discernible presence of PU material
within the synthesized nanocomposite. Fig.4.6 illustrates that the functional group of CHE capped
Fes04-NPs (3215,1620,1432,1116 and 534 cm™ ) are significantly influenced by the presence of
caffeine in the CHE phenolic molecule (3278, 2976, 1648, 1417, and 1045 cm™!) [284]. The O-H of
the phenols serves as a reducing agent in the formation of magnetic CHE capped FezOs NPs, as
evidenced by the band shifting from 3278 to 3215 cm™ (Fig.4.6) [229]. The bands related to carboxylic
acid group (C=0) shifted from 1648 to 1620 cm™. Additionally, the bands associated with the aromatic
compound C=C band shifted from 1417 to 1432 cm, and the aliphatic group C-O (1045-1116 cm™)
also exhibited shifts [297]. A new band at 534 cm™ corresponding to the vibration stretching of Fe-O
[298] was also observed. These observations indicate that CHE actively participates in the formation
of CHE-capped Fe304-NPs through band shifting of the functional groups of phytochemicals and the
formation of new Fe-O bands. Confirmation of the identity of PU and its incorporation into CHE
capped Fe30s /PU-NC and CHE capped FesO4 /PU /ZnO-NC (Fig.4. 6) was corroborated by an
additional Si-O-Si stretching vibration peak at 1006 cm™ [299]. It is important to note that the high
silicon oxide composition was validated in XRF analysis (Table 4.1). The merging peaks attributed to
various metal oxides present in PU (such as Al2O3) were also discerned [31], and the stretching
vibration of Si-O-Al was observed at ~ 775 cm™. In addition, the FTIR spectrum of CHE capped
Fe304/PU/ZnO-NC in Fig.4.6 exhibited a characteristic Zn-O stretching at 428 cm™, confirming the
formation of ZnO-NPs [300]. Meanwhile, peaks observed at 560 cm™ and 554 cm™ in CHE capped
Fe304 / PU-NC and CHE capped Fez04 /PU /ZnO-NC could be assigned to the Fe-O stretching mode
[55, 57, 58]. Overall, the FTIR analysis revealed that the phytochemicals found in coffee husk extract
act as reducing, capping, and stabilizing agents for the formation of CHE capped Fe3O4 /PU /ZnO -
NC.
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Fig.4. 6. FT-IR spectra of PU, CHE capped Fe304-NPs, CHE capped Fe304 /PU-NC and CHE
capped Fe304/PU/ZnO-NC.

4.3.3.6. Dynamic light scattering (DLS) Analysis

The DLS method was used to evaluate the size distribution and zeta potential of phyto-fabricated NCs
in aqueous solutions in order to study the NPs stability. The zeta potential of CHE capped Fez04/PU-
NC, PU, and CHE capped Fez04 /PU /ZnO-NC was measured to be -18 mV, -15 mV, and -23.8 mV,
respectively. This indicates that the zeta potential of CHE capped FesO4 /PU /ZnO-NC was higher than
ZnO-NPs [284], indicating that the addition of magnetic PU to CHE capped ZnO-NPs can improve
the stability of CHE capped Fez04/PU/ZnO NC. This indicates that the suspensions' zeta potential is
larger than or equal to 15 mV, implying that these NPs are colloidally stable [248].

Form the DLS measurement, the mean particle size of the synthesized PU, CHE capped Fe304-NPs,
CHE capped Fe304/PU-NC, and CHE capped Fe3O4 /PU /ZnO-NC were 76.29 nm, 32.91, 72.7 nm,
and 46.13 nm, respectively, as shown in Fig.4.7. The particle size of green synthesized magnetic NPs
were similar to those reported in previous research [60, 61]. The particle size of pure ZnO-NPs was
notably high (216 nm) [284] compared to CHE capped Fez04/PU/ZnO-NC, likely because the particle
size of CHE capped Fe30s-NPs is very low and has a high surface area, capable of enhancing the
particle size of bare ZnO-NPs. This suggests the biosynthesis of hybrid ZnO-NPs and CHE capped

Fe304/PU-NC are effective combinations for enhancing particle sizes.
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Fig.4. 7. Particle size intensity-based distribution PU, CHE capped FezO4-NPs, CHE capped
Fe304/PU-NC, and CHE capped Fe304/PU/ZnO-NC.

4.3.3.7. Thermal stability analysis

Thermogravimetric and differential thermal analyses (TGA/ DTA) tests were conducted on the CHE
capped FesO4 / PU-NC and CHE capped Fe304/PU/ZnO nanocomposites, and the TGA curves are
presented in Fig.4.8a and b. The results indicate an initial weight loss of 3% around 98 °C and 4% at
179 °C for CHE capped Fez04/PU-NC and CHE capped Fez04/PU/ZnO-NC, respectively. This weight
loss is likely attributed to absorbed moisture evaporation and the decomposition of volatile phenolic

compounds [250].

The subsequent phase is characterized by a 3.56% weight loss for CHE capped FezO4 /PU-NC in the
temperature range of 98 to 260 °C. This stage is associated with the transformation of Fe (OH)2 to
CHE capped Fe304-NPs [301]. In the case of CHE capped Fez04/PU/ZnO-NC, the 4.4% weight loss
occurring at temperatures ranging from 179 to 275 °C can plausibly be attributed to the conversion of
Fe (OH)2 into CHE capped Fez0s-NPs and Zn-organic complexes into Zn (OH). and the subsequent
production of ZnO-NPs.

The third phase is shown in Fig.4.8a and b, which entailed the last and complete production of CHE
capped Fe304/PU-NC and CHE capped Fe304/PU/ZnO-NC in the temperature ranges of 260 to 686

°C with 5.9% weight loss and 275 to 576 °C with 5.6% weight loss, respectively. For CHE capped

Fe304/PU-NC, no additional degradation or weight loss occurred above 686 °C, retaining around 88%
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of its weight. On the other hand, the CHE capped FezO4/PU/ZnO-NC retained 86% weight above 576
°C with no further weight loss with temperature increase. Due to the inherent thermal stability of PU,
the CHE capped Fe304/PU/ZnO-NC [290] was made to have better thermal stability than pure ZnO-
NPs (73.58%) [284]. Pumice can sustain the thermal stability of NPs until temperatures reach 900°C
[305].

DTA curves of CHE capped Fe304 /PU-NC displayed exothermic reactions as temperature increases,
with peaks at 445 °C and 756 °C (Fig. 4.8a). CHE capped Fe3z04/PU/ZnO-NC exothermic reactions
with peaks at 312 °C and endothermic reactions with peaks at 76 °C (Fig. 4.8b) were notable. The
decomposition of the stabilizing and reducing agents of various organic compounds was revealed at
lower endothermic temperature peaks. Exothermic peaks of 445 °C and 312 °C were associated with
the formation of CHE capped Fe3O4-Nps and ZnO- NPs [306], and exothermic peaks at 756 °C
revealed that PU’s degradation [307].
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Fig.4. 8. TGA and DTA curves of the synthesized (a) CHE capped FezO4 /PU-NC (b) CHE capped
Fe304/PU/ZNO — NC,
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4.3.3.8.Antibacterial activity of PU, CHE capped Fe304 NPs and CHE capped
Fes304/PU/ZNO NC.

The antibacterial activity of PU, CHE-capped FesO4 nanoparticles, and CHE-capped FesO4/PU/ZnO
nanocomposites was investigated against Staphylococcus aureus and Escherichia coli using the agar
well diffusion method, as illustrated in Fig. 4.9 and Table 4.2. The agar well diffusion images for bare
PU and FesO. nanoparticles are provided in the Appendix (Fig.A2 and Fig.Azs) in the Annex. According
to Table 4.2, all tested materials have antibacterial activity except PU which showed no inhibition zone
at concentration of 1 and 2 mg/ml. The bare CHE capped ZnO-NPS demonstrated better antibacterial
activity than FesO4-NPs attributed to ZnO-NPs inherent antibacterial activity through direct contact,
membrane breakdown, release of zinc ions (Zn?*) by interrupting key enzymes required for bacterial
growth, and release of reactive oxygen species (ROS) from the surface leading to cell death [308].
Comparatively, CHE-capped Fes04/PU/ZnO-NCs were more effective than ZnO-NPs in suppressing
S. aureus and E. coli. The heightened effectiveness of the CHE-capped FezO4/PU/ZnO-NC is likely
attributed to several factors. As per Sharaf’s study, the presence of the magnetite species Fe*2 and Fe*®
in the nanocomposite material activates the formation of ROS [67], [68] and analysis using Zeta
potential and BET methods suggests greater stability and a larger surface area. Additionally, SEM
analysis revealed smaller particle size. These features collectively provide more active sites on the
material's surface, facilitating interaction with the bacterial biofilm matrix [310], [311]. This elucidates
why smaller NPs, with their increased surface area, generate more reactive oxygen species and exhibit

stronger antibacterial activity [312], [313].

Table 4. 2. CHE capped Fe304/PU/ZnO-NC, CHE capped ZnO-NPs, CHE capped FezOsand PU

inhibitory zone for E. coli and S. aureus

Test materials Concentration Zone of inhibition (in mm)
(mc_;/ml) E. coli S. aureus
CHE capped Fes04/PU/ ZnO NC 1 13+1.2 14+1.4
2 15+1 16 £1.3
CHE capped ZnO-NPs 1 12+ 17 13+ 14
2 14+1.3 15+15
1 3+14 44 1.25
CHE Capped Fes0. NP 2 5+ 1.3 6+ 1.04
1 NZI NZI
PU 2 NZI NZI
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Fig.4. 9. Antimicrobial capacity of CHE capped Fez04/PU/ZnO NCs' against (a) E. coli. and (b). S.
aureus

Furthermore, the boost in bactericidal efficacy of bio synthesized CHE capped FesO4/PU/ZnO-NCs
could be due to the reduced agglomeration (Fig. 4.3b) compared to bare CHE capped ZnO-NPs [284].
Nanoparticle aggregation limits nanoparticle entry into the biofilm layer of microorganisms [314]
thereby altering the surface properties of NPs, such as charge and chemistry, which can affect their
interaction with bacterial cells [315]. This aggregation can also hinder the antibacterial mechanism, as

well as the cytotoxicity and immunological reactions of nanomaterials [262].

The inhibition zone against S. aureus and E.coli expanded as the concentration increased from 1 to 2
mg/ml [316]. It was also observed that the antibacterial activity against S. aureus was more effective
than against E. coli. This variation can be attributed to the presence of lipopolysaccharide (LPS) [316],
a molecule found in the outer membrane of gram-negative bacteria like E. coli [317]. This membrane
acts as a protective barrier, and LPS specifically makes it difficult for antimicrobial agents to penetrate
the bacteria. On the other hand, gram-positive bacteria have a simpler cell wall primarily composed
of peptidoglycan, a mesh-like layer [258], which is relatively easier for some antimicrobial agents to

pass through.

Therefore, it can be deduced that the biocidal activity of CHE capped Fez04/PU/ZnO-NC is heavily
influenced by its particle size, surface area and concentration of the composite [198], [258].
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4.3.4. Data analysis

The data analysis results using one way ANOVA test showed that the inhibitory zone diameter data of
CHE capped Fe304/PU/ZnO-NC, CHE capped ZnO-NPs, CHE capped Fez04-NPs and PU in their
antibacterial activity against the growth of S. aureus and E. coli were significantly different at the 0.05

level.

Table 4. 3. One way ANOVA test result of CHE capped Fes04/PU/ZnO-NC, CHE capped ZnO-NPs,
CHE capped Fe304-NPs and PU against E. coli

Sum of Squares Df Mean Square F Sig.
Between Groups  471.000 3 157.000 64.609  .000
Within Groups 19.440 8 2.430
Total 490.440 11

Note: the data is significantly different if the significance value is less than 0.05

Tables 4.3 and 4.4 show the results of data analysis using the one way ANOVA test, which revealed
that the diameter of inhibition zones of CHE capped Fez04/PU/ZnO-NC, CHE capped ZnO-NPs, CHE
capped FesOs-NPs and PU differed significantly at the 0.05 level in their antibacterial activity against
the growth of E.coli and S. aureus. This is because the significance level for E.coli and S. aureus was
zero and 0.015, respectively.

Table 4. 4. One way ANOVA test result of CHE capped Fe3s04/PU/ZnO-NC, CHE capped ZnO-NPs,
CHE capped Fe304 and PU against S. aureus

Sum of Squares Df Mean Square F Sig.
Between Groups  339.690 3 113.230 6.628 .015
Within Groups 136.667 8 17.083
Total 476.357 11

Note: the data is significantly different if the significance value is less than 0.05
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4.4. Conclusions

In this study, a simple, effective, and environmentally friendly approach to biosynthesize CHE capped
Fe304/PU / ZnO-NC was employed, utilizing indigenous CHE as a stabilizing and reducing agent
without the need for hazardous chemicals. SEM imaging revealed spherical and rod-shaped CHE-
capped ZnO-NPs and CHE-capped Fe304-NPs attached to the surface of pumice, respectively, with a
more favorable nanocomposite particle size (11 nm) than bare ZnO-NPs. Furthermore, BET and TGA
measurements unveiled that the nanocomposite possesses a larger surface area (47.2 m?/g) and better
thermal and surface stability than bare CHE-capped ZnO-NPs. The antibacterial activity of the
synthesized materials against E. coli and S. aureus was evaluated using agar well diffusion. The results
indicated that CHE-capped Fes04/PU/ZnO-NC inhibited both E. coli and S. aureus in a concentration-
dependent manner. As the concentration of the nanocomposite increased, so did the antibacterial
activity, with stronger biocidal activity observed against E. coli compared to S. aureus. CHE-capped
Fe304/PU/ZNnO-NC exhibited higher bacteriostatic activity than bare ZnO-NPs, attributed to the
inclusion of CHE-capped FezO4/PU-NC in the nanocomposite synthesis. Overall, the combination of
biosynthesized CHE-capped Fes04/PU nanocomposite and ZnO-NPs demonstrated improved
nanomaterial properties and enhanced biocidal activity. This finding confirms the effectiveness of
CHE capped Fe304/PU / ZnO-NC in exhibiting potent antibacterial activity.
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CHAPTER FIVE

5. MAGNETITE-BASED PUMICE SILICA NANOCOMPOSITE FOR LEAD
ADSORPTION FROM AQUEOUS SOLUTION: THE GREEN SYNTHESIS
APPROACH.

5.1. Introduction

Heavy metals pose serious problems due to their toxicity and are categorized as the most dangerous
pollutants to the environment [318]. In addition, most toxic metals can adversely impact the health of
humans and animals [319]. Although heavy metals serve as valuable inputs for numerous industries,
their direct release into the environment results in their buildup in soil and water. Subsequently, during
irrigation and agricultural activities, these metals can readily accumulate in the human body. Lead, a
toxic heavy metal, originates from both natural and human activities. Natural sources include lead-
containing minerals in the Earth's crust, while anthropogenic sources encompass mining, smelting,
industrial processes, lead-based paints, water distribution systems, vehicle emissions, and improper
recycling and waste disposal. Lead pollution poses serious health risks, especially to children, causing
neurological damage, developmental issues, and other health problems. Efforts to mitigate lead
contamination involve regulations, the banning of lead-based products, improved waste management,
and lead-safe practices in various industries. Nevertheless, the removal of lead from aquatic

ecosystems stands as a significant global concern [320].

Recent technologies have been used for the removal of heavy metals including ion exchange resins
[18], electrocoagulation and electrochemical depositions [321], nanofiltration, and reverse osmosis
[322], [323]. However, these methods have still some gaps that need to be addressed to further improve
their efficiency and effectiveness. Recently, the development of advanced adsorbent materials for
heavy metal removal has gotten significant attention in the field of water treatment [324]. An effective
water treatment mechanism is nanotechnology which utilizes engineered NPs and nanomaterials to
clean up polluted water [325]. Nanoparticle-based technologies are often cost-effective compared to
other technologies [326]. This is because NPs can be easily synthesized using low-cost precursors and
the synthesizing process can be scaled up for high performance in industrial applications [114].

Furthermore, nano adsorbents can be regenerated and reused multiple times, thus reducing the amount
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of waste generated during the treatment process [327]. Several studies have shown that nanomaterials
such as iron oxide, titanium dioxide, and carbon nanotubes can effectively be used to remove heavy
metals including lead, chromium, and cadmium [328]. Silica NPs have shown great potential in
adsorbing heavy metals due to their large surface area, high adsorption capacity, and tunable surface
properties compared to other NPs [329]. However, there are still several gaps and challenges that exist

in utilizing silica NPs for heavy metals adsorption.

Silica NPs often exhibit rapid adsorption kinetics at the initial stage but the rate of adsorption decreases
over time as the NPs become saturated. Understanding and optimizing the kinetics of heavy metal
adsorption on silica NPs is an area that requires further investigation [173]. Moreover, silica NPs tend
to form agglomerates in aqueous environments. Developing strategies to enhance the stability of silica
NPs and prevent aggregation is crucial for improving their performance in heavy metal adsorption
[330]. The other drawback is related to the regeneration and reusability of silica NPs for heavy metal
adsorption. Developing effective regeneration techniques and understanding the long-term stability
and performance of silica NPs during multiple adsorption-desorption cycles is, therefore,
important[331]. So far, several studies have been carried out on the incorporation of magnetite with
silica for heavy metal removal: silica-coated magnetic nano-composites for Pb?** removal from
aqueous solution [332], silica-coated Cu0.50Mg0.50Fe>Os magnetic adsorbent for wastewater
treatment [329], magnetic mesoporous silica microspheres with accessible carboxyl functionalized
surfaces for the removal of heavy metal ions [165], magnetic silica-based hybrid organic-inorganic
nano-composite for the removal of lead (I1) and nickel (I1) ions from aqueous solutions [333] and
network—polymer—modified super-paramagnetic magnetic silica NPs for the adsorption and
regeneration of heavy metal ions [334]. All aforementioned studies employed synthesis mechanisms
based on chemical methods, such as the sol-gel method, Stdber method, flame synthesis, and
microemulsion. While these chemical approaches are relatively straightforward to implement and
modify, they can be expensive, energy-intensive, environmentally unfriendly, and difficult to control.
Conversely, green synthesis of metallic NPs involves synthesizing NPs using natural sources or
biodegradable agents, providing eco-friendly and sustainable alternatives to conventional methods
[335]. The green synthesis approach uses natural reducing and stabilizing agents extracted from plants,
algae, fungi, bacteria, and yeasts to form metal NPs [336], [337].This study has attempted to address
the gap in the synthesis of silica nanoparticles (SiO2-NPs) from agricultural residue as a silica precursor
reported in the literature [182], [331], [332], [338]-[343]. All aforementioned studies utilized green
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synthesis in the first stage to produce sodium silicate (Na2SiOs3), followed by chemical synthesis in the
second (final) stage to produce SiO2 NPs. The novelty of this study lies in its utilization of green
synthesis to manufacture SiO2-NPs directly from their first product (Na.SiOz), thus completing the
approach entirely using green synthesis. This investigation is a continuation of our ongoing research
in the green synthesis of NPs by employing CHE phenolic compounds as reducing and stabilizing
agents for silica NPs in sodium silicate (Na2SiOs). This approach eliminated the need for chemical
surfactants, resulting in the production of novel CHE-capped silica NPs. In addition, the present study
has aimed to identify the key differences between CHE-capped silica NPs synthesized using this
method and those produced through conventional sol-gel methods.

Although prior studies have investigated the use of combinations of magnetic materials and silica NPs
for lead adsorption [344]-[346], none have previously coupled them with phytochemically generated
silica NPs and magnetite incorporated into pumice. Pumice, a naturally abundant and cost-effective
volcanic rock, possesses a high surface area for adsorption due to its porous nature [78], [347].
Moreover, the addition of magnetic components renders the plant-mediated NC magnetically
responsive, enabling easy separation and recovery from water. Green-synthesized magnetic silica NCs
have emerged as a promising solution for the adsorption of lead ions from water. This study also
determined the optimal lead adsorption parameters values using the synthesized NC. In general, the
present study developed a novel, green, and efficient adsorbent for lead removal from water by
synthesizing a plant-mediated magnetite-based pumice silica NC. The significance of this study relies
in its relevance to advancing research in NP synthesis, the synthesis of bio-based surfactants, and green

approaches to remediate environmental pollution.

5.2. Materials and Methods

5.2.1. Materials

Lead nitrate (Pb (NOs )2), ferric chloride (FeClz, 99%), ferrous sulfate (FeSOs7H20, 99 %), ethanol
(C2HsH, 99.02 %), and ammonium hydroxide (NHsOH) were purchased from Loba Chemie Pvt. Ltd. CH
was gathered from Harer, Ethiopia. VVolcanic pumice was collected from the Adulala pumice area, Bishoftu
District, Ethiopia. BA was obtained from the Wonji/Shoa Sugar Factory in Ethiopia.
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5.2.2. Methods

5.2.2.1.Silica nanoparticle synthesis

Sodium silicate was primarily extracted from HCI acid pretreated [348] BA by melting a mixture of
sodium hydroxide and HCI pretreated ash at 550°C for 1 h at a weight ratio of 1:1.5. After cooling to
room temperature, distilled water was added to the mixture and refluxed (at boiling point) for 4 h to
dissolve all of the sodium silicate, which was then used to synthesize silica [182]. Silica NPs were
synthesized using both chemical (sol-gel) and green synthesis techniques. Sol-gel SiO2-NPs were
prepared by adjusting sodium silicate to pH 9 with 2.5 M HCI and aging it at room temperature for 24
h [342]. After filtering, sol-gel silica (Sol-Si) was washed with hot water and dried at 100°C for 5 h.
Silica NPs synthesized through a green (plant-mediated) approach were also produced following the
modified method of Rahimzadeh et al. [32]. The filtrate Na2SiOsz and CHE were mixed and stirred at
60°Cin a 2:1 volume ratio. The procedure was carried out under reflux for 12 h at pH 9. After
centrifugation at 7000 rpm for 25 min, the precipitate was carefully washed with double distilled water
three times and with ethanol as well. The CHE-capped SiO2> NPs (CHE-Si) were then heated in a
furnace at 550°C for 45 min for removal of the contaminants and organic elements. Then, the residue

was dried in an oven and kept for further characterization and application activities.

5.2.2.2. Preparation of CHE capped M/PU/Si NC

CHE-capped M/PU/Si-NC was synthesized by first preparing a magnetite pumice NC solution using
a method adapted from our previous work [349]. Pumice was initially washed, dried in an oven,
ground, sieved, and acid-pretreated with HCI to remove metallic impurities and rinsed with deionized
water until a neutral pH was achieved [286].

It was then dispersed in deionized water and sonicated. As illustrated in Fig.5.1, iron salt precursors
(ferrous sulfate and ferric chloride) were subsequently added and thoroughly mixed using a magnetic
stirrer until 80°C was reached. CHE was then introduced and mixed for 5 min., followed by the
dropwise addition of ammonia until the pH reached 9.0. This process resulted in the formation of a
black-colored CHE-capped FesO4/PU-NC, which was cooled to room temperature after 30 min of
continuous stirring. The precipitate was separated using an external ferrite magnet and washed
repeatedly with deionized water. Finally, the product was dried in an oven at 80°C for 24 h. Then,

CHE-capped M/PU/Si-NC was synthesized by slowly dropping the magnetic pumice solution into the
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nano-silica solution with continuous mixing for 2 h, after which the solution was centrifuged as
indicated in Fig.5.1 and dried in an oven at 80°C for 3 h [350].
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Fig. 5. 1. Schematic illustration of the synthesis of CHE capped M/PU/Si NC.
5.2.2.3.Adsorbent characterization

X-ray fluorescence spectrometers (PANalytical Epsilon 3, XRF, Monterrey, México ) were used for
the analysis of the oxide composition of BA. XRD (Bruker D8 Advance model) was employed to
better understand the behaviors of the synthesized material and confirmation of silica and CHE-capped
M/PU/Si NC formation. FTIR spectra were used (IR Prestige, 21 Shimadzu, Japan) to determine the
functional groups present in synthesized materials in the 400-4000 cm™ range. Zeta potential analysis
(Zetapotential Nano series, Malvern, Westborough, MA, USA) was performed to determine the
stability and surface charge while BET analysis (SA-9600 Series SurfaceArea Analyzer, Horiba) was
carried out for the surface area, pore volume, and pore size determination. The thermal stability and
degradation behavior of the synthesized materials were characterized using thermogravimetric analysis
(TGA; HCT-1, China) in a temperature range of 30 to 900°C (20°C/min) SEM with EDX (JCM-6000,
PLUS, Japan) was employed to study the formation and morphology of CHE-capped M/PU/Si NC and

also for surface elemental analysis, respectively [17] , [41].
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5.2.2.4.Adsorption experiment

The adsorption process was investigated under the effects of dose (0.1-0.6 g), contact time (10-150
min), pH (2- 9), and concentration (1-250 mg/L) for lead removal using CHE-capped M/PU/Si-NC.
All batch adsorption experiments were carried out in 100 mL rubber-stopped volumetric flasks. The
flasks were placed inside an incubator shaker (Excella E24R) and shaken at 200 rpm for the specified
times. At the end of the specified times, the CHE-capped M/PU/Si-NC were separated and the
remaining metal ion concentration in the solutions was determined using an Atomic Absorption
Spectrophotometer (model AA-7000). The pH of the solutions was kept stable by adding 0.1 M of HCI
and NaOH solution as needed. The highest lead adsorption capacities were chosen as the optimal
condition, and that value was applied to the next affecting factor of the study. The removal efficiency
(R%) and adsorption capacities (qi, ge) of the CHE-capped M/PU/Si-NC for Pb?* removal were

calculated using equations (5.1 - 5.3).

R = (Co—Ce) x100/Co (5.1)
qt = (Co—Ct)*V/m (5.2)
qe = (Co—Ce)*V/m (5.3)

where gt and ge are the amounts of Pb 2* adsorbed at time t and at equilibrium (mg/g), respectively.
Co, Ct, and Ceare concentrations of Pb?* (mg/L) at time 0, t, and equilibrium, respectively. V is the

volume of Pb?* solution used (L) and m is the mass of adsorbent dosage that was used (g).
5.2.2.5. Adsorption kinetics

Adsorption kinetics models are frequently used to examine adsorption rate and rate-determining steps
[173]. Pseudo-first-order (PFO), pseudo-second-order (PSO) models, and intraparticle diffusion (IPD)
were used to understand the adsorption process of CHE-capped M/PU/Si-NC adsorbent. The pseudo-
first-order model describes the physisorption limits of the adsorption rate of the particles onto the
adsorbent. The non-linear form of the PFO model adsorbent capacity-based rate expression is given
by equation 5.4 [352].

gt = qge(1 — e *) (5.4)
where ki (1/min) is the PFO rate constant, e (mg/g) and gt (mg/g) are the amounts of Pb 2* adsorbed
at equilibrium and at time t (min), respectively [353]. However, the PSO kinetic model describes the
adsorption processes achieved via the chemical binding of adsorbates onto the surface of adsorbents.

This kinetic model is expressed by equation 5.5:

80



q, = q,°kat/(1 + q,kt) (5.5)
where k2 denotes the PSO equilibrium rate constant (g / mg. min). The other one is the IPD model
which is the rate-limiting steps in the overall adsorption process if the line passes through the origin.
The IPD model is expressed by equation 5.6.

q, =Ky t**+C (5.6)
where Kiq is IPD rate constant (g/mg .min’) and qg: (mg/g) is the amount of lead ion adsorbed at any

time t

5.2.2.6. Adsorption isotherms

Adsorption isotherm models were used to study the effect of lead adsorbed from lead concentration
per unit mass of CHE-capped M/PU/Si-NC adsorbent. The models can give important insights into the
adsorption mechanism [354], [355]. Langmuir, Freundlich, and Temkin models were used to identify
the mechanism of Pb?" adsorption onto CHE-capped M/PU/Si-NC adsorbent. The Langmuir
adsorption isotherm describes non-interactive monolayer adsorption on a limited homogeneous
surface [356]. The equilibrium correlation of Pb 2* and CHE-capped M/PU/Si-NC adsorbent is
explained by the non-linearized equation (5.7).

ge = Qm * KL * Ce/(1 + K, * Ce) (5.7)

where ge is the amount of adsorbed lead (mg) per g of adsorbent at equilibrium (mg/g), Qm (Mg/g) is
the maximum adsorption capacity of the system (mgg) and Ce is the adsorbate concentration in solution
at equilibrium (mg/L), Kr is the Langmuir model constant. In contrast, the Freundlich isotherm
describes multilayer adsorption at heterogeneous sites. Adsorption affinity and energy vary between
adsorbent surfaces. Stronger binding sites are occupied first and binding strength decreases as site

occupancy increases. The non-linear form of this model is described by equation (5.8).
9= KpCe ™ (5.8)

Kt and nsare specific constants that correspond to the adsorbent's relative adsorption capacity and the
intensity of adsorption, respectively [357]. Likewise, the Temkin isotherm model accounts for the
indirect interactions between adsorbates and adsorbents. Essentially, it posits that as the surface
coverage of the adsorbent increases, there will be a uniform decrease in the adsorption heat for all
molecules on that surface [178]. The Temkin isotherm can be expressed by Equation (5.9).

q, = BLn (A7 C,) (5.9)
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where Ar is the Temkin equilibrium binding constant, B is the constant related to the heat of adsorption
(B= Rt/ br), R is the universal gas constant (8.314 J-mol!.K%)

5.3. Results and Discussion
5.3.1. Characteristics of the adsorbent
5.3.1.1. X-ray Fluorescence (XRF) analysis

XRF analysis was conducted to study the oxide composition of BA which was used as a silica source.
The XRF analyses show that the oxide compositions of BA were SiO> (65.8 %), Fe203 (7.3 %),
Al203(13.0 %), and K20 (8.6 %) with a small LOI value of 1.6 % which is similar to other studies
[358], [359]. Interestingly, acid pre-treatment significantly altered the oxide composition of BA.
Silicon dioxide (SiO2) became the dominant component, increasing to 85.8 %. Conversely, the content
of metal oxides like iron oxide (Fe203), aluminum oxide (Al.Oz), and potassium oxide (K20) all
decreased to 3.3 %, 7.0 %, and 4.0 %, respectively. This reduction in metallic impurities may be
attributed to the effective leaching action of hydrochloric acid [348], [359]. These findings confirm
that BA has a high content of SiO., making it a promising precursor for silica production [360], [361].

5.3.1.2. FTIR Analysis
To investigate the functional groups of the synthesized material and the role of phenolic compounds
in their formation, Fourier-Transform Infrared Spectroscopy (FTIR) analysis was performed on both
the raw BA and the synthesized material. Fig. 5.2a shows the FTIR spectra of the BA. The BA spectra
exhibit vibrational bands at 983 cm™, 788 cm™, and 430 cm™. These peaks correspond to asymmetric
and symmetric stretching vibrations of Si-O-Si (at 983 cm™ and 788 cm™, respectively) [181].
Similarly, the Si-O bending was found at 430 cm™ [362]. The strong intensity of the Si-O

peak suggests a high content of silicon oxide in BA, which is consistent with the high silicon oxide
percentage found in the XRF analysis [359], [363]. Fig. 5.2b shows the functional groups present in
CHE-Si-NPs, CHE-capped M/PU/Si-NCs, and Sol-Si-NPs. The FTIR spectra of CHE-capped
M/PU/Si-NCs exhibit peaks at 3430, 1625, 1109, 808, 570, and 460 cm™!. CHE-Si-NPs show peaks at
3430, 1625, 1109, 808, and 460 cm™!, while Sol-Si-NPs exhibit peaks at 3430, 1625, 1036, 808, and
460 cm™'. The FTIR spectra of the synthesized materials reveal four common peaks (Fig. 5.2b). The
strong, broad peak at 3430 cm™' in CHE-capped Si and CHE-capped M/PU/Si-NC corresponds to

stretching vibrations of Si-O-H groups. This peak is characteristic of the OH groups present in the
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phenolic compounds of CHE, suggesting their contribution to the formation of silica and FesO4-NPs
[56], [57]. In contrast, the weak, broad peak at 3430 cm™ observed in Sol-Si-NPs likely arises from
surface water adsorption [331]. The second common peak at 1625 cm™ originates from bending
vibrations within the silanol groups (Si-OH) [365]. The third peak at 808 cm™ signifies symmetric
stretching of siloxane bonds (Si—O-Si) as reported in various studies [182], [332], [365]. Finally, the
last common peak at 460 cm™ represents the bending vibrations of Si-OH bonds [48]. Interestingly,
CHE-Si-NPs and CHE-capped M/PU/Si-NCs exhibit additional strong narrow peaks at 1109 cm™.
This peak indicates the presence of asymmetric siloxane bonds (Si—O-Si) and bending vibrations of
functional groups [366]. In contrast, analysis of Sol-Si-NPs reveals a weak and broad peak at 1036
cm™!' which is associated with Si-O-Si asymmetric stretching vibrations [367]. This peak indicates a
lower abundance of silica functional groups in the sample [368]. Furthermore, the FTIR spectra of
CHE-capped M/PU/Si-NCs reveal an additional peak at 570 cm™. This peak is attributed to Fe—O-Si
stretching vibrations within magnetite [17], [18], [62] and indicates the successful formation of Fe3O4
in the CHE-capped M/PU/Si-NC material. Generally, the FTIR analyses confirmed the
phytochemicals present in the CHE acted as a reduction and capping agent in CHE-Si-NPs, and CHE-
capped M/PU/Si-NCs.
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Fig. 5. 2. FTIR spectra (a) BA (b) Sol-Si-NPs, CHE-Si-NPs, and CHE capped M/PU/Si-NC (c) after
lead adsorbtion CHE capped M/PU/Si-NC

As illustrated in Fig. 5.2c, the FTIR spectra confirm the presence of surface functional groups,
including —SiOH, —OH, and —COOH, on the NCs. During heavy metal ion adsorption, Pb?* ions form
strong coordinate covalent bonds with these groups. This interaction is facilitated by the overall
negative surface charge of the synthesized material across the pH range of 0 to 10, which enhances the

electrostatic attraction and binding of the positively charged metal ions.

5.3.1.3. X-ray Diffractometer (XRD) analysis
The physical properties such as phase composition, crystal structure, and orientation of Sol-Si, CHE-Si, and
CHE-capped M/PU/Si-NC which were investigated using the XRD are shown in Fig. 5.3. The broad
peaks around 26 = 15-30° in Fig.s 5.3a and 5.3b confirm the presence of amorphous silica NPs in both
samples synthesized using the plant-mediated and sol-gel methods, respectively [162], [181], [350].
Plant-mediated synthesis appears to yield SiO2-NPs with less background noise compared to those
produced by sol-gel synthesis. Notably, the diffraction peaks in both cases match the reference pattern
for SiO2 in JCPDS file No. 89-0510 [370]. Fig. 5.3c shows the X-ray diffraction (XRD) pattern of the
CHE-capped M/PU/Si-NC. The pattern reveals both crystalline and amorphous peaks. The crystalline
peaks correspond to FesOs-NPs at 260 values of 30.6, 35.9, 43.5, 54.0, 57.4, 63.0, and 74.5 degrees.
This observation is consistent with previous XRD results [17], [40], [65]. Additionally, a broad peak

around 260 = 15-30° indicates the presence of amorphous pumice [294] and silica NPs [372].
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This XRD analysis confirms the formation of the composite material with a combination of crystalline
Fe304 and amorphous SiO.. Furthermore, the absence of impurity peaks in the entire pattern suggests
high purity of the synthesized CHE-capped M/PU/Si-NC.
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Fig. 5. 3. XRD patterns of (a) CHE-Si-NPs, (b) Sol. Si-NPs, (c) CHE capped M/PU/Si-NC.
5.3.1.4. TGA and DTG analysis

TGA and DTG were used to evaluate and compare the thermal stability of Sol-gel synthesized silica
NP (Sol-Si), CHE capped silica NP (CHE-Si), and CHE capped magnetic pumice silica nanocomposite
(CHE capped M/PU/Si-NC) are presented in Fig.5.4a and b. The relative comparison between weight
losses of Sol-Si and that of CHE-Si is 6 % at 129 °C and 3% at 250 °C, respectively.

This condition is related to evaporation of physically and chemically adsorbed water. The second stage
of decomposition observed in the range of CHE-Si from 250 °C—650 °C with weight loss of 2.5 % and
Sol-Si 129450 °C with weight loss of 3.5 % was due to dehydration and evaporation of chemically
adsorbed water molecules. This could also be associated with the removal of hydroxyl groups which
is the surface dihydroxylation of silica [373]. This result confirms the successful synthesis of high
thermally stable green capped silica NPs with high purity of silica (94.5%) at a higher temperature
(650 °C) than Sol- Si NPs which is 89.7 % purity at 463 °C. This is a very good indicator that the
capping and stabilizing agents around the CHE-Si-NPs are strong enough to resist high temperatures

[374]. The CHE-capped M/PU/Si-NC residue was 95 % at the highest temperature (690 °C) [374].
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Similar results have been found by other authors [162]. This revealed that the plant-mediated CHE-
capped M/PU/Si-NC have better thermal stability compared to the bare silica NPs.
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Fig. 5. 4. (a). TGA curves of the synthesized Sol-Si, CHE-Si, and CHE capped M/PU/Si NC. (b) DTG
curves of the synthesized Sol-Si, CHE-Si, and CHE capped M/PU/Si NC.

5.3.1.5. BET surface area determination

BET analysis was performed on microporous silica to assess its surface area and pore characteristics
as shown in Table 5.1. The analysis revealed a surface area of 338 m?/g, a pore radius of 1.324 nm,
and a pore volume of 0.1367cm®/g. This confirms the microporous nature of the synthesized material
with pores predominantly less than 2 nm in size [375]. Compared to silica NPs synthesized using
CTAB surfactant (323 m?/g), CHE-capped Si-NPs displayed superior surface area [344]. Similarly,
Sol-Si exhibited lower surface area (309 m?/g) and pore volume (0.1066 cm®/g) compared to CHE-
capped silica. Furthermore, CHE-capped FesO4/PU/Si-NC possessed a surface area of 313.6 m?/g,
pore volume of 0.16 cm®/g, and pore radius of 1.3 nm. This is significantly higher than the surface area
of magnetic silica NCs (275 m?/g) and (172 m?/g) reported by Nicola et al. [332] and Faaliyan [376],
respectively. These findings suggest that the use of phytochemical capping and stabilizing agents
enhances both surface area and pore volume in CHE-capped M/PU/Si-NC and CHE-Si-NPs compared

to Sol-Si NPs.
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Table 5. 1. N> adsorption-desorption analysis

Name of nanomaterial Surface area Pore volume Pore size (nm)
(m?/g) (cm*/g)

Si-sol gel 309 0.1066 1.60

CHE-Si 338.1 0.1367 1.32

CHE capped M/PU/SiNC 313.6 0.1600 1.30

5.3.1.6. Zeta potential analysis

Zeta potential is an important parameter in evaluating CHE-capped M/PU/Si-NC stability and surface
charge [377]. In this study, the zeta potential of CHE-capped M/PU/Si-NC surfaces was tested using
the method used by Bakatula in solution at pH values of 2-10 [378]. The zeta potential of CHE capped
M/PU/Si NC (Fig. 5.5) was negatively charged throughout the entire pH range but with increasing zeta
potential charges from pH 2 to 6 due to increasing of SiO species [379], [380] which became less
negative when the pH of the aqueous solution increased from 7 to 10 which may be due to the repulsive
forces occurring between the magnetite NPs and the negative charges of the basic medium [338].
Higher zeta potential charges were seen around pH 5 and 6 implying strong surface stability at this
point and following optimal adsorption of positively charged lead ion ( Fig. 5.5) on the surface of

synthesized material due to the electrostatic attraction [352].
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Fig. 5. 5. Zeta potential versus pH for CHE capped M/PU/Si NC
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5.3.1.7. Scanning Electron Microscopy (SEM) analysis

SEM was employed to investigate the surface morphology of the CHE-capped M/PU/Si-NC before
and after lead (Pb*") adsorption (Fig. 5.6). The pre-adsorption image (Fig. 5.6a) revealed spherical
NPs, consistent with observations in other studies [331], [339]. However, the morphology differed
significantly after Pb** loading (Fig. 5.6b). The post-adsorption image displayed aggregates or clusters
on the surface, suggesting the successful adsorption of Pb?* ions. This highlights the crucial role of the
microporous structure of the CHE-capped M/PU/Si-NC in Pb?* capture from water as reported
previously [381]. In essence, the SEM analysis confirms the well-established anionic and microporous

nature of the NC surface which effectively attracts and adsorbs the cationic Pb*"

Fig. 5. 6. SEM image of (a) CHE capped M/PU/Si-NC (b) CHE capped M/PU/Si-NC after Pb?*
absorption

5.3.1.8. Energy dispersive spectroscopy (EDS) and EDS mapping analysis

An EDS study was conducted to prove unequivocally that the synthesized nanomaterial contains the
anticipated elements. Fig. 5.7a shows that the elemental composition of CHE-capped Si includes Si
and O, indicating that the NPs are silica [382]. According to the results, impurity elements such as Na
and Cl are present because HCI and NaOH were used for pH adjustment, while the additional Au and
C peaks were due to coating the sample during analysis. Furthermore, Fig. 5.7b shows that the
chemical composition of CHE-capped M/PU/Si-NC exhibits peaks around 0.9 and 6.4 keV which
corresponds to the Fe binding energies [290]. The oxygen peak at 0.5 keV and the Si peak at 1.8 keV
confirm the presence of silica in the composite. The results are consistent with those reported by
Rahman et al [291]. The synthesized materials constituted about 100 % of the identified elements,
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indicating high purity and free of extraneous impurities. The EDS elemental mappings of CHE-capped
Si-NPs and CHE-capped M/PU/Si-NC are presented in Fig.5.7a and b. The CHE-capped Si EDS maps
(Fig. 5.7a) show the purity of the synthesized CHE-capped Si NPs as well as the evenly distributed O
and Si elements. The CHE-capped Fe304/PU/Si-NC EDS mapping (Fig.5.7b) shows good
homogeneity in the spatial dispersal of Fe, Si, O, Al, and O, showing that all elements are uniformly
dispersed and that CHE-capped Fe304/PU/Si-NC was effectively Phyto-fabricated.

a. CHE capped Si §

b. M/PU/SINC [

Fig. 5. 7. Energy dispersive spectroscopy (EDS) and EDS mapping analysis of (a). CHE capped Si.
(b) M/PU/Si NC

5.3.2. Adsorption performances
5.3.2.1. Effect of pH

CHE-capped M/PU/Si-NC was used for lead ion adsorption, and it is crucial to identify the pH
conditions that give the greatest adsorption capacity. As a result, this study investigated and

demonstrated (Fig.5.8) the impacts of starting solution pH on Pb?* adsorption by CHE-capped
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M/PU/Si-NC in the pH range of 1-9. The graph indicates that the adsorption of Pb?* increases with
increasing solution pH up to a pH of 5. This is due to a reduction in the quantity of H* ions in the
solution, which results in reduced competition [383]. Furthermore, as the pH increased, the negative
charges of the adsorbent and active site increased, promoting electrostatic attraction complexation
between the CHE-capped M/PU/Si-NC and Pb?* [332]. Additionally, the ionization of functional
groups, such as hydroxyl (-OH) and silanol (-SiOH), varies with pH. At pH 5, more hydroxyl groups
may be deprotonated, increasing the availability of active sites for lead complexation and lead ion
adsorption [384]. Even if the deprotonation of the CHE-capped M/PU/Si-NC was enhanced, the
adsorption efficiency was observed to decrease above the pH of 5. This can be because lead ions may
form insoluble hydroxides and precipitate, limiting their availability for adsorption [332]. As a result,
an initial pH of 5 was selected as the best setting for the sorption of lead ions in the subsequent
adsorption studies [383], [385].

q (mgig)

10

Fig. 5. 8.Adsorption capacity of CHE-capped M/PU/Si-NC at different pH (adsorption conditions
were, t= 60 min C,-10 mg-L?, agitation speed = 200 rpm, T = 25 °C , Adsorbent dose = 1 g/L

5.3.2.2. Effect of contact time

As shown in Fig. 5.9, lead ion adsorption increases initially until it reaches equilibrium at 60 min. This
is due to the abundance of adsorption sites on NC which the lead ions can easily access and bind to.
The adsorption capacity of the NC rises as more lead ions meet it. After 60 min, there is an

approximately constant effect on adsorption, and lead ion adsorption achieves equilibrium. At this
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moment, the rate of adsorption equals the rate of desorption, resulting in the saturation of accessible
adsorption sites on the NC surface [386]. At equilibrium, additional contact time does not result in
considerable additional adsorption. Beyond 60 min, the adsorption capacity shows a limited reduction
as well as a slight fall in adsorption capacity. This occurs due to the desorption of previously adsorbed
lead ions due to the limited access to adsorption sites due to mass transfer restrictions [387].
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Fig. 5.9. Adsorption capacity of CHE-capped M/PU/Si NC at different contact times (adsorption
conditions were pH =5, C, = 10 mg/L, Adsorbent dose = 1 g/L, agitation speed = 200 rpm, T = 25
°C).

5.3.2.3. Effect of adsorbent dose

To investigate the effect of CHE-capped M/PU/Si NC adsorbent dose on lead ion adsorption capacity
and removal efficiency by varying the CHE-capped M/PU/Si NC dose from 1 to 6 g/L while
maintaining the other adsorption parameters constant. As illustrated in Fig.5.10, the CHE-capped
M/PU/Si NC adsorption capacity (q) reduced as the CHE-capped M/PU/Si NC dose increased.
However, as the CHE-capped M/PU/Si NC dose increased from 0.1 to 2 g/L, the removal (R)
increased. The availability of more adsorption sites has been connected to increases in removal
efficiency as the CHE-capped M/PU/Si NC increased. The higher the adsorbent dose, the more binding
active sites were provided, and the metal ions had a higher probability of adsorption, resulting in
increased removal of the metal ions from the solution. As the dose rose to 6 g/L, the adsorption capacity
declined while the removal efficiency remained nearly constant. This could be because Pb?* occupied
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the pore space in the CHE-capped M/PU/Si NC, leaving the active sites, (-SiOH, -OH, and -COOH)
saturated. Excess amounts of adsorbent can result in overcrowding of particles which can impede the
mass transfer of the target compounds. Particle aggregation or dispersion may also occur at very high
adsorbent dosages. Aggregation can result in the creation of bigger aggregates with lower adsorption
effectiveness than individual particles. Dispersion occurs when adsorbent particles separate
excessively, resulting in diminished adsorption capacity due to reduced contact with the target
chemicals. Therefore, 2 g/L of CHE capped M/PU/Si NC dose was chosen for further adsorption
studies, considering both adsorption capacity and removal efficiency.
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Fig. 5. 10. Adsorption capacity of CHE-capped M/PU/Si-NC at different adsorbent doses (adsorption
conditions were pH =2, Co = 10 mg/L, t = 60 min, agitation speed =200 rpm, T = 25 °C).

5.3.2.4. Initial concentration effect

As shown in Fig.5.11, the removal efficiency (R %) of Pb?* by the CHE-capped M/PU/Si-NC
decreased with increasing concentration of both ions in the solution while the adsorption capacity (q)
increased. Initially, the removal efficiency was 93.3 % for Pb?* at 50 mg/L which decreased to 90 %
for Pb?* when the initial concentration was increased to 100 mg/L. The adsorption capacity of the
CHE-capped M/PU/Si-NC increased sharply as the initial concentrations increased from 50 mg/L to
100 mg/L. This is because a higher concentration of lead ions means a greater number of target ions
available for adsorption [388]. More lead ions can bind to the available adsorption sites on the NC

surface, resulting in a higher adsorption capacity. The adsorption capacity was reduced beyond the
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100 mg/L concentration increment. This may probably be because the adsorption capacity of the NC
may reach saturation, even if the initial concentration of lead ions continues to increase. The saturation
point corresponds to the maximum adsorption capacity that can be achieved for a given NC and
concentration range. Beyond this point, increasing the initial concentration may not significantly
enhance the adsorption efficiency or capacity. Also, this surface saturation occurs when all available
adsorption sites are occupied by lead ions, and the NC is unable to adsorb additional lead ions. Thus,
considering both adsorption capacity and removal efficiency, a concentration of 100 mg/L was chosen

for subsequent adsorption experiments.
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Fig.5.11. Adsorption capacity of CHE-capped M/PU/Si-NC at different Pb?*ions initial concentration
(adsorption conditions were pH =5, t = 60 min, adsorbent dose = 2 g/L, agitation speed = 60 rpm, T
=25°C)

5.3.2.5. Adsorption kinetics

PFO, PSO, and IPD kinetic models were studied to analyze the rate of adsorption of Pb?* by CHE-
capped M/PU/SIi-NC beads. The adsorption kinetic models’ results are presented in Table 5.2 and
illustrated in Fig.s 5.12a and b. As revealed in Table 5.2, the R? value of the PSO model (R? 0.99) is
higher than that of the PFO model (R? 0.80). Similarly, gca for PSO (Table 5.2) better fits to gexp than
that of PFO. In many cases, the PSO model aligns well with the mechanism of adsorption onto CHE-
capped M/PU/Si-NC. This result suggests that chemisorption is the predominant mechanism

underlying the adsorption of lead ions and the adsorbent surface. This phenomenon is commonly seen
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during the adsorption of heavy metal ions onto NCs, where strong coordinate covalent bonds form

between the metal ion (Pb*") and surface functional groups such as —SiOH, -OH, and —-COOH, as
illustrated in Fig. 5.2c. [389].
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Fig. 5.12. Adsorption kinetic models for adsorption of Pb *2 on CHE capped M/PU/Si NC (a) PFO
(b) PSO (c) IPD (Adsorption conditions were at pH =5, Co = 100 mg/L, adsorbent dose = 2 g/L,
agitation speed = 200 rpm, T = 25 °C).

In addition, as shown in Table 5.2, the IPD model plot has a low regression coefficient (R? 0.69) and

the intercept is not equal to zero. Besides, one can observe that (Fig. 5.12c) the plot does not pass
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through the origin indicating that IPD was not the rate-limiting step and external diffusion might be
involved in the process [390]. Therefore, the formation of the micropore structure of CHE-capped
M/PU/Si-NC makes it easy for the diffusion of the lead ions to the active sites because of a

microporous material successfully used for adsorbing heavy metals from water solutions [391].

Table 5. 2. Summary of adsorption kinetic model parameters

Kinetic model Para  Pb?
meter
Pseudo First Order Qexp 91.8
(mg/g)
Qeal 90.9
(mg/g)
R? 0.80
K1 0.2681
Pseudo second order
Qoo 91.8
(mg/g)
Qcal 92
(mg/g)
R? 0.99
K2 0.0128
Intra particle diffusion
C 86
Kiff 0.522
R? 0.69

5.3.2.6. Adsorption isotherms

To investigate the relationship between initial Pb?* concentration and Pb?" uptake on CHE-capped
M/PU/Si-NC adsorbents, Langmuir, Freundlich, and Temkin isotherm models were employed. The

study was conducted at 25°C for 60 min at a pH of 5. The initial Pb?* concentration was varied from

95



1 to 100 mg/L while maintaining a CHE-capped M/PU/Si-NC dose of 2 g/L. Fig. 5.13a and b illustrate
the non-linear fitting plots of the Langmuir, Freundlich, and Temkin isotherm models for Pb?
adsorption onto CHE-capped M/PU/Si-NC. The adsorption isotherm parameters are presented in Table
4.3. Table 5.3 reveals that the Langmuir adsorption isotherm has a higher R? value (0.999) compared
to Freundlich (0.991) and Temkin (0.977), indicating a better fit to the experimental data. The findings
suggest that CHE-capped M/PU/Si-NC forms monolayer adsorption without interactions between
adsorbed Pb?* ions [356]. The maximum adsorption capacity (qm) of the CHE-capped M/PU/Si-NC
adsorbent for Pb?* was found to be 151 mg/g. A comparison of adsorption capacities of different
magnetic silica-based adsorbents for Pb?* removal is summarized in Table 5.3. Although the
Freundlich model did not fit the data well, the empirical constant n value was greater than 1, suggesting
a favorable adsorption process. This indicates a strong interaction between Pb?" and the adsorbent
surface [385]. Additionally, the Temkin adsorption isotherm's bt value was very high (91.8 Kj/mol),
suggesting a strong heat of adsorption [178], [392]. This implies the formation of strong attractive
forces between the Pb?* ions and the adsorbent surface, confirming the presence of chemisorption
[177], [393], [394].
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Fig.5.13. (a) Langmuir and Freundlich adsorption isotherm. (b) Temkin adsorption Isotherm
(adsorption conditions were at pH =5, t = 60 min, speed = 200 rpm., adsorbent dose = 2 g/L.

Table 5. 3. Summary of isotherm model parameters

Isotherm Qmmee1) parameters R?
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Langmuir 151 K1=0.1426 (L/mg) 0.999
Freundlich Ks=22.66 (g/mg -min), n=1.624 0.991

Temkin A=2.08 (L/g) 0.977
b=91.8 (KJ/mol)

5.3.3. Comparison of the adsorption performances
An adsorbent's adsorption capacity is significantly influenced by its surface charge, surface area, and
functional groups [395]. The surface charge also determines its stability, biocompatibility, and

interactions with other molecules. Our CHE-mediated synthesized NC has good stable electrostatic

properties and is negatively charged (-37 mv). This increases the adsorbent's electrostatic attraction to
cationic pollutants. And also CHE/M/PU/Si-NC has a larger surface area (313.9 m?/g) than the earlier
magnetic silica NC adsorbent [332]. Overall, the properties of CHE/M/PU/Si-NC suggest that it
possesses a high adsorption capacity compared to other adsorbents. Table 5.4 presents a comparison
of the maximum adsorption capacity (qm) of our synthesized CHE-capped M/PU/Si-NC with values
reported in the literature.

Table 5. 4. Comparison of adsorption capacities of different magnetic silica-based adsorbents for Pb?*

removal.
Adsorbent Adsorption capacity (mg/g) Reference
Silica-Coated Magnetic Nanocomposites 14.9 [332]
Magnetic Mesoporous Silica 143.47 [341]
Magnetic sepiolite/iron(l111) oxide composite ~ 90.1 [396]
Magnetite Nanoparticles 108.23 [397]
CHE capped M/PU/Si NC 151 This study

To understand the performance of adsorbents in real-world water samples, comparing their
competitive adsorption behaviors is essential. Lead adsorption can be significantly influenced by the

presence of other cations, such as cadmium and copper [398]. This study investigated the selectivity
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of CHE/M/PU/Si-NC for Pb?* adsorption in solutions containing multiple ions. As depicted in Fig.
5.14, the adsorption efficiency for lead alone (control) was 97.5 %. The addition of cadmium ions
slightly reduced the adsorption efficiency to 97.35 %, demonstrating a stronger competitive effect due
to its smaller ionic radius and similar chemical properties [381]. While copper ions (97.45 %) also
competed with lead, their effect was generally less pronounced [399]. When all three ions were present,
the combined effect on lead adsorption was greater than their individual effects (96.3 %). Overall,
CHE/M/PU/SI-NC remained effective in removing lead even in the presence of competing ions,

indicating minimal competitive interference

-Remouloﬁmmn

Control Cd Cu All

Fig. 5. 14. Effect of competing ions on Pb*" adsorption in aqueous solution (adsorption conditions
were Co, = 100 mg/L, adsorbent dose =2 ¢/L, pH =5, t = 60 min, agitation speed = 200 rpm, T =25
°C).

5.3.4. Reusability of CHE capped M/PU/Si-NC

Reusability of adsorbents is a key component of their economic viability, determining production
costs. As a result, determining the reusability of adsorbent materials is critical. The spent CHE-capped
M/PU/Si-NC adsorbent was regenerated with 5 % HCI as the desorbing agent [332]. Fig. 5.15 shows
the Pb?* uptake onto CHE-capped M/PU/Si NC for various reuse cycles. The Pb?* uptake was 82, 76,
72, 67, and 64 mg/g for the first, second, third, fourth, and fifth reuse cycles. The observed decrease
in Pb%* uptake could be attributed to a reduction in adsorbent active sites. As shown in Fig. 5.15, the
CHE-capped M/PU/Si-NC maintained nearly 69.6 % of its initial adsorption capacity after five cycles,

indicating its excellent recoverability when removing Pb?* from water.
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Fig. 5. 9. Regeneration and adsorption capacity of CHE capped M/PU/Si-NC after lead adsorption
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5.4. Conclusions

In this study, CHE/M/PU/Si-NC was synthesized and applied for the efficient removal of Pb?* ions
from aqueous environments. CHE-capped silica NPs synthesized via plant-mediated methods exhibit
superior thermal stability and a remarkable surface area of 338 m?/g , surpassing that of their sol-gel
synthesized counterparts, which demonstrated a surface area of 309 m?(g. Furthermore, the
CHE/M/PU/SIi-NC emerged as a standout, boasting an extensive surface area alongside a significantly
negative surface charge (-37 mV). This unique combination of physical properties renders it
exceptionally suitable for adsorbing cationic lead ions. The adsorption capacity remained robust, with
Pb?* uptakes recorded at 82.2, 76, 72, 67, and 64 mg/g for the first through fifth cycles, respectively.
The adsorption efficacy of the CHE/M/PU/Si-NC was rigorously evaluated and found to be in
excellent agreement with the Langmuir adsorption isotherm and the pseudo-second-order (PSO)
kinetic models. This suggests that the silica matrix within the NC, through its silanol (-Si-OH) groups,
facilitates the chemisorption and monolayer adsorption of lead ions. The recyclability of the
CHE/M/PU/SIi-NC adsorbent demonstrated commendable reuse potential across five cycles. The
inclusion of magnetic NPs enhanced the post-adsorption separation efficiency and facilitated the
recovery and subsequent reuse of the adsorbent material. The demonstrated efficacy of the
CHE/M/PU/SI-NC in laboratory conditions paves the way for its application on a larger scale and
underscores the need for further studies to evaluate its performance in real-world water treatment

scenarios.
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CHAPTER SIX

6. AMINE-FUNCTIONALIZED MAGNETIC BIO-NANOCOMPOSITE FOR
FLUORIDE AND CHROMIUM REMOVAL FROM WATER.

6.1. Introduction

Water contamination remains one of the most urgent global environmental concerns, significantly
threatening both human health and ecological integrity. Among the wide array of water pollutants,
hexavalent chromium (Cr(VI)) and fluoride (F~) stand out due to their high toxicity and potential for
long-term adverse health impacts. International assessments reveal that fluoride levels in groundwater
exceed the World Health Organization (WHO) guideline of 1.5 mg/L in over 100 countries. Africa
alone accounts for the highest number of affected countries 38 in total [3]. The continent represents
approximately 37-46% of the global fluoride-affected regions, even though only 6.5% of the world's
population resides there. Additionally, Africa is home to 14 of the 20 countries with the highest

population at risk from fluoride exposure [400].

In Ethiopia, especially in the Rift Valley region, high fluoride concentrations are frequently detected
in groundwater extracted from deep boreholes the primary source of drinking water [401], [402]. While
several epidemiological studies have explored the distribution and health impacts of fluoride, the
results remain scattered, highlighting the need for a comprehensive synthesis to improve practical
implementation [403]. Fluoride levels in Ethiopian water sources show considerable variation, ranging
from 0.1 mg/L to as much as 75 mg/L [57]. A meta-analysis by Demelash et al. [2] reported an average
fluoride concentration of 6.03 mg/L and a dental fluorosis prevalence of around 28%, with severity
levels differing across communities. The region’s main aquifer system consists of weathered and
fractured geological formations characterized by high porosity and permeability, making them
vulnerable to both natural and human-induced contamination [404]. Geochemical studies indicate that
fluoride concentrations ranging from 0.65 mg/L to 11 mg/L are largely driven by rock water

interactions [54] .

On the other hand, Cr (VI) contamination primarily stems from industrial activities. In natural

environments, chromium exists mainly in two oxidation states: trivalent chromium (Cr(l11)) and

hexavalent chromium (Cr(V1)). While Cr(111) is a vital micronutrient involved in glucose metabolism

[405], it can become toxic at elevated levels. In aqueous systems, Cr (V1) can exist in several forms
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such as HCrO4, Cr20-*, and HCr207 depending on pH and other environmental conditions [406].
Cr(VI), however, is highly toxic and carcinogenic, with potential entry routes into the human body
including ingestion, inhalation, and dermal absorption. Unlike Cr(Ill), Cr(VI) is resistant to
biodegradation and not easily removed through natural attenuation processes . The World Health
Organization (WHO) has set the maximum permissible limit for Cr(VI) in drinking water at 0.05 mg/L
[407].

In numerous developing nations, including Ethiopia, the rise in Cr (V1) pollution is closely associated
with rapid industrial growth, especially in urban settings where facilities like tanneries, textile mills,
and metal-processing plants are situated near rivers and residential zones. Alemu and Gabbiye
reported that chromium concentrations in the Abay River near the Habesha Tannery discharge site
reached 8.420 mg/L [36], far exceeding the WHO’s permissible limit for drinking water (0.05 mg/L).
Likewise, Gebreyohannes and Asgedom [37] found high chromium levels in the Ellala River in
Mekelle [37], also surpassing WHO standards. Additional studies have documented chromium
pollution in the Akaki River, Akaki groundwater, and in the Gondar City area [38]. Moreover, research
conducted in central Oromia identified Cr (VI) concentrations up to 0.12 mg/L in groundwater during
the rainy season, indicating potential contamination from both direct industrial discharge and
subsurface leaching. The coexistence of naturally elevated fluoride and anthropogenic Cr (VI) in
shared water sources poses a compounded health threat in regions like Ethiopia’s Rift Valley. This
overlapping contamination exacerbates the burden on affected populations and complicates water
treatment and management strategies. As a result, there is an urgent demand for innovative and cost-
effective technologies capable of simultaneously removing both pollutants. Conventional treatment
methods such as ion exchange, membrane filtration, and chemical precipitation are often limited by

high operational costs, complexity, and poor adaptability in low-resource settings.

Among the available techniques for removing anionic contaminants like F-and Cr (1), adsorption has
gained widespread attention due to its operational simplicity, design flexibility, efficiency, low energy
demand, and environmental compatibility [82]. Recent advancements in nanotechnology have further
enhanced the adsorption process, with nanomaterials demonstrating strong potential for removing a
wide range of inorganic and organic contaminants from water [408]. Nano adsorbents such as metal
oxides [409], silicates [160], and surface-modified mesoporous silica [111] offer numerous advantages

including low toxicity, high surface area, chemical stability, superior dispersion, and compatibility
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with biological systems. Among these, silica-based nanoparticles have attracted particular interest due
to their environmental benignity and structural versatility. Silica exhibits excellent resistance to heat
and chemicals and can be easily functionalized with various chemical groups [410]. Functional groups
on the silica surface enhance its adsorption capacity and selectivity by enabling targeted interactions
with specific contaminants [389]. Notably, amine functional groups possess dual binding capabilities,

facilitating the removal of both positively and negatively charged ions from aqueous media [411].

In the present study, an amine-functionalized magnetic magnesium—pumice-silica nanocomposite was
synthesized for the efficient removal of fluoride and Cr(V1) from contaminated water. The selection
of silica as the base material was based on its large surface area, which provides abundant binding sites
for pollutant capture [412]. Magnesium (Mg) was incorporated due to its known affinity for fluoride
and its role in enhancing the surface charge of the composite, promoting improved adsorption of
anionic species [413]. Amine functionalization was employed to further increase surface protonation,
thus enhancing electrostatic attraction toward negatively charged contaminants [175]. The inclusion
of magnetite (FesO4) in the nanocomposite enables magnetic separation, allowing for convenient
recovery and reuse of the material [414], [415]. Pumice was also incorporated due to its highly porous
structure with an average porosity of approximately 90% as well as its excellent chemical, thermal,
and mechanical stability, and natural buoyancy, making it a suitable support material [31]. Rich in
silicate content, pumice offers abundant active functional groups that facilitate the attachment of metal
oxide nanoparticles, thereby enhancing the composite’s adsorption performance [416]. Moreover, the
addition of pumice improves the dispersion of magnetic and functional components, minimizes
nanoparticle aggregation, and reinforces the structural integrity of the nanocomposite [131]. Moreover,
CHE was employed as an eco-friendly capping and stabilizing agent during nanomaterial synthesis
[417]. Utilizing CHE as a natural source of phytochemical- and antioxidant-rich aqueous extracts
represents an economical and sustainable strategy [209]. The presence of functional groups such as
hydroxyl (—OH), carbonyl (C=0), and amine (-NH:) in plant extracts plays a pivotal role in the
reduction of metal ions to the nanoscale, while simultaneously acting as stabilizers and capping agents
[187], [210].

This work introduces a novel, eco-friendly synthesis approach to produce multifunctional
nanocomposites capable of removing both fluoride and Cr(VI) from water. To the best of our
knowledge, this is the first study to integrate amine functionalization, CHE-capped MgO
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nanoparticles, and CHE-capped magnetite—pumice-silica into a single composite, specifically
designed to enhance positive surface charge and improve anion adsorption. The silica nanoparticles
used in this study were derived from bagasse ash, and the CHE served not only as a stabilizer but also
as a plant-based reducing and capping agent. This green synthesis route significantly enhanced the
composite’s adsorption efficiency by increasing electrostatic attraction between the nanocomposite
surface and targeted anionic contaminants. This unique approach improved adsorption efficiency by
increasing electrostatic attraction between the nanocomposite and anionic contaminants, offering a

sustainable and highly effective solution for water purification.
6.2. Materials and methods
6.2.1. Materials

Analytical-grade reagents, including sodium fluoride (NaF), potassium dichromate (K2Cr20>), ferric
chloride (FeCls, 99%), ferrous sulfate heptahydrate (FeSOa:7H20, 99%), ethanol (C-HsOH, 99.02%),
ethylenediamine (C2Hs(NH:)2), ammonium hydroxide (NH4«OH) and magnesium nitrate hexahydrate
(Mg(NOs)2:6H20) were procured from Shandong Luba Chemical Co., Ltd. Agricultural and mineral-
based precursors were locally sourced: coffee husk from Hierna, Ethiopia; pumice from the Adulala

Kebele in the Oromia region; and bagasse boiler ash from the Wenji Sugar Industry.

6.2.2. Methods
6.2.2.1.Synthesis of CHE capped MgO NPs

The green synthesis of MgO NPs was carried out by mixing CH extract with 1 M Mg (NOs)2:6H20
solution in a volume ratio of 1:2 at room temperature [284]. The mixture was then heated at 60 °C with
continuous agitation using a magnetic stirrer for twenty minutes, resulting in the formation of a turbid
brown solution [418], as illustrated in Fig.6.1. Subsequently, stirring was maintained for an additional
2 h while 1 M sodium hydroxide was gradually introduced dropwise until the pH level was adjusted
to 12.[419]. The resulting mixture was subjected to centrifugation and subsequently dried in an oven
at 60 °C for 12 h. It was subsequently calcined at 500 °C for 3 h to obtain CHE-capped MgO

nanoparticles, which were stored for subsequent experimental work.
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Fig.6. 1. Schematic representation of the preparation of CHE-MgO NPs
6.2.2.2.Synthesis of FesO4/PU/Mg@SiO2- Nanocomposite

MgO nanoparticles were incorporated into the CHE-capped Fe:O./PU@SiO2 composite using a
modified coprecipitation-assisted wet impregnation method, as adapted from Ul Ain et al..[420]. The
FesO4/PU nanocomposite was synthesized following the procedure outlined in our previous study
[349]. The CHE-capped Fe;O4/PU@SiO2 nanocomposite was then prepared according to the method
detailed in our previous work [416]. To integrate MgO, 1 g of the CHE-capped FesO«/PU@SiO: was
dispersed in distilled water and homogenized to achieve a uniform suspension. Subsequently, 0.5 g of
MgO was added to the solution [421] followed by vigorous stirring for 1 hour. The mixture was further
mixed for an additional hour and then placed in a water bath to form a viscous, gel-like mass. Finally,

the resulting Fes04/PU/Mg@SiO2 nanocomposites were oven-dried and finely ground.
6.2.2.3.Synthesis of FesO4/PU/Mg@SiO2-NH2 Nanocomposite

The approach outlined by Prabu et al. [422] was employed to prepare the amino-functionalized
magnetic ,pumice magnesium silica nanocomposite (Fe:Os«/PU/Mg@SiO2-NH2 NC). First, 4g of
Fe;04/PU/Mg@SiO: nanocomposite was dispersed in 9 mL of ethylenediamine (EDA), and then

combined with an aqueous/ethanol solution (76 mL, 1:1). The resulting dispersion was stirred at 80°C
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for 3 hours. A bar magnet was used to collect the amino-functionalized magnetic pumice magnesium
silica nanocomposites. After synthesis, the nanocomposite underwent multiple washes with DI water,

followed by vacuum drying at 80 °C for around 12 hours.
6.2.2.4.Adsorbent characterization

X’Pert PRO diffractometer was employed to conduct XRD analysis. to characterize the crystalline
structure of the synthesized material and confirm the successful formation of MgO and
Fes04/PU/Mg@Si02-NH2 nanocomposites. A Thermo Scientific Nicolet iS10 spectrometer was used
to carry out FTIR spectroscopy for the identification of functional groups in the synthesized materials.
The zeta potential and colloidal stability of the nanocomposite were assessed using a Zetasizer Ultra
(Malvern Panalytical, UK). Surface features and elemental distribution were characterized through
SEM integrated with EDX, utilizing a JEOL JSM-7610F instrument.

6.2.2.5.Adsorption experiments

A set of batch tests was carried out to investigate the impact of variables such as adsorbent amount,
interaction time, pH level, and initial concentrations of ions on the adsorption performance for fluoride
(F") and Cr(VI) using CHE-capped FesO+/PU/Mg@SiO2-NH: nanocomposite (NC). For fluoride
removal, the parameters tested included adsorbent dose (0.1-0.5 g), contact time (10-160 minutes),
pH values (2-8), and initial F~ concentration (1-30 mg/L). For Cr (V1) removal, the adsorbent dose
(0.2-1.2 g), contact time (10-100 minutes), pH (2-6), and initial Cr(\VI) concentration (1-50 mg/L)
were examined. The batch tests were conducted in 100 mL rubber-stoppered flasks and placed on an
incubator shaker set to 120 rpm (Excella E24R) for the definite durations. After the adsorption process,
the nanocomposite was recovered from the suspension via magnetic attraction. To analyze the
remaining levels of F~ and Cr (VI), a fluoride-selective electrode was used for fluoride (Turki,
Hamdouni, and Enesca 2023), while chromium was quantified using a PerkinElmer Analyst 400
atomic absorption spectrophotometer. pH levels were controlled and maintained through the use of
0.1 M HCI or NaOH. The conditions that resulted in maximum adsorption capacity were identified as
optimal and subsequently used for further studies. Eqg. (6.1) and (6.2) served to assess both the

adsorption capacity (mg/g) and the removal performance (%).

ge=(Co-Ce) *v/m (6.1)
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R:(Co'Ce) *100/co (62)

Where ge is the amounts of F and Cr (VI) ion adsorbed at equilibrium (mg/g), co, and ce are
concentrations of F-and Cr (V1) (mg/L) at time 0 and equilibrium, respectively, v is the volume of F

and Cr (V1) solution used (L) and m is the mass of adsorbent dosage that used (g).
6.2.2.6.Adsorption kinetics

Adsorption kinetics models are commonly used to investigate the adsorption rate and rate-determining
stages, which determine how rapidly adsorbate molecules are adsorbed onto the surface of an adsorbent
[423]. The Fes04/PU/Mg@SiO2-NH> NC adsorbent's adsorption process was studied using pseudo-
first-order and pseudo-second-order models, as well as intraparticle diffusion. The pseudo-first-order
model describes how physisorption limits particle adsorption onto the adsorbent. The nonlinear form

of the PFO model's adsorbent capacity-based rate formulation is expressed in Eq. (6.3).

qt=qe(1 — e X1%) (6.3)

where K1 (1/min) is the PFO rate constant, and ge (mg/g) and gt (mg/g) are the amounts of F~ and Cr
(V1) adsorbed at equilibrium and time t (min), respectively [424] .However, the PSO kinetic model
depicts adsorption processes that involve the chemical binding of adsorbates to the surface of

adsorbents. Eq.6.4 expresses this kinetic model in nonlinear form.

q, = q,%kot/(1+ q kyt) (6.4)

Here, ko denotes the pseudo-second-order (PSO) rate constant (g/mg-min). Additionally, the
intraparticle diffusion equation is employed to illustrate the controlling mechanisms in the total
sorption pathway, especially when the graph intercepts the coordinate origin. This equation is

presented as Eq.5.

q, =Kt/ +C (5)

In this context, Kid refers to the intraparticle diffusion rate coefficient (g/mg-min), and gt (mg/g)

represents the quantity of lead ions retained by the adsorbent at a given time t
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6.2.2.7.Adsorption isotherms

Isotherm models were applied to characterize the adsorption process and quantify the uptake of
fluoride and hexavalent chromium retained per unit mass of the Fes04/PU/Mg@Si10:-NH2 NC sorbent
under varying equilibrium conditions. These models help elucidate the interaction dynamics between
the sorbate ions and the active sites of the adsorbent surface. To analyze the adsorption performance
and interpret the underlying mechanisms, the Langmuir, Freundlich, and Temkin isotherms were
applied and compared with data obtained from batch experiments [425]. The Langmuir model, in
particular, is based on the assumption of uniform surface binding sites and monolayer coverage
without lateral interactions among adsorbed species [426]. The equilibrium behavior of fluoride and
hexavalent chromium with the FesO./PU/Mg@SiO.-NH:> NC was assessed using the non-linear form
of the Langmuir equation (Eq.6.6), which provided insight into the adsorption capacity and affinity
under studied conditions.

ge = Qm * KL * Ce/(1 + KL * Ce) (6.6)

Here, ge represents the amount of adsorbate adsorbed per gram of adsorbent at equilibrium (mg/g), Qm
refers to the system’s maximum ability to adsorb the substance (mg/g), Ce is the equilibrium

concentration of the adsorbate in solution (mg/L), and KL is the Langmuir isotherm constant.

Unlike the Langmuir model, The Freundlich isotherm describes adsorption occurring in multiple
layers on surfaces with non-uniform characteristics where the binding capacity and interaction energy
at different sites differ among sites. Initially, adsorbate molecules bind to the most energetically
favorable sites, with less favorable sites being occupied as adsorption continues. The nonlinear

expression of the Freundlich model is presented in Eq. (6.7).

q€= Kf,Ce 1/nf (67)
Ks and nf are empirical constants, where Ky indicates the adsorption capacity of the adsorbent, and n¢

reflects the adsorption intensity or favorability.

In addition, the Temkin isotherm model takes into account the indirect interactions between the
adsorbate and adsorbent. It proposes that as the surface coverage of the adsorbent increases, the heat
of adsorption decreases uniformly across all adsorbed molecules. The Temkin isotherm is expressed
in Eq. (6.8).
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q, = BLn (Ar C,) (6.8)

Here, AT denotes the Temkin equilibrium binding constant, while B represents a constant related to
the heat of adsorption, defined as B=RT/bt. The parameter bT is the Temkin isotherm constant
(kJ/mol), R is the universal gas constant (8.314 J/mol- K).

6.2.2.8.Recovery and stability tests of FesO4s/PU/Mg@SiO2-NHz2 NC

The Fez04/PU/Mg@SiO2-NH2 nanocomposites (NCs) were regenerated chemically. The used NCs
were immersed in a 0.1 M sodium hydroxide (NaOH) solution for two hours [427]. Afterward, the
regenerated nanocomposites (NCs) were separated using a magnet, flushed multiple times with
distilled deionized water until the wash water stabilized at neutral pH, and then employed in repeated
adsorption cycles. The performance of the nanomaterials in terms of recovery and reusability was

assessed over five successive cycles.
6.2.2.9.Effect of competing ions

Real water contains a variety of ions, especially anions. The presence of these coexisting anions can
influence the adsorbent’s ability to remove fluorides and chromates from aqueous solutions [428]. To
assess how different anions affect adsorption performance, experiments were conducted using sulfate,
chloride, and nitrate in the solution [390].

6.3. Results and Discussion

6.3.1. Characteristics of the adsorbent
6.3.1.1. X-Ray diffraction analysis (XRD) analysis

XRD examination confirmed the synthesis of MgO and Fe304/PU/Mg@SiO2-NH> NC and established
their crystal structures, which are shown in Fig.6.2. The XRD pattern of MgO NPs (Fig.6.2a) verified
the formation of crystalline nanoparticles, with typical peaks at 26 values of 36.87°, 42.85°, 62.18°,
74.58°, and 78.49°, corresponding to the (111), (200), (220), (311), and (222) planes, respectively
[419].The XRD pattern of Fe3O4/PU/Mg@SiO2-NH2 NC (Fig.6.2b) showed peaks consistent with the
standard Fe3O4 pattern (PDF#79-0419), indicating the presence of FesO4 NPs with crystalline planes
at 30.1°, 35.4°, 43.1°, 53.4°,56.9°, and 62.5° [389]. Additionally, a broad peak at 20 ~20° confirmed
the presence of Pumice and SiO: nanoparticles within the composite, along with peaks corresponding

to the MgO pattern, indicating successful composite synthesis. The crystallite size of
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Fe;04/PU/Mg@SiO-—NH2 was calculated using the Debye—Scherrer formula, as expressed in Eq.
(6.9)[284].

D=k %/ (BCos0) (6.9)

where D is the crystal size; Scherer constant (k) =0.95; A is X-ray wavelength, i.e., 1.5406 A; B =
FWHM (full width at half maximum); and 6 = Bragg’s angle of diffraction.

The crystallite size of the green-synthesized MgO nanoparticles was found to be approximately 7.9
nm, while the Fes:04/PU/Mg@Si10:-NH2 nanocomposite exhibited a slightly larger size of about 8.3
nm, as determined from XRD data using the Scherrer equation. Thus, the small size difference reflects
successful nanocomposite formation without significant agglomeration or loss of nanoscale features,
which is crucial for maintaining the dual functionality and high reactivity of the adsorbent. The
structural change from amorphous silica to crystalline silica in the nanocomposite during the

incorporation of MgO NPs is supported by the appearance of a diffraction peak, as previously reported.
[429]
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Fig.6. 2. XRD pattern of (a) MgO (b) Fe304/PU/Mg@SiO2-NH2 NC
6.3.1.2.Formation and Functionality of the synthesized material.

The successful synthesis of MgO nanoparticles (NPs), Fe:04/PU@Si10:-NH2, and
Fes04/PU/Mg@Si02-NH2 nanocomposites was approved through FTIR spectral analysis, as illustrated
in Fig.6.3. The FTIR spectrum of FesO4/PU@Si0.-NH:z (Fig.6.3a) displays several characteristic peaks
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at 3441, 1640, 1410, 1041, 568, and 455 cm™'. The broad absorption band at 3441 cm™ is attributed to
N-H stretching vibrations, indicating successful amine functionalization of the nanocomposite. The
peak at 1041 cm™ corresponds to the symmetric vibrations of Si—O-Si [430]. The IR peak at 1640
cm™! corresponds to the bending vibrations of aliphatic amine (-NHz) [431], confirming the presence
of an amine functional group in the Fe:0+/PU@Si0.-NH: nanocomposite. Additionally, the peaks

around 568 cm™! and 455 cm™' are due to the Fe—O vibration band from the magnetite phase [432].

The FTIR spectrum of the CHE-capped MgO NPs (Fig.6.3c) reveals that the functional groups of
possible bioactive molecules present in the CHE acted as reducing agents for the synthesized MgO
NPs, as confirmed by the changes in the CHE vibrational bands [284]. In the FTIR spectrum of the
prepared MgO nanoparticles, the CHE vibration band shifted from 3270 to 3447 cm™, suggesting the
existence of OH groups derived from the phenolic constituents of CHE. The shift in the peak from
1648 to 1630 cm™ is associated with N—H bond stretching vibrations, while the change from 1417 to
1411 cm™! corresponds to C—C stretching vibrations, likely due to the carboxylic acid group in CHE.
The absorption peaks between 876 and 473 cm™! confirm the production of MgO NPs [433].

The FTIR spectrum of the Fe;O4/PU/Mg@Si0--NH: NC, as shown in Fig.6.3b, displays similar peaks
to the FesO+/PU@Si10.-NH:2 nanocomposite, but with modest shifts and lower intensities, especially
for the N-H group on FesO4/PU/Mg@SiO2-NH.. The observed drop in intensity is due to the
incorporation of Mg into the Fe;O./PU/Mg@SiO.-NH: nanocomposite. The N—H stretching band
shifted from 3441 to 3331 cm™'. Furthermore, the peaks at 568 cm™* indicate the presence of Fe—O
stretching vibrations. The peaks also shifted from 455 to 483 cm™ due to the overlapping Fe—O and
Mg-O characteristic bands [434]. Additionally, the peaks at 1083 cm™ show the existence of Si—O-Si
stretching vibrations. The peak at 802 cm™ reveals Si—O and Mg—O bending vibrations caused by the
interaction between Mg—O and silica. The peak at 1640 cm™ confirms the successful attachment of
amine groups and matches to the N-H bending vibration of the amine functional groups in
Fe;04/PU/Mg@S10.-NH: nanocomposite.

As shown in Fig. 6.3d and e, several key changes were observed after fluoride and Cr(\V1) adsorption
onto the FesO4/PU/Mg@SiO>—NH:2 nanocomposite, where both ions interacted with the Mg—O bonds,
amine groups, and the silica surface. The figure reveals broadening and shifting of peaks, especially
in the regions around 3372 cm™! and 1657 cm™! (amine), 1095 cm™! (Si—O), and 467 cm™' (Mg—0),

indicating increased surface interactions or the formation of complexes. In acidic conditions,
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protonated —OH and —NH: groups form positive sites that attract F~ and HCrO4~ via electrostatic
interactions. Mg—O participates in ion exchange with F-, while Si-OH and —NH- contribute through
hydrogen bonding [435] and complexation, especially with Cr(VI) [436]. These interactions

collectively drive efficient adsorption of both contaminants [436].
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Fig.6. 3. FTIR spectra of (a). Fes04/PU@SiO2-NH2 (b). Fes04/PU/Mg@SiO2-NH2 NC (c). MgO NPs
(d). After F adsorption (e) After Cr (V1) adsorption

6.3.1.3.Zeta potential analysis

The zeta potential pH curve was employed to evaluate how the surface charge of the nanocomposites
changes with pH and to determine their point of zero charge (PZC). This analysis is crucial for
understanding surface behavior, colloidal stability, and the adsorption efficiency of materials in water
treatment systems. In this study, the zeta potential of Fe:O4/PU@SiO-—NH: and Fe;O+/PU/Mg@SiO2—
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NH: nanocomposites was measured across a pH range of 1 to 10, following the method described by
Bakatula et al. [378]. As illustrated in Fig. 6.4, the PZC of Fes04/PU/Mg@SiO>—NH- was observed at
approximately pH 5, while that of FesO4/PU@Si10>—NH:2 was around pH 1.5. At neutral pH (pH 7),
the measured zeta potentials were —17 mV and —18.4 mV, respectively. Both materials-maintained
zeta potential values above —15 mV in neutral conditions, indicating good colloidal stability [349] an

important factor for effective dispersion and reliable adsorption performance in aqueous systems.

Additionally, the zeta potential results revealed that Fe:O4/PU@SiO-—NH: held a positive surface
charge only up to pH 1.5, whereas Fe;O./PU/Mg@SiO>—NH: remained positively charged up to pH 5.
This shift toward positive surface charge after amine functionalization aligns with previous studies on
NH.-modified magnetic silica [416], [437]. Furthermore, the incorporation of MgO nanoparticles
enhanced the material’s surface positivity, as also noted by Cheng et al.[438], thereby increasing the
electrostatic attraction between the adsorbent and negatively charged species such as fluoride (F) and
hexavalent chromium (Cr(V1)). This contributes to improved mass transfer and greater adsorption

efficiency.

Fe3OUPUMgESIO2-NH2 NC

l FedO4PU@SIO2-NH2

Zeta potential (mev)

Fig.6. 4. Zeta potential of Fe304/PU/Mg@SiO2-NH2 NC and Fe3s04/PU@SiO2-NH>

Overall, zeta potential analysis confirmed the dual functionality of the synthesized adsorbent,
attributed to the coexistence of both negatively and positively charged surface sites. At pH values
above 5, the surface becomes negatively charged, favoring the adsorption of cationic pollutants. In

contrast, under acidic conditions (below pH 5), the MgO nanoparticles and amine groups become
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protonated, enabling effective removal of anionic contaminants. This tunable surface charge behavior

allows the adsorbent to efficiently target both cationic and anionic species in agueous solutions.
6.3.1.4.Scanning Electron Microscopy (SEM) analysis

Scanning Electron Microscopy (SEM) was employed to analyze the surface morphology of
Fe;04/PU/Mg@Si02-NH2 nanocomposites before and after the adsorption of fluoride and hexavalent
chromium. The SEM image prior to adsorption Fig.6.5a showed spherical nanoparticles featuring a
highly porous structure with numerous cavities, which enhances the ability of the adsorbent to capture
adsorbate molecules. After adsorption Figs.6.5b and 6.5c, the surface exhibited visible aggregates or
layered deposits, and notable morphological changes were observed, indicating the successful
attachment of fluoride and hexavalent chromium ions. These outcomes point to the vital contribution
of the nanocomposite’s porous architecture in facilitating the efficient elimination of F~ and Cr(VI)

from aqueous solutions [414], consistent with previous research [439].

Fig.6. 5. Analysis of SEM for Fe304/PU/Mg@SiO2-NH2 NC (a) before (b)after the F~ (d) after the Cr
(V) sorption.

6.3.1.5.Energy dispersive spectroscopy (EDS) and EDS mapping analysis

To validate the incorporation of the target elements, the synthesized nanomaterial was analyzed using
Energy Dispersive Spectroscopy (EDS). Fig.6.6a demonstrates the presence of elements in
Fe304/PU/Mg@SiO2-NH2 NC Displays peaks near 0.9 and 6.4 keV, corresponding to the binding
energies of Fe [290], as well as an oxygen peak at 0.5 keV and Si peak at 1.8 keV confirms the

presence of Si in the composite.. The result agreed with those obtained by Rahman et al [291].
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Magnesium (Mg) and nitrogen (N) were also detected, appearing at 1.24 keV [172] and 0.39 keV
[440], respectively. The synthesized material was composed almost entirely of the expected elements,
suggesting high purity with minimal impurities. Trace amounts of Na and Cl were detected, likely due
to the use of NaOH and HCI for pH adjustment during synthesis, while the appearance of C peaks can
be attributed to sample coating. Throughout the analytical procedure, as illustrated in Fig. 6.c and d,
subsequent to the adsorption of fluoride and hexavalent chromium by Fe;O+/PU/Mg@Si02-NH2
nanocomposites, the presence of 7.4% F and 7.26% Cr confirms effective adsorption of these ions onto
the nanocomposite surface. The EDS elemental mapping of Fe304/PU/Mg@SiO2-NH2
nanocomposite, shown in Fig.6.6b, indicates high purity and uniform distribution of Fe, Si, O, Mg,

and N, confirming the effective green synthesis of the nanocomposite.
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Fig.6. 6. Analysis of Fez04/PU/Mg@SiO2-NH> NC of (a) EDX (b) EDS map (c) EDX after F sorption
(d) EDX after Cr (V1) sorption.
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6.3.2. Adsorption Experiment
6.3.2.1.Effect of pH

The acidity or alkalinity of a solution significantly influences the adsorption of F~ and Cr(VI) ions
when utilizing Fe*04/PU/Mg@SiO2-NH,. Variations in pH alter the surface charge of the
nanocomposite, which in turn affects the electrostatic interactions with F~ and Cr (VI). This
relationship is critical for optimizing fluoride removal efficiency. As revealed in Fig.6.7a at lower pH
values (from 2 to 4), the uptake of fluoride is very low since a fraction of fluoride becomes unavailable
for adsorption and HF is weakly ionized in solution at low pH values [441]. However, Fig.6.7b shows
that Cr(lV) adsorption is highest at pH 2. This is likely because at acidic pH, the dominant form of
hexavalent Cr (VI) , HCrO4, is more strongly attracted to the surface groups of the adsorbent than
other forms, such as CrO4% or Cr,07%", which predominate at higher pH [442], [443].

And at higher pH (pH > 6), fluoride primarily exists as the dissociated F~ ion, while Cr (V1) is present
as CrO4% and Cr,07* ions. The adsorption of both F-and Cr(VI) onto the adsorbent surface decreases
at higher pH due to competition from hydroxide ions (OH") for adsorption sites on the nanocomposite
material [444]. In addition, the surface charge of the adsorbent material, such as amine-functionalized
magnetic silica nanocomposites, under alkaline conditions become more negatively charged. The
variation in surface charge influences the electrostatic interactions with negatively charged fluoride
(F) and Cr (VI) ions. In this study, fluoride adsorption was optimal at pH 5. At this pH, protonation
of amine groups and MgO likely creates a positively charged surface on the Fe;04/PU/Mg@Si102-NH-
nanocomposite [445], [446]. Specifically, under acidic conditions, the amine groups (—-NHz) on the
adsorbent are protonated to —NHs*, which strengthens the electrostatic attraction to fluoride ions.
Similarly, the MgO surface gains a positive charge in acidic media due to protonation of surface
hydroxyl groups. These positively charged sites promote fluoride adsorption via electrostatic
interaction. Generally acidic pH optimized the adsorption of F~and Cr (V1) onto Fe304/PU/Mg@SiO:-
NH2 NC. Because amine protonated (NHs*) in acidic conditions and can directly interact with F- and
Cr (V1) ions through hydrogen bonding and other interactions, contributing to the overall adsorption
process. And the presence of MgO, a basic oxide, further enhances. This effect by contributing to a
more positive surface charge at lower pH values, further attracting F~ and Cr (V1) ions forming strong

Mg-F and Mg-Cr (V1) complexes on the surface. This complexation mechanism further enhances
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target pollutant adsorption. While excessively low pH values may adversely affect the stability of the

nanocomposite or alter the surface chemistry.
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Fig.6. 7. Adsorption capacity of FesO4/PU/Mg@SiO2-NH; at different pH (a) F (b). Cr (VI)

6.3.2.2.Effect of initial concentrations

Figures 6.8a and 6.8b illustrate the influence of the initial concentrations of F~ and Cr(VI) on the
removal efficiency and adsorption capacity of FesO+/PU/Mg@SiO2-NHz, respectively. When the
initial concentrations of F and Cr (V1) increase from 1 to 5 mg/L and 10 to 30 mg/L, respectively,
removal efficiency increases by 90% and 80%, respectively, due to ample adsorption sites. However,
as concentrations increase further (5-30 mg/L for F- and 30-50 mg/L for Cr (VI)), removal efficiency
may decrease due to site saturation. In contrast, adsorption capacity increases with increasing F~ and

Cr (VI) concentrations as more ions are adsorbed onto the surface [428], [447], [448].
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6.3.2.3.Adsorbent dosage

The adsorbent dosage plays a critical role in determining the adsorption capacity, efficiency, and
overall performance of the adsorption process as shown in Fig.6.9 a and b for F and Cr (VI)
respectively. At lower adsorbent dosage (1 to 3 gm/L) for F-and Cr (V1) (2 to 8 gm/L) may result in
fewer available adsorption sites on the nanocomposite surface. This can lead to a lower overall
adsorption efficiency as not all F and Cr (V1) ions in the solution can be effectively captured by the
limited number of adsorption sites. Whereas increasing the adsorbent dosage from 3 to 4g/L and 8 to
10g/L can provide more available adsorption sites for F~ and Cr (1), respectively potentially leading
to a higher adsorption efficiency. The higher surface area and more active sites can enhance the
adsorption efficiency at high dosages until saturation is reached [449]. Increasing the adsorbent dosage
to 5g/L and 12 g/L led to faster equilibrium but a reduction in the adsorption efficiency for F~ and
Cr(VI), respectively. This decline may be due to mass transfer limitations caused by excess adsorbent
in the solution [444] . The lower efficiency for Cr(VI) (86% at 10 g/L) compared to F~ (92% at 4 g/L)
is attributed to differences in charge and interaction mechanisms. Cr (VI) exists as multivalent
oxyanions (CrO+*, HCrO4") [450], [451], which interact less effectively than monovalent F~ through
electrostatic forces. Fluoride is mainly adsorbed via strong electrostatic attraction to protonated amine
and MgO sites, whereas Cr (V1) undergoes slower redox or complexation reactions. Generally, as
shown in Fig.6.9a and b (right side), increasing adsorbent dosage reduced adsorption capacity, likely

due to dense particle packing hindering the diffusion of ions to active sites.
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6.3.2.4.Effect of contact time

The contact period between the Fes04/PU/Mg@SiO2-NH2 NC and the F- and Cr (V1) containing
solution is critical in the adsorption process. As seen in Fig.6.10, Initially, there was an enormous
driving force toward fast adsorption. showed an increase in adsorption capacity until 90 min and 50
min for F~ and Cr (VI), respectively. Because of the high concentration of F~ and Cr (V1) ions in the
solution and the available adsorption sites on the FesO4/PU/Mg@SiO2-NH, the F- and Cr (V1) ions
adsorbed on the adsorbent surface become reduced after 90 and 50 minutes, respectively, due to the
saturation of accessible adsorption sites on the nanocomposite surface. This leads to in a decrease of
the adsorption capacity. Then adsorption process the system reaches an equilibrium state where the
rate of F~ and Cr (V1) adsorption onto the FesO4/PU/Mg@SiO2-NH2 NC becomes equal to the rate of
Fand Cr (V1) desorption from the Fez04/PU/Mg@SiO2-NHo.
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Fig.6. 10. Effect of contact time on adsorption capacity (a) F (b) Cr (VI).
6.3.2.5.Adsorption Kinetic

A pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD) kinetic
models were applied to investigate the adsorption rates of F~ and Cr(VI) ions onto
Fes04/PU/Mg@SiO2-NH2 nanocomposite (NC) beads. The results of the kinetic modeling are
summarized in Table 6.1 and illustrated in Figures 6.11a and b. Owing to its higher coefficient of
determination (R? = 0.99) compared to the PFO model (R? = 0.91), along with better agreement
between the calculated and experimental adsorption capacities, the PSO model provided a more
accurate representation of the experimental data. This suggests that chemisorption is the primary
mechanism governing the adsorption of F~ and Cr (VI) ions. Furthermore, FTIR analysis revealed
shifts and a weakening of the absorption bands particularly those associated with -NHz, -OH, Si-O,

and Mg-O groups indicating their involvement in the adsorption process.
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Fig.6. 11. Adsorption kinetic model of (a) F (b) Cr (V1)

Table 6.1. Adsorption kinetic modeling results summary

Kinetic model Parameter F Cr(lVv)
PFO Qexp (Mg/g)  4.49 26.14
Qeat (Mg/g)  4.33 25.31
R? 0.91 0.92
K1 0.09 0.099
PSO
Qexp (MQ/g)  4.49 26.14
Qeat (Mglg)  4.57 26.50
R? 0.99 0.99
Kz 0.05 0.006s
IPD C 3.9 1.6
Kdiff 0.04 15.33
R? 0.52 0.91

According to Table 6.1, the intraparticle diffusion (IPD) model exhibits lower regression coefficients
for both F~ (0.69) and Cr (VI) (0.91), along with a non-zero intercept. Furthermore, Fig.6.11a and b
illustrate that the plots do not intersect the origin, as evidenced by the non-zero intercepts, which
further supports the conclusion that intraparticle diffusion is not the sole rate-limiting mechanism. This
behavior suggests the involvement of multiple rate-limiting steps, particularly the contribution of film
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diffusion, also known as external mass transfer, in the initial stages of adsorption. In this phase,
adsorbate ions must first diffuse through the boundary layer surrounding the adsorbent particles before
reaching the internal pore surfaces. The deviation from linearity in the IPD plots and the non-zero
intercepts reflects this resistance. Therefore, it can be concluded that both film diffusion and
intraparticle diffusion play significant roles in the overall adsorption process, with film diffusion
dominating in the early stage and intraparticle diffusion becoming more relevant in the later stages.
The better fit of the pseudo-second-order model further implies that chemisorption is the primary

kinetic mechanism.
6.3.2.6.Adsorption Isotherm

The Langmuir, Freundlich, and Temkin isotherm models were employed to describe the relationship
between the amount of F~ and Cr (VI) ions adsorbed onto the FesO+4/PU/Mg@SiO.-NH-
nanocomposite and their respective concentrations in solution. As shown in Figure 6.12a and b and
summarized in Table 6.2, the Langmuir isotherm yielded the highest coefficient of determination (R?
=0.99) for both F~ and Cr (VI) ions, outperforming the Freundlich and Temkin models. These results
indicate that the Langmuir model best describes the adsorption behavior of the system, suggesting that
monolayer adsorption is the dominant mechanism. This aligns with the model’s assumption of uniform
and energetically equivalent active sites on the FesO./PU/Mg@SiO>—NH: nanocomposite surface.
While real adsorbent surfaces are rarely perfectly homogeneous, the strong correlation with the
Langmuir model implies that monolayer coverage is more influential under the experimental
conditions than multilayer or heterogeneous adsorption, which would be better represented by the
Freundlich model. The Langmuir maximum adsorption capacities (qm) were found to be 14 mg/g for
fluoride and 66.4 mg/g for Cr(VI). Although the Freundlich model showed a weaker fit, the adsorption
process is still favorable, as indicated by Freundlich constants (n > 1), reflecting strong interactions

between the adsorbate ions and the nanocomposite surface.
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Table.6.1. Summary of Findings from Isotherm Model Parameters
Isotherm parameters F Cr (VI)
Langmuir Qm (mg/qg) 14.79 66.41
Kv (L/mg) 0.22 0.0785
R? 0.99 0.99
Freundlich Ks (g/mg min), 3.8 6.33
n 1.4 1.1
R? 0.95 0.96
Temkin At (L/g) 4.8 0.76
bt (KJ/mol) 9.84 14
R? 0.94 0.97

Additionally, the Temkin isotherm constants bt for F~ and Cr(VI) were relatively high (9.18 and 14
kJ/mol, respectively), indicating a significant heat of adsorption. This suggests strong attractive
interactions between the pollutant anions and the adsorbent surface, supporting the occurrence of

chemisorption.
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6.3.3. Influence of Competing Anions on the Adsorption of F~ and Cr(VI)

To effectively evaluate the performance of adsorbents in treating real-world water contaminated with
F~ and Cr(VI), it is important to investigate their adsorption behavior in the presence of competing
anions. Co-existing anions such as sulfate (SO4?"), nitrate (NOs"), and chloride (C1") may interfere with
the adsorption process by competing for the active binding sites on the adsorbent surface. The impact

of these anions on the removal efficiency of F~ and Cr (VI) is illustrated in Fig.6.13a and b.
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Fig.6. 13. Influence of coexisting anions on the adsorption efficiency of (a) F (b) Cr (VI).

Experimental results showed a slight decline in the removal efficiency of F~ and Cr (VI) when
competing anions were present, with sulfate (SO+*") exerting the greatest effect. In acidic conditions,
SO+~ competes strongly with both F~ and HCrO4~ due to its divalent nature, moderate ionic radius,
and relatively high charge density [451]. Although fluoride has a higher charge density [452] , its
monovalent charge and tightly bound hydration shell weaken its competitiveness. Compared to
HCrO.4, sulfate’s higher charge and comparable size enable it to more effectively occupy adsorption
sites [453] . Conversely, nitrate (NOs") and chloride (Cl") showed only a slight influence on F~ and Cr
(VI) adsorption. Their larger ionic radii, lower charge densities, and lack of specific surface

interactions reduce their ability to compete with F~ and HCrO.~ for adsorption sites [453], [454].
6.3.4. Comparison of the adsorption performances

Compared to other silica- and magnetic-based adsorbents, the Fe:04/PU/Mg@SiO2-NH2

nanocomposite demonstrates a higher adsorption capacity. This improved performance is mainly due
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to the incorporation of amine functional groups and MgO nanoparticles, which enhance surface
interactions with anionic pollutants of Cr (VI) and F~ ions. Table 6.3 presents a comparative evaluation
of the maximum adsorption capacity (qm) of the FesOs/PU/Mg@SiO.-NHz NC in relation to values
reported in previous studies.

Table 6.2. Comparative Review of Adsorption Behavior of Fe;O./PU/Mg@SiO2-NH2> NC and other

adsorbents for Cr (VI) and F~ removal.

Sorbent Type of pH Contact G, Qm Ref

pollutant time (mg/L) (mg/g)

(min)

Silica nanoparticles F 3 10min 10 8 [455]
Si NPs modified with rice husk F 8 60 10 12 [456]
Iron Oxide (FesO4)-Supported F 4 10 10 5.59 [449]
SiO2 Magnetic Nanocomposites
Iron functionalized silica particles F 6 45 20 8 [457]
fluoride from water
Diatomite Modified with F 6 180 10 1.69 [458]
Aluminum Hydroxide
Fe304/PU/Mg@SiO2-NH2 NC F 5 90 5 14.78  This study
Magnetic carbon-based Cr (VI) 5 90 25 62.7 [459]
nanocomposites Cr (VI) 2 120 100 42 [435]
Magnetic Fe/C crosslinked NPs Cr (VI) 6 30 100 48.8 [460]
Chemically functionalized Cr (VI) 2 120 100 42.2 [435]

amorphous and mesoporous Si NP
Fe304/PU/Mg@SiO2-NH2 NC Cr (VI) 2 50 30 66 This study

6.3.5. Reusability of Fe304/PU/Mg@SiO2-NH2 NC

The Fe;04/PU/Mg@Si0.—NH2 nanocomposite has demonstrated strong potential as an efficient
adsorbent for removing heavy metals such as Cr(VI) and F~ from aqueous environments. Its high

adsorption capacity is primarily attributed to its large surface area, magnetic properties, and the
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presence of amine functional groups that enhance interaction with contaminants. For sustainable and
economical use, reusability of the adsorbent is essential. As revealed Fig.6.14 a, there is a gradual
decline in removal efficiency for Cr(VI) and F~ over multiple regeneration cycles, mainly due to the
gradual exhaustion of active adsorption sites. Nevertheless, the nanocomposite retained about 84.4%
and 82.5% of its initial adsorption capacity for F~ and Cr (VI), respectively, after five reuse cycles.
These results highlight the material’s excellent regeneration capability and reliable performance for

long-term water purification.
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Fig.6. 14. (a) Reusability of Fes04/PU/Mg@SiO2-NH2 NC for Cr (V1) and F removal (b) Degradation
trend graph

As illustrated in Fig.6.14b, the degradation trend demonstrates a progressive decline in removal
efficiency for both F~ and Cr(VI) across five successive adsorption desorption cycles. The initial
fluoride removal efficiency of approximately 88% decreased to about 74% by the fifth cycle, while
Cr(VI) removal efficiency declined from around 80% to 65%. This reduction is likely due to partial
saturation or blockage of active sites [461], structural degradation of the adsorbent, and potential loss

or modification of functional groups during the regeneration process [459].
6.3.6. Adsorption Mechanism

Fluoride ions primarily exist in an anionic form and interact with the functional groups present on the
surface of the amine-functionalized FesO4/MgO/SiO. nanocomposite. The main adsorption

mechanisms include electrostatic attraction between the negatively charged fluoride ions and
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positively charged protonated amine groups [462], ion exchange processes involving magnesium
hydroxide sites [463], and hydrogen bonding with silanol groups [458], [464]. Similarly, hexavalent
chromium in acidic media predominantly exists as the monovalent oxyanion HCrOa. Its adsorption is
mainly driven by electrostatic attraction to protonated amine groups, complexation with magnesium
hydroxide groups, and hydrogen bonding interactions with silanol functionalities [436]. These
combined interactions explain the effective adsorption of both fluoride and Cr(VI) ions onto the

nanocomposite surface, as illustrated in Fig. 6.15.

Fig.6. 15. Schematic representation of the dominant adsorption pathways for F~ and Cr(VI) on the
adsorbent.
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6.4. Conclusion

In this thorough investigation, we produced FesO4/PU/Mg@SiO2-NH2 NC using a green synthesis
approach to remove anionic pollutants (F" and Cr (VI) ion) from aqueous solution. The adsorbent
material was evaluated by XRD, SEM with EDX, FTIR, and Zeta potential analysis. The EDX
examination confirmed that the produced material contains SiO2, FesOs NPs, PU, and MgO
nanoparticles. The Zeta potential study indicated that the addition of magnesium (Mg) was
strategically used to increase the adsorbent's positive surface charge. Furthermore, amine
functionalization enhances the composite's surface protonation, which promotes the adsorption of
negatively charged anion contaminants F- and Cr (VI) ion. The adsorption efficacy of the
Fe304/PU/Mg@SiO2-NH2 NC was thoroughly tested and found to be in great accord with the
Langmuir adsorption isotherm and pseudo-second-order (PSO) kinetic models. This agreement shows
that the Fe3O4/PU/Mg@SiO2-NH> NC matrix within the nanocomposite, through its NH>, -OH, Si-0O,
and Mg-O groups, enables the chemisorption and monolayer adsorption of F- and Cr (V1) ions,
underlining a method of interaction that is both selective and efficient. A critical component of this
study is the recyclability of the FezO4s/PU/Mg@SiO2-NH2 NC adsorbent. At the fifth cycle, the
adsorption efficiency of F- and Cr(VI) using Fes04/PU/Mg@SiO2-NH2 NC remained impressively
high, at roughly 84.4% and 82.5% of their initial capacities, respectively. The incorporation of
magnetic nanoparticles into the composite matrix not only improves separation performance post-
adsorption, but also makes it easier to recover and reuse the adsorbent material. The convincing
findings of this work not only make major contributions to the realm of environmental remediation,
but also encourage further investigation of Fes04/PU/Mg@SiO2-NH2 NC for broader applications in

the purification of contaminated water resources.
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CHAPTER SEVEN

7. OVERALL CONCLUSION AND RECOMMENDATIONS

This study focused on the synthesis and evaluation of plant-mediated nanocomposite materials for
simultaneous pollutant removal in water purification. The research successfully developed eco-
friendly nanomaterials with antimicrobial and adsorptive properties, demonstrating their potential as

sustainable solutions for water treatment.
7.1. Overall Conclusion

l. Synthesis of CHE-Capped ZnO-NPs:
Zinc oxide nanoparticles (ZnO-NPs) were synthesized using a green approach, employing coffee husk
extract (CHE) as both a reducing and stabilizing agent. The resulting ZnO-NPs exhibited strong
antimicrobial activity against E. coli and S. aureus, high thermal stability, and a uniform spherical
shape with a particle size of 22 nm and a surface area of 19.06 m?/g. These properties suggest their
potential for pathogen disinfection in water treatment.

. Development of CHE-Capped Fe:04/PU/ZnO Nanocomposite:
Incorporating plant-mediated, CHE-capped FesO4/PU with plant-mediated, CHE-capped ZnO-NPs
yielded a nanocomposite with enhanced antibacterial efficacy. This nanocomposite exhibited a larger
surface area (47.2 m#/g), improved thermal stability, and superior bacteriostatic and biocidal activity
against E. coli and S. aureus compared to bare ZnO-NPs. The nanocomposite's particle size was 11
nm.

1. Synthesis of CHE/M/PU/Si-NC for lead ion Removal:
A magnetite-based, CHE-capped silica nanocomposite (CHE/M/PU/Si-NC) was synthesized for
efficient Pb** ion adsorption. The incorporation of CHE increased the silica nanoparticles' surface area
to 338 m2/g, compared to 309 m2/g for Sol Si NPs. CHE/M/PU/Si-NC exhibited a strong negative
surface charge (-37 mV), resulting in a high adsorption capacity for cationic lead ions. Adsorption
followed Langmuir isotherm and pseudo-second-order kinetic models. The nanocomposite
demonstrated high reusability and maintained 96.3% lead removal efficiency even with competing

ions, confirming its potential for heavy metal removal.
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IV.  Fabrication of Fe;04/PU/Mg@SiO2-NH2 NC for Anionic Pollutant Removal:

A green-synthesized nanocomposite, functionalized with amine (-NH-) and incorporating magnesium
(Mg) groups, was developed for fluoride (F") and chromium (Cr(VI)) removal from water. The
resulting positively charged surface enabled effective adsorption of these negatively charged
contaminants. The material maintained high adsorption efficiency over five cycles, retaining
approximately 84.4% and 82.5% of its initial F~ and Cr (VI) adsorption capacities, respectively. This
demonstrates its reusability and potential for large-scale water purification.

Overall, the synthesized nanomaterials demonstrated remarkable antimicrobial and adsorptive
capabilities, making them promising candidates for water purification. The successful incorporation
of plant-derived stabilizers ensured an environmentally friendly synthesis process while enhancing the
materials' stability and performance. Future research should focus on optimizing these nanocomposites
for real-world applications, particularly by exploring their immobilization in polymer matrices to
facilitate separation and reuse in large-scale water treatment systems.

7.2. Recommendation and Justification for Future Work

In this study, we evaluated the antibacterial and adsorption performance of the synthesized
nanocomposite using model aqueous solutions under controlled laboratory conditions. This approach
was selected because pollutants in real drinking water are not uniform and the material itself is novel.
As this is among the first studies to examine the adsorption ability of this nanocomposite, future work
should validate the following practical applicability by testing it with actual drinking water:

« The antibacterial performance of CHE-capped ZnO NPs and the CHE-capped Fe:0./PU/ZnO
nanocomposite should be evaluated in real drinking water samples contaminated with
waterborne pathogens.

e To advance the practical application of the developed nanocomposite material in household
water treatment systems, it is also recommended to conduct continuous-flow column
experiments that simulate real-world operating conditions. These experiments should focus on
optimizing key parameters such as flow rate, bed height, contact time, and breakthrough
capacity to assess the material’s adsorption performance. The outcomes of these studies will

not only contribute to refining purifier design but also support regulatory compliance,
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operational safety, and user acceptability for point-of-use water treatment systems in domestic
settings.

Further studies are recommended to optimize the adsorption pH of the CHE/M/PU/Si-NC and
Fes:04/PU/Mg@Si02-NH: nanocomposites for the removal of Pb*", and (Cr(VI), and F") at a
pH of suitable for drinking water respectively. Their performance should also be tested using
real drinking water.

Additional research is recommended to optimize the ratio of magnesium oxide nanoparticles
incorporation in the CHE/M/PU/Si-NC nanocomposite to enhance surface charge and
adsorption efficiency.

It is recommended to conduct leaching tests and health toxicity level assessments to evaluate
the safety and potential release of elements from the developed water purifier materials during
operation. These tests are essential to ensure that the purifier meets health and environmental

safety standards for long-term use.
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Fig. A 1. Particle size distributions of CHE capped ZnO NPs from SEM image J analysis
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Fig. A2. Antimicrobial capacity of CHE capped Fe3sO4 NPs
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Fig. A 3. Antimicrobial capacity of PU
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