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Abstract

The green synthesis of metal oxide nanoparticles using plant-based extracts offers a sustain-

able, efficient, and eco-friendly alternative to conventional chemical routes. In this study,

nickel oxide (NiO), mixed manganese oxides (MnO2/Mn2O3), and hausmannite (Mn3O4)

nanoparticles were synthesized employing sunflower seed husk extract as a natural reduc-

ing and stabilizing agent through a simple, rapid, and cost-effective method.

The obtained nanoparticles were characterized by UVVis, FTIR, XRD, SEM, EDX, and

BET analyses, revealing stable nanostructures with average crystallite sizes of 14.11, 29.93,

and 20.30 nm, respectively. Their adsorption performance toward Pb2+, Cd2+, and Cu2+ ions

from aqueous media was systematically evaluated under varying pH, contact time, initial

concentration, temperature, and adsorbent dosage conditions. The adsorption equilibrium

and kinetics were best described by the Langmuir and Freundlich isotherm models and the

pseudo-first- and pseudo-second-order kinetic models, respectively, while thermodynamic

parameters confirmed the spontaneous nature of adsorption.

The nanoparticles demonstrated exceptionally high removal efficiencies (up to 99.7%),

underscoring their promising potential as sustainable nanoadsorbents for heavy metal reme-

diation and environmentally safe water purification applications.

Keywords: green synthesis; Helianthus annuus seed husks; nanoparticles (NiO, MnO2/Mn2O3,

Mn3O4); heavy metals; adsorption.



Résumé

La synthèse verte de nanoparticules doxydes métalliques à partir dextraits végétaux constitue

une approche écologique, économique et durable en remplacement des méthodes chimiques

classiques. Dans ce travail, des nanoparticules doxyde de nickel (NiO), doxydes mixtes de

manganèse (MnO2/Mn2O3) et dhausmannite (Mn3O4) ont été élaborées à laide de lextrait

des coques de graines de tournesol comme agent réducteur et stabilisant naturel, selon une

procédure simple, rapide et respectueuse de lenvironnement.

Les nanoparticules obtenues ont été caractérisées par UVVis, FTIR, XRD, SEM, EDX

et BET, confirmant la formation de structures nanocristallines stables de tailles moyennes de

14,11 nm, 29,93 nm et 20,30 nm, respectivement. Leur performance dadsorption vis-à-vis

des ions Pb2+, Cd2+ et Cu2+ a été étudiée dans des conditions variées de pH, concentration

initiale, temps de contact, température et masse dadsorbant.

Les isothermes de Langmuir et Freundlich ainsi que les modèles cinétiques de pseudo-

premier et pseudo-deuxième ordre ont permis de décrire le mécanisme dadsorption, tandis

que les paramètres thermodynamiques ont mis en évidence un processus spontané et en-

dothermique.

Les matériaux obtenus ont montré des efficacités délimination très élevées (jusquà 99,7%),

confirmant leur grand potentiel comme adsorbants nanostructurés pour la dépollution des mé-

taux lourds et leur pertinence dans le traitement durable des eaux contaminées.

Mots-clés : synthèse verte; enveloppes de graines d’Helianthus annuus; nanoparticules

(NiO, MnO2/Mn2O3, Mn3O4); métaux lourds; adsorption.
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General Introduction

Water contamination has become a critical global challenge due to the rapid advancement of

industrialization, technology, and urban development [1]. Among various pollutants, heavy

metals are of particular concern because they are toxic, non-biodegradable, and persistent

in the environment. They originate from both anthropogenic and natural sources, including

vehicle emissions, industrial discharge, and mining operations [2].

Lead (Pb), cadmium (Cd), and copper (Cu) are among the most frequently encountered

toxic metals in industrial wastewater. Lead is widely recognized for its high toxicity and en-

vironmental persistence. Chronic exposure to Pb(II) can cause severe damage to the nervous,

reproductive, and hematopoietic systems, leading to health disorders such as anemia, renal

failure, liver dysfunction, bone abnormalities, hallucinations, coma, and even death [3].

Cadmium contamination results mainly from industrial activities such as steel and ce-

ment production, NiCd battery manufacturing, phosphate fertilizers, and electroplating [4].

According to the World Health Organization (WHO, 2010) [5], the permissible concentra-

tion of cadmium in drinking water should not exceed 0.003 mgůL−1. Exposure to Cd(II) has

been associated with renal dysfunction, skeletal deformities, testicular atrophy, and muscular

disorders [6].

Copper, though an essential trace element for enzyme activity and bone development,

becomes hazardous when present in excess. It is released from industries such as mining,

electroplating, smelting, and electrical component manufacturing [7]. High levels of Cu(II)

intake can cause nausea, vomiting, abdominal pain, liver and kidney failure, and respiratory

complications [8, 9]. The USEPA has set a maximum discharge limit of 1.3 mgůL−1 of copper

in industrial wastewater.

Because heavy metals are not biodegradable and tend to bioaccumulate through the food

chain, they pose long-term risks to both ecosystems and human health. Therefore, effec-

tive treatment of metal-contaminated wastewater before environmental release is essential.
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Several physicochemical and biological methods, such as electrochemical treatment, ion ex-

change, reverse osmosis, ozonation, photocatalysis, UV irradiation, bioremediation, and ad-

sorption, have been explored for heavy metal removal [10]. Among these, adsorption is con-

sidered the most effective due to its high surface area, selectivity, reusability, low cost, and

operational simplicity [11, 12].

A variety of adsorbents have been developed, including zeolites, polymers, activated car-

bon, biomass, and industrial by-products [13, 14]. However, these materials often suffer from

limited adsorption capacity, poor selectivity, and low economic feasibility. To overcome these

limitations, researchers have turned toward nanostructured metal oxides, which exhibit unique

surface, structural, and physicochemical properties [15, 16].

Nickel oxide (NiO) nanoparticles, a well-known p-type semiconductor, have attracted

significant interest due to their wide band gap (3.64.0 eV), chemical stability, optical and

magnetic behavior, and catalytic versatility [17]. Likewise, manganese oxide nanoparticles

(MnO, MnO2, Mn2O3, and Mn3O4) are promising materials because of their multiple oxi-

dation states, low cost, and excellent redox activity, making them suitable for environmental

applications such as water purification [18, 19].

In recent years, the green synthesis of nanoparticles using plant extracts has emerged as an

eco-friendly, cost-effective, and sustainable approach [20, 21]. Plant-based extracts are rich

in bioactive compounds such as polyphenols, flavonoids, alkaloids, terpenoids, and vitamins,

which act as reducing, capping, and stabilizing agents during nanoparticle formation [22].

Objectives of the Present Work

The main objective of this work is to develop a green and facile synthetic protocol for

producing nickel oxide (NiO), manganese dioxide/manganese trioxide (MnO2/Mn2O3), and

trimanganese tetraoxide (Mn3O4, hausmannite) nanoparticles using an aqueous extract of

Helianthus annuus seed husks (sunflower husks) as a biogenic reducing, capping, and stabi-

lizing agent. The study further aims to evaluate their adsorptive performance toward remov-

ing Pb(II), Cd(II), and Cu(II) ions from aqueous solutions under different physicochemical

conditions.

• Synthesizing NiO, MnO2/Mn2O3, and Mn3O4 nanoparticles through an environmen-

tally benign, cost-effective green method.

• Confirming nanoparticle formation using UVVis spectroscopy, and identifying the role



General Introduction 17

of phytochemicals in reduction and stabilization via FTIR analysis.

• Determining crystalline structure and size using XRD, and investigating surface mor-

phology by SEM.

• Assessing elemental composition using EDX and evaluating surface area through BET

analysis.

• Studying the influence of adsorbent dose, pH, contact time, initial metal ion concen-

tration, and temperature on adsorption efficiency.

• Modeling adsorption behavior using kinetic and isotherm models to understand the

mechanisms involved.

Thesis Organization

This research work is divided into four main chapters:

• Chapter I: Provides a comprehensive literature review on metal oxide nanoparticles,

including their properties, classification, synthesis methods, and environmental appli-

cations.

• Chapter II: Discusses water pollution by heavy metals, adsorption principles, and the

factors affecting adsorption efficiency.

• Chapter III: Describes the experimental methodology, detailing the green synthesis

of nanoparticles, characterization techniques, and adsorption experiments.

• Chapter IV: Presents and discusses the results on the green synthesis, structural char-

acterization, and adsorption performance of NiO, MnO2/Mn2O3, and Mn3O4 nanopar-

ticles for the removal of Pb(II), Cd(II), and Cu(II) ions from wastewater.
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Chapter I

Literature Review

I.1 Nanoscience and Nanotechnology

I.1.1 Definition

The term nano originates from Greek, meaning “dwarf” or extremely small, and refers to

one-billionth of a meter. It is important to distinguish between nanoscience and nanotech-

nology. Nanoscience focuses on understanding materials and structures at the nanoscaletypi-

cally between 1 and 100 nanometerswhile nanotechnology applies this knowledge to develop

practical tools and devices [23].

The conceptual roots of nanoscience date back to the fifth century B.C., during the era of

Democritus and ancient Greek philosophers, who debated whether matter could be divided

infinitely or if it consisted of fundamental, indivisible particles called atoms [24].

In the United States, nanotechnology is defined as “a science, engineering, and technology

conducted at the nanoscale, where unique phenomena enable novel applications across a wide

range of fields” [25].

It is essential to understand the distinction between nanoscience and nanotechnology.

Nanoscience integrates physics, materials science, and biology to investigate materials at the

atomic and molecular levels. In contrast, nanotechnology focuses on manipulating matter

at the molecular and nanoscale to create novel nanoparticles with controlled morpholo-

gies and sizes [26]. The rapid development of this field opens new opportunities in both

fundamental research and practical applications, such as the design of nanoscale materials

and the study of their unique optical and physicochemical properties [27, 28].
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I.1.2 Nanomaterials

Nanomaterials are materials with at least one dimension smaller than approximately 100

nanometers. At this scale, materials often exhibit unique optical, magnetic, electrical, and

chemical properties, making them highly attractive for scientific research and technological

applications [29].

Classification of Nanomaterials

Nanomaterials are generally classified into three categories [30]:

• Nanocharged or nanoreinforced materials: Materials obtained by incorporating nanopar-

ticles into an organic or mineral matrix to enhance mechanical, optical, magnetic, or

thermal properties, or to introduce new functionalities.

• Surface nanostructured materials: Surfaces engineered to acquire novel properties

(e.g., hydrophilicity, abrasion resistance) or enhanced functionalities (e.g., hardness,

adhesion).

• Volume nanostructured materials: Materials possessing an intrinsic nanometric struc-

ture that imparts specific physical properties.

I.2 Nanoparticles

A nanoparticle is an assembly of a few hundred to a few thousand atoms, with at least one

dimension between 1 and 100 nm, and can be composed of metals, metal oxides, carbon, or

organic materials [31, 32]. Compared to their bulk counterparts, nanoparticles exhibit distinct

chemical, physical, and biological properties [33], making them highly valuable for a wide

range of applications. Nanoparticles differ not only in composition but also in size, shape,

and dimensions [34].

I.2.1 Nanoparticle Classification

Nanoparticles can be classified according to their size, structural form, and chemical compo-

sition.
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Dimensionality [35]

• Zero-dimensional (0D) nanoparticles: Materials with no dimension in the nanoscale,

arranged randomly, haphazardly, or in an ordered fashion, such as magnetic fluids or

colloidal crystals for optical applications.

• One-dimensional (1D) nanoparticles: Materials shaped as nanowires or nanotubes.

• Two-dimensional (2D) nanoparticles: Materials forming thin layers, such as aggre-

gated deposits or thick coatings fabricated via electrochemical deposition or plasma

projection techniques.

• Three-dimensional (3D) nanoparticles: This category includes thin films with atomic-

level porosity, colloidal systems [36], and densely packed nanoparticles in ceramics and

metallic nanostructures [35, 37].

Figure I.1: Nanomaterial classification based on dimensions: A-zero-dimensional; B-one-
dimensional; C-two-dimensional; D-three-dimensional

Nanoparticle Composition

Nanoparticles are generally classified into three main categories: carbon-based, inorganic,

and organic nanoparticles.

Organic Nanoparticles Common examples of organic nanoparticles or polymer-based nanopar-

ticles include micelles, ferritin, liposomes, and dendrimers. These nanoparticles are typically

biodegradable and non-toxic. Certain types, such as liposomes and micelles, feature a hollow

interior, often termed a nanocapsule (Figure I.2). They are also responsive to electromag-

netic and thermal stimuli, including light and heat [38, 39].
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Figure I.2: Organic nanoparticles: a Dendrimers, b Liposomes and micelles, C Ferritin.
micelles

Inorganic Nanoparticles Inorganic nanoparticles do not contain carbon and typically con-

sist of metals or metal oxides.

• Metal nanoparticles: Metals can be engineered into nanoparticles using various syn-

thesis methods. Common metals include aluminum, cadmium, cobalt, copper, gold,

iron, lead, silver, and zinc [40, 41]. Metal nanoparticles exhibit crystalline or amor-

phous structures and can have shapes such as spheres or cylinders. They are distin-

guished by color, reactivity, and sensitivity to environmental factors such as heat, hu-

midity, air, and sunlight.

• Metal oxide nanoparticles: Metal oxides are often synthesized to enhance the prop-

erties of their corresponding metal nanoparticles. They typically exhibit higher reac-

tivity than pure metals, making them suitable for various applications [42]. Examples

include zinc oxide, silicon dioxide, iron oxide, aluminum oxide, cerium oxide, titanium

dioxide, nickel oxide, manganese oxide, and magnetite.

Carbon-Based Nanoparticles Carbon-based nanoparticles consist entirely of carbon [43,

44]. Examples include fullerenes, graphene, carbon nanotubes (CNTs), carbon nanofibers,

carbon black, and occasionally nanoscale activated carbon, as illustrated in Figure I.3.

Nanoparticle Morphology

Important morphological traits include aspect ratio, sphericity, and flatness [45]. High as-

pect ratio nanoparticles, such as nanotubes or nanowires, can exhibit geometries including
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Figure I.3: Various kinds of NPs based on carbon: A C60 fullerene; B carbon black NPs;
and C carbon quantum dots .

belts, zigzags, or helices. Low aspect ratio nanoparticles include shapes such as helix, pil-

lar, prism, oval, cubic, and spherical forms. Nanoparticles are typically studied as colloids,

suspensions, or powders [46].

I.2.2 Properties of Nanoparticles

Surface Properties

Nanoparticles exhibit unique properties primarily due to the high proportion of surface atoms

relative to those in the core. As nanoparticles adopt a spherical shape, both their surface area-

to-volume ratio and the fraction of surface atoms increase (Table I.1). This effect becomes

more pronounced as particle size approaches the nanoscale, where the dominance of surface

atoms significantly influences the overall behavior and characteristics of the nanoparticles

[47].

Table I.1: Relationship between the number of surface atoms and particle size

Nanoparticle Size (nm) Number of
Atoms in the
Particle

Proportion of Surface
Atoms (%)

1 30 99
2 2.5× 102 80
4 4× 103 60
5 4.2× 104 50
10 3× 104 20
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Optical Properties

Nanoparticles display optical behaviors that differ significantly from their bulk counterparts,

including transmission, absorption, reflection, and emission of light. Due to their small size,

electrons in nanoparticles are confined, resulting in quantum confinement effects [49, 50].

By modifying their size, shape, and surface functionalization, nanoparticles can exhibit a

wide range of optical properties, which directly affect their perceived color. For example,

spherical gold nanoparticles of 100 nm appear orange, whereas those around 25 nm appear

green. Similarly, 100 nm spherical silver nanoparticles display a yellow color [50].

Electronic Properties

The electronic properties of metallic nanoparticles lie between those of bulk metals, which

have continuous energy bands, and atoms, which have discrete energy states. Electrical re-

sistance increases with decreasing particle size because a greater fraction of atoms resides on

the particle surface [51].

I.2.3 Synthesis of Nanoparticles

Various techniques exist to synthesize nanoparticles (NPs) with controlled size, structure,

shape, and composition. Two primary approaches are employed: top-down and bottom-up

methods (Figure II.2).

Top-Down Approach The top-down approach involves breaking down bulk materials into

smaller particles. While it can be less precise and produce defects, it is often simple and

widely used. Common top-down techniques include mechanical milling, laser ablation, ther-

mal decomposition, sputtering, and nanolithography [32, 52].

Bottom-Up Approach The bottom-up approach, also called the constructive method, builds

nanoparticles from individual atoms or small clusters. This approach is generally more eco-

nomical and minimizes material waste. Techniques include sol-gel processing, spinning,

green synthesis, chemical vapor deposition, pyrolysis, and biosynthesis [53, 55].
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Figure I.4: Synthesis approaches for nanoparticles: top-down and bottom-up methods .

I.2.4 Green Synthesis of Nanoparticles Using Plant Extracts

The use of plants for nanoparticle synthesis offers accessibility, safety, and abundant metabo-

lites that can act as natural reducing and stabilizing agents. Green synthesis relies on three

main elements: a safe stabilizing agent, a non-toxic reducing agent, and an environmentally

friendly solvent, typically water, ethanol, or a mixture of both [56]. Various plant partsleaves,

fruits, roots, stems, and seedshave been employed in the synthesis of nanoparticles [57].

For example, living alfalfa plants have been used to produce gold nanoparticles rang-

ing from 2 to 20 nm [58]. Similarly, silver, nickel, cobalt, zinc, and copper nanoparticles

have been synthesized using plants such as Helianthus annuus (sunflower), Medicago sativa

(alfalfa), and Brassica juncea (Indian mustard). These plants contain phytochemicals like

alkaloids, phenols, terpenoids, quinones, amides, flavonoids, proteins, and alcohols, which

facilitate reduction and stabilization of nanoparticles. Plant-based nanoparticles often exhibit

enhanced biological potential compared to chemically synthesized ones and can be applied in

bioengineering, agriculture, food technology, cosmetics, nanomedicine, and human health,

while posing fewer adverse effects [59, 60].

The green synthesis process generally involves three stages: reduction, growth, and ter-

mination (Figure I.5). During reduction, metal ions are converted into zero-valent metal

atoms by electron transfer facilitated by phytochemicals. During growth, these atoms aggre-

gate into nanoparticles with various shapes, including linear, rod-shaped, triangular, hexago-

nal, or cubic. Finally, in the termination stage, the nanoparticles are stabilized by enrichment

with phytoactive compounds possessing antioxidant properties [61, 62].



chapter I - Literature Review 26

Figure I.5: Mechanism of nanoparticle synthesis using plant extracts.

I.3 Metal Oxide Nanoparticles

I.3.1 Nickel Oxide Nanoparticles (NiO)

Metal oxides are a diverse group of compounds formed by the combination of metals with

oxygen. They play a crucial role in materials science, physics, and chemistry due to their wide

range of structural arrangements and the ability of metal elements to form different types of

bonds with oxygen. Consequently, metal oxides can exhibit metallic, semiconducting, or

insulating behavior, making them highly versatile materials [63].

Nickel oxide (NiO) is of particular interest due to its magnetic and chemical characteristics

[64]. NiO is a green crystalline solid with a cubic structure and ferromagnetic properties.

Its unique electrical, magnetic, and optical features have attracted significant attention in

scientific research. NiO also exhibits a relatively wide band gap of 3.64.0 eV [65, 67]. Some

of its key properties are listed in Table I.2.
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Table I.2: Physical properties of NiO

Property NiO
Structure Cubic
Band gap 3.64.0 eV
Refractive index 2.82
Density 6.67 g/cm3

Melting point 1900 °C
Neel temperature (TN ) 523 K
Dielectric constant 10.31
Exciton binding energy 50 meV

Crystal Structure of NiO

Nickel oxide has a face-centered cubic (FCC) crystal structure, similar to sodium chloride

(NaCl) [68, 69]. Oxygen (O2−) and nickel (Ni2+) ions occupy octahedral sites, as shown in

Figure I.6.

Figure I.6: Crystal structure of nickel oxide (NiO) .

I.3.2 Manganese Oxide Nanoparticles

Manganese oxides are increasingly studied due to their wide applications, high surface area,

abundance of surface atoms, non-toxic nature, and well-defined physical and chemical prop-

erties across various crystal structures [70]. Manganese oxides exhibit multiple oxidation

states (+2, +3, +4) and can form nanostructures such as MnO, MnO2, Mn2O3, and Mn3O4

[71]. They are widely used as green catalysts in various chemical processes [72].
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Manganese Dioxide (MnO2)

Manganese dioxide occurs naturally as pyrolusite and has a blackish-brown color. Its em-

pirical formula is MnO2, with manganese and oxygen atoms forming an ionic bond. MnO2

is suitable for semiconductor applications, is soluble in ammonia and water, but insoluble in

acids [73]. Its main properties are summarized in Table I.3.

Table I.3: General properties of MnO2.

Property MnO2

Molecular formula MnO2

Molar mass 86.9368 g/mol
Appearance Brown-black solid
Density 5.026 g/cm3

Melting point 535 °C (decomposes)
Solubility in water Insoluble
Flash point 535 °C
Surface area (m2/g) 2260
Band gap 2.32.5 eV

Crystal Structure of MnO2

MnO2 consists of one manganese atom bonded to two oxygen atoms via one sigma and one

pi bond each. Figure I.7 shows its well-organized crystal structure.

Figure I.7: Crystal structure of manganese dioxide (MnO2).

Dimanganese Trioxide (Mn2O3)

Dimanganese trioxide is valued for its chemical stability, catalytic activity, and microbicidal

properties [74, 75, 76]. Its physical and chemical properties are listed in Table I.4.
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Table I.4: Physical and chemical properties of Mn2O3

Property Mn2O3

Chemical formula Mn2O3

Molar mass 157.8743 g/mol
Appearance Brown or black crystalline
Density 4.50 g/cm3

Melting point 888 °C
Solubility in water Insoluble

Trimanganese Tetraoxide (Mn3O4)

Mn3O4, also known as hausmannite, contains manganese in both +2 and +3 oxidation states

and can be represented as MnOMn2O3 [76, 77]. Its general properties are shown in Table I.5.

Table I.5: Physical and chemical properties of Mn3O4 .

Property Mn3O4

Chemical formula Mn3O4

Molar mass 228.812 g/mol
Appearance Brownish-black powder
Density 4.8 g/cm3

Melting point 1564 °C
Solubility in water None

Crystal Structure of Mn3O4

Mn3O4 adopts a conventional spinel structure, with Mn2+ ions occupying tetrahedral sites

and Mn3+ ions occupying octahedral sites. The lattice constants are a = b = 5.765 Å and

c = 9.442 Å. The crystal structure is shown in Figure I.8.

Figure I.8: Crystal structure of trimanganese tetraoxide (Mn3O4).
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I.4 Synthesis and Applications of Metal Oxide Nanoparti-

cles

I.4.1 Synthesis of Nickel Oxide Nanoparticles (NiO)

Nanoparticle synthesis can be broadly classified into two main approaches: top-down and

bottom-up (Figure ??). The top-down approach involves breaking down bulk materials into

nanoscale components using various physical and chemical techniques [78]. This method

allows for rapid and large-scale production of nanomaterials; however, it often introduces

surface defects, which can alter the physical, chemical, and surface properties of the nanopar-

ticles [79, 80].

In contrast, the bottom-up approach builds nanoparticles from atoms, molecules, or

small clusters through self-assembly. Techniques include chemical methods such as sol-gel,

precipitation, hydrothermal, solvothermal, and chemical reduction, as well as biological syn-

thesis methods. The bottom-up approach is generally preferred because it produces nanopar-

ticles with fewer defects, uniform composition, and controlled surface structures [80].

Several physical and chemical methods have been reported for the synthesis of NiO

nanoparticles. Physical methods include mechanical milling [81, 82], sputtering [83], spray

pyrolysis [84], chemical vapor deposition (CVD) [85], and laser ablation [86, 87]. For ex-

ample, spray pyrolysis of nickel chloride hexahydrate yields NiO nanoparticles with average

sizes of 25–30 nm [88], while CVD can also produce NiO nanoparticles [85]. Similarly,

the anodic arc plasma technique has been employed to synthesize spherical NiO nanoparti-

cles averaging 25 nm in size [89]. These physical methods, however, require high energy,

specialized equipment, and skilled personnel, which can limit large-scale and cost-effective

production.

Chemical synthesis techniques for NiO nanoparticles include hydrothermal [90], sono-

chemical [91], solvothermal [92], chemical reduction [93], sol-gel [94], and microemulsion

[95] methods. Stabilizing agents, such as ethylene glycol, isopropanol, and nickel nitrate

hexahydrate, are often used to control particle morphology [96]. Surfactants like Triton X-

100 prevent aggregation and ensure uniform particle distribution. For instance, a simple

solvothermal approach using citric acid as a chelating agent and nickel nitrate as a precursor

successfully produces NiO nanoparticles with controlled morphology [97]. NiO nanoparti-
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cles have also been prepared via chemical precipitation without surfactants or capping agents

[98], and through combustion using organic fuels [99].

I.4.2 Environmentally Friendly Production of Nickel Oxide Nanoparti-

cles Using Plant Extracts

Recently, the use of plant extracts and their components for the synthesis of nanoparticles

has gained significant attention due to its simplicity, cost-effectiveness, rapid process, and

eco-friendly nature. Various plant species have been explored for the green synthesis of NiO

nanoparticles. In this method, phytochemicals present in the plant extracts play a key role in

reducing nickel ions [100, 101]. Functional groups such as the carbonyl and hydroxyl groups

in amino acids, as well as the polyphenols and hydroxyl groups in flavonoids, contribute to

the reduction process and help stabilize the formed nanoparticles.

For example:

• Nephelium lappaceum L. extract was successfully used to synthesize NiO nanocrys-

tals of roughly 50 nm in size. The phenolic compounds in the extract were primarily

responsible for the nanoparticle formation [102].

• NiO nanoparticles were biosynthesized using leaf extract from Moringa oleifera [103].

• Azadirachta indica extract was used to create oblong-shaped NiO nanoparticles of 12

nm, showing exceptional antibacterial activity against S. aureus and E. coli [104].

• An aqueous leaf extract of Aegle marmelos was employed to synthesize spherical NiO

nanoparticles with sizes ranging from 8 to 10 nm. The plant extract acted as both re-

ducing and capping agent. These nanoparticles demonstrated strong anticancer activity

against A549 cell lines [100].

• Ali Talha Khalil et al. used Sageretia tea (Osbeck.) leaves to synthesize spherical NiO

nanoparticles of 18 nm, as confirmed by XRD and SEM/TEM analyses. The biological

effects of the nanoparticles were also studied [105].

• P. Kganyago et al. reported the green synthesis of NiO nanoparticles using Monsonia

burkeana leaves. The resulting nanoparticles were spherical with an average size of 20

nm, as demonstrated by XRD and TEM studies [105].
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To date, the biosynthesis of NiO nanoparticles has employed a variety of plant extracts

with different phytochemical compositions. Despite the diversity of plant sources, the size,

shape, and morphology of NiO nanoparticles can vary significantly depending on experimen-

tal parameters such as temperature, pH, contact time, and the concentrations of nickel ions

and plant extract.

I.4.3 Eco-Friendly Synthesis of Manganese Oxide Nanoparticles Using

Plant Extracts

Manganese oxides have attracted significant interest among the various 3d transition metal

oxides due to their rich diversity in both structure and composition, encompassing phases

such as MnO, Mn5O8, Mn2O3, MnO2, and Mn3O4 [106].

For example:

• Khan et al. [107] used Abutilon indicum leaf extract to synthesize MnO nanoparticles

with a diameter of approximately 85 nm. Phytomolecules such as flavonoids, phenolics,

and carbohydrates contributed electrons via redox reactions, reducing Mn+ to its zero-

valent species, Mn0, while other biomolecules including proteins and alkaloids helped

stabilize Mn0.

• Viola betonicifolia leaf extract was employed to produce MnO2 nanoparticles, which

exhibited superior cytotoxic, antibacterial, and antioxidant properties compared to the

pure extract. Characterization revealed highly crystalline, spherical, and uniformly

distributed MnO2 nanoparticles with a size of 10.5 nm [108].

• Other plant extracts used for MnO2 nanoparticle synthesis include green tea [109],

Leucaena leucocephala [110], and Caryota mitis Lour (fishtail palm) flower [111].

• Diallo et al. [112] utilized manganese chloride and an Aspalathus linearis extract to

synthesize Mn3O4 nanoparticles with diameters ranging from 18 to 28 nm.

• Additional studies reported Mn3O4 synthesis using extracts from Simarouba glauca

leaf [113], Adalodakam [114], Ananas comosus (L.) peel [115], Azadirachta indica

[116], Costus woodsonii flower [117], green gram powder [118], and others.
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I.5 Applications of Nanoparticles

I.5.1 Application of Nickel Oxide Nanoparticles

NiO nanoparticles have recently garnered considerable attention due to their remarkable opti-

cal, electrical, and magnetic properties, along with their high chemical stability and excellent

conductivity characteristics [119]. They have found use in various applications, including:

• Supercapacitor electrode materials.

• Diffusion bonding of stainless steel.

• Nitrobenzene hydrogenation.

• Low-temperature oxidation of carbon monoxide and propane.

• Catalysis of hydrogen auto-transfer and transfer hydrogenation reactions [120, 121].

NiO nanoparticles can also serve as environmentally friendly adsorbents to determine

water’s chemical oxygen demand (COD) and remove contaminants and dyes from tannery

and textile industry effluents [122]. Under in vitro and greenhouse conditions, they exhibit

antifungal activity against pathogens causing wilt in tomatoes and lettuce [123]. Additionally,

NiO nanoparticles possess numerous catalytic and therapeutic properties, including antiox-

idant, anticancer, cytotoxic, antifungal, antibacterial, enzyme inhibition, and other remedial

activities [124, 125]. Their unique surface area, capacity to release and absorb metal ions, and

cytotoxic properties make them useful as biomedicines for therapeutic applications [126].

I.5.2 Application of Manganese Oxide Nanoparticles

Manganese oxide nanoparticles have attracted attention as anode materials in lithium-ion

batteries due to their exceptional properties, low cost, low environmental impact, and high

theoretical capacity [127]. Their distinct physical and chemical characteristics have enabled

applications in molecular adsorption, ion exchange, catalysis, energy storage, and biosensors,

making them highly valuable inorganic materials [128]. Moreover, MnO nanoparticles have

been employed in wastewater treatment, supercapacitors, sensors, catalysis, and rechargeable

batteries [129].
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I.6 Helianthus annuus L. (Sunflower)

I.6.1 Taxonomical Classification

• Kingdom: Plantae

• Division: Angiospermae

• Subdivision: Eudicots

• Class: Asterids

• Order: Asterales

• Family: Asteraceae

• Subfamily: Helianthoideae [130]

Figure I.9: Flower of Helianthus annuus L.

I.6.2 Botanical Description

Helianthus annuus L., the common sunflower, is an annual herbaceous crop growing 13 m

high [132]. Its name derives from Greek "helios" (sun) and "anthus" (flower), while annuus

indicates it is annual. It is native to temperate regions (2025°C) and produces a large, yellow

flower head that follows the sun.

• Roots: Initially tap-rooted, maturing to a large, fibrous, lateral root system.

• Stems: Spherical, branching, hispid, 30200 cm tall; herbage harsh and dull.
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• Leaves: Upper leaves alternate, lower leaves mostly opposite; blades 420 cm long, 315

cm wide, serrated edges, acute apex.

• Inflorescence: Large composite heads, terminal or axillary, peduncles 220 cm long.

• Flowers: Single or double; yellow ray florets, brownish-purple disc florets, flat or con-

vex receptacles [133].

• Fruit: Sunflower seeds with protective rinds; oilseed varieties have shells for pest pro-

tection [132].

I.6.3 Distribution

Helianthus annuus, commonly known as the sunflower, is a pervasive roadside weed. It is

widely distributed in open habitats at elevations below 1900 meters across southern Canada,

Mexico, and North America. As a species, H. annuus exhibits considerable diversity and

readily hybridizes with several other species [134].

I.6.4 Phytochemistry and Chemical Constituents

The methanolic extract of H. annuus seeds has been reported to contain carbohydrates, flavonoids,

tannins, alkaloids, saponins, phytosterols, steroids, and fixed oils, while lacking proteins,

starch, and glycosides [135].

Kamal et al. identified allelochemicals in sunflower leaves, stems, and roots using thin

layer chromatography (TLC) for alkaloids and spectrophotometry for phenols and flavonoids.

The concentration of allelochemicals was found to be highest in the leaves, followed by the

roots and stems [136].

Sunflower seed shells are rich in antioxidant phenolic compounds. Phenolic content in

antioxidant seeds ranges from 2% to 4%, while 43% to 73% of phenolics are present in sun-

flower kernels [137].

I.6.5 Uses

Sunflower seeds are widely consumed by humans, either as roasted snacks or processed into

oil. Peeled sunflower seeds are a common protein substitute, frequently incorporated into

vegetarian diets [138].
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Sunflower hulls, which represent 2130% of the total seed weight, are often considered a

by-product. They can be used in small amounts as a source of fiber in animal feed, though

excessive quantities may impair digestion. Hulls are commonly burned in oil extraction fa-

cilities to provide heat during processing and for the distillation of hexane solvent. They have

also been processed into cylinders as artificial fireplace logs or used to heat public buildings

near processing plants with minimal boiler modifications [137]. Additionally, sunflower hulls

serve as a supplementary fuel source for coal-fired power plants [139].
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Chapter II

Wastewater and the Adsorption Technique

Introduction

The majority of emerging pollutants in wastewater streams are chemical compounds that are

not biodegradable, causing major issues for ecosystems and living organisms [140]. Both

organic and inorganic pollutants originate from multiple sources such as households and in-

dustries, with long-lasting negative impacts on biodiversity and human and animal health

[141]. Wastewater contains hazardous materials including heavy metals, which pose seri-

ous threats to the environment and human health, contributing to diseases like cancer and

respiratory disorders [142]. Various techniques can remove heavy metals, such as chemical

precipitation, biosorption, adsorption, filtering, and ion exchange. Among these, adsorption

is the most effective, cost-efficient, and practical method [143].

II.1 Heavy Metal-Contaminated Wastewater

Heavy metals are major contaminants of freshwater ecosystems due to their toxicity and

persistence. They are typically characterized by atomic densities exceeding 5 g/cmş and

relative atomic masses between 63.5 and 200.6 [144]. Persistent in wastewater and non-

biodegradable, heavy metals contribute to global environmental pollution [145, 146], high-

lighting the need for effective water quality control [147].

Sources include natural processes (weathering, soil erosion, volcanic eruptions, aerosols)

and human activities such as industrial and municipal effluents. Industrial wastewater comes

from metal smelting, electroplating, leather tanning, textiles, mineral extraction, and nuclear
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power, while urban wastewater originates from municipal discharges [148, 149, 150]. Heavy

metals must be removed before discharge due to their non-biodegradable nature [145, 147].

II.1.1 Common Heavy Metals in Wastewater

Heavy metals accumulate in the environment, posing toxic risks and potential cancer haz-

ards due to bioaccumulation [151, 152]. Table II.1 summarizes common heavy metals, their

sources, affected organs, and permissible limits in drinking water according to WHO [153,

154, 155].

Table II.1: Common heavy metals in wastewater, sources, health effects, and permissible
levels

Metal Primary Sources Affected Organs/Systems Permitted Level (µg/L)

Lead (Pb) Solder, alloys,
paints, batteries,
ammunition

Immune, hematological,
cardiovascular, brain, lungs,
spleen, liver, kidneys, repro-
ductive

10

Arsenic (As) Glass man-
ufacturing,
electronics

Kidneys, brain, lungs, skin,
cardiovascular, metabolic,
immune, endocrine

10

Copper (Cu) Electrical, cable,
plumbing

Gastrointestinal, lungs, liver,
brain, kidneys, cornea, im-
mune, hematological

2000

Zinc (Zn) Brass coating,
rubber, cos-
metics, aerosol
deodorants

Stomach, skin, anemia, nau-
sea, vomiting, convulsions

3000

Chromium (Cr) Tanneries, steel,
pulp mills

Gastrointestinal, liver, kid-
neys, brain, pancreas, skin,
lungs, reproductive

50

Cadmium (Cd) Metal refineries,
paints, batteries,
steel/plastic in-
dustries

Brain, immune, cardiovascu-
lar, lungs, testes, liver, kid-
neys, bones

3

Mercury (Hg) Refineries, in-
dustrial devices,
electrical appli-
ances, landfill
runoff

Reproductive, cardiovascular,
neurological, endocrine,
lung, renal, liver, immune

6

Nickel (Ni) Nickel alloys,
stainless steel
manufacturing

Skin, renal, pulmonary fibro-
sis, gastrointestinal, lungs

70
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II.2 The Heavy Metal Remediation Technologies

Heavy metals can accumulate within human food chains through a process known as bioac-

cumulation, leading to progressively higher concentrations of metal ions that pose risks to

living organisms. These contaminants often enter aquatic environments via various sources

such as household and industrial discharges, agricultural runoff, and certain wastewater treat-

ment practices [156].

To mitigate metal contamination in wastewater, a variety of treatment methods are em-

ployed. These methods are generally classified into three main categories: physical, chemical,

and biological [157]. While biological approaches are typically slower and less efficient than

physical or chemical treatments, they are often more cost-effective [158].

II.3 Adsorption

Currently, the most feasible and efficient method for removing heavy metals from wastewater

is the adsorption process [159, 160]. Adsorption allows for the complete recovery of heavy

metals from wastewater and provides operational and design flexibility.

The adsorption process involves transferring heavy metal ions (adsorbate) from the wastew-

ater onto a solid surface called the adsorbent, where they attach either chemically or physi-

cally. Physical adsorption arises from mild van der Waals forces, whereas chemical adsorp-

tion occurs due to the formation of strong covalent bonds between the adsorbent and adsorbate

[161, 162].

II.3.1 Types of Adsorption

Adsorption is classified as physical (physisorption) or chemical (chemisorption), depending

on bond type and energy [163, 164, 165]. Figures II.1 and II.2 illustrate these processes.

II.3.1.1.Physical Sorption (Physisorption)

Physisorption occurs at low temperatures (<40 kJ/mol) and involves weak Van der Waals

forces. It is rapid, reversible, and does not alter chemical composition [166, 167].
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Figure II.1: Physical and chemical adsorption

Figure II.2: Mechanism of physical and chemical adsorption

II.3.1.2.Chemical Sorption (Chemisorption)

Chemisorption involves ionic or covalent bonding, usually at high temperatures (>40 kJ/mol),

potentially forming complexes with adsorbent surfaces [168, 169].

Table II.2: Comparison of physical and chemical adsorption

Criteria Physical Adsorption Chemical Adsorption

Specificity Non-specific Highly-specific
Nature Depends on adsorbent Depends on adsorbent
Reversibility Reversible Mainly irreversible
Enthalpy 20-40 kJ/mol 40-300 kJ/mol
Activation energy Low High
Adsorption layer Multi-layer Monolayer
Bonding Weak Van der Waals, dipole-dipole Strong ionic/covalent, chemical change

II.3.2 Mechanisms of Adsorption

The adsorption mechanism has four main steps [170, 171]:

1. Transport of solute to adsorbent boundary layer.

2. Diffusion through the boundary layer.
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3. Transfer to active sites of adsorbent pores.

4. Adsorption into the solid phase.

Figure II.3: Adsorption mechanism

II.4 Factors Affecting the Adsorption of Heavy Metals

A number of variables, such as temperature, pH, adsorbent dosage, initial concentration, and

contact time, influence the efficiency of adsorption techniques [172].

II.4.1 Effect of Solution pH

The pH of the solution is a crucial parameter in the adsorption process, as determining the

initial pH condition is key to optimizing pollutant removal. The pH affects the availability of

hydrogen ions in functional groups, such as hydroxyl (OH), carboxyl (COOH), amine (NH),

and metal ions on the adsorbent surface [173]. At lower pH levels, the abundance of H+

ions tends to neutralize the negatively charged adsorbent surface, reducing electrostatic re-

pulsion and facilitating diffusion, thereby enhancing the adsorption rate. However, studies

have shown that adsorption efficiency generally improves at higher pH values and decreases

as the pH lowers [174].

II.4.2 Effect of Adsorbent Dosage

The adsorbent dose is another important factor determining the adsorption efficiency of heavy

metals. Increasing the adsorbent dose generally increases the amount of metal ions adsorbed
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due to more available active sites and higher surface area. However, beyond a certain point,

the adsorption capacity tends to remain constant despite further increases in dosage [175,

176].

II.4.3 Effect of Contact Time

Contact time is used to characterize the adsorption capacity. The adsorption process requires

a specific time to reach equilibrium, which corresponds to the stage where adsorption is com-

plete [177]. The time required to reach maximum adsorption depends on the type of adsorbent

and adsorbate.

II.4.4 Effect of Temperature

Temperature influences the physicochemical reactions involved in adsorption and is therefore

a key factor. For exothermic adsorption processes, an increase in temperature typically de-

creases the reaction rate, while for endothermic processes, higher temperatures can enhance

the adsorption rate [178].

II.4.5 Effect of Initial Concentration

The initial concentration of heavy metals significantly affects adsorption. Generally, as the

initial concentration increases, the adsorption capacity also increases, because a higher con-

centration provides the driving force needed to overcome mass transfer resistance between

the liquid and solid phases. However, higher initial concentrations may lead to a decrease in

overall removal efficiency, as confirmed by several studies [177].

II.5 Adsorption Kinetics

The solute adsorption rate governs how long the adsorbate remains at the solution interface,

as indicated by kinetic analysis. When designing and calculating adsorption systems, this

rate plays a crucial role [179, 180]. The most commonly used kinetic models for adsorption

studies are the pseudo-first-order and pseudo-second-order models.
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II.5.1 Pseudo-First-Order Kinetics

The pseudo-first-order model, proposed by Lagergren, assumes a linear relationship between

time and the amount of adsorbate accumulated on the adsorbent surface. It has been widely

applied to characterize the adsorption behavior of organic and inorganic solutes on non-

uniform solid surfaces. However, its applicability is generally limited to the first 20–30 min-

utes of adsorption and often fails to represent the entire contact time range in kinetic studies

[181]. This model is usually expressed as:

ln(qe − qt) = ln qe − k1t (II.1)

where k1 is the apparent rate constant, t is the contact time, and qe and qt are the amounts

of metal ions adsorbed per unit mass of adsorbent at equilibrium and at time t, respectively

[182].

II.5.2 Pseudo-Second-Order Kinetics

The pseudo-second-order model assumes that the adsorption rate is directly proportional to

the square of the number of unoccupied active sites. This model provides a more accurate

description of solute adsorption on solid surfaces compared to lower-order models [183]. It

can be expressed as:

1

qt
=

1

qe
− 1

k2q2e
(II.2)

where k2 is the rate constant of the pseudo-second-order adsorption process.

II.5.3 Intraparticle Diffusion Model

The intraparticle diffusion model can be employed to explain the diffusion mechanism within

the adsorbent pores. Factors commonly affecting intraparticle diffusion include temperature,

agitation speed, initial solute concentration, and physical properties of the adsorbent [184].

The intraparticle diffusion equation is given by:

qt = kt0.5 + C (II.3)
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where k is the intraparticle diffusion rate constant and C represents the boundary layer

effect [185].

II.6 Adsorption Isotherms

Adsorption isotherms are widely used to understand the adsorption mechanism. After the

adsorption process, the residual concentration of metal ions is determined using an atomic

absorption spectrophotometer. The efficiency of metal ion removal from the aqueous solution

is subsequently calculated using the following formula [186]:

R% =
C0 − Ce

Ce

× 100 (II.4)

The metal uptake (qe) at equilibrium can be determined using:

qe =
(C0 − Ce)

m
× V (II.5)

where C0 and Ce are the initial and equilibrium metal concentrations (mg/L), V is the

solution volume (L), and m is the adsorbent mass (g).

II.6.1 Classification of Adsorption Isotherms

Sorption isotherms have been categorized by several authors, including Gilles and Coll, ac-

cording to their shape and initial slope [187, 188]. A summary of this classification is as

follows (Figure II.4):

• Kind “H” isotherms: Dubbed “high affinity” isotherms, which are a special case of

the “L” type. The solute exhibits extremely strong affinity for the solid, resulting in an

initial slope so steep that it is practically infinite, even if thermodynamically unusual.

• Kind “L” isotherms: Known as “Langmuir” isotherms, they typically correspond to

low solute concentrations in water. The convex shape of the isotherm indicates gradual

saturation of the adsorbent. As Ce approaches zero, the slope of the isotherm remains

constant, suggesting that bifunctional molecules adsorb flatly.

• Kind “S” isotherms: Termed “sigmoidal” isotherms, characterized by a distinct in-

flection point, generally resulting from at least two competing adsorption mechanisms.
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This occurs, for instance, when adsorption of subsequent solute layers is favored after

the first layer.

• Kind “C” isotherms: Called “constant partition” isotherms, represented by a straight

line passing through the origin. This indicates that the distribution coefficient Kd (or

qe/Ce ratio) remains constant [188, 189].

Figure II.4: Types of adsorption isotherms

II.6.2 Modeling of Adsorption Isotherms

When discussing solid-liquid adsorption, two-parameter models are most frequently em-

ployed in the literature, such as Freundlich, Langmuir, DubininRadushkevich, Temkin, and

Elovich models.

Freundlich Isotherm

The Freundlich isotherm is an empirical model that considers the interference of the solute’s

adsorption in a mono-molecular layer. It assumes a heterogeneous adsorbent surface with

distinct binding sites [190]. The non-linear form of the Freundlich isotherm is given by:

qe = KFC
1/n
e (II.6)
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where KF is the adsorption capacity (L/mg) and 1/n is the adsorption intensity.

The value of 1/n characterizes the type of isotherm:

• 1/n = 0: irreversible isotherm

• 0 < 1/n < 1: favorable isotherm

• 1/n > 1: unfavorable isotherm

The Freundlich isotherm can also be expressed in a linearized form:

log qe = logKF +
1

n
logCe (II.7)

Langmuir Isotherm

The Langmuir model is the most widely used representation of adsorption phenomena in

aqueous solutions [191]. It postulates that adsorption occurs on a finite number of distinct

localized sites and that the adsorbed layer is monolayer (one molecule thick) [192]. The

non-linear form is given by:

qe =
qmKLCe

1 +KLCe

(II.8)

where KL is the Langmuir equilibrium constant (L/mg), and qm is the maximum mono-

layer adsorption capacity (mg/g).

The linearized form of the Langmuir isotherm is:

Ce

qe
=

1

qmKL

+
Ce

qm
(II.9)

Separation Factor (RL) The separation factor RL is a dimensionless constant that ex-

presses the essential characteristics of the Langmuir isotherm and is defined as [193]:

RL =
1

1 +KLC0

(II.10)

The interpretation of RL values is as follows [194]:

• RL = 0: irreversible isotherm

• 0 < RL < 1: favorable
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• RL = 1: linear

• RL > 1: unfavorable

II.6.3 Thermodynamics of Adsorption

According to thermodynamic theory, energy cannot be created or destroyed in an isolated

system. During adsorption, a heat reactioneither exothermic or endothermicoccurs as the

solute moves from the solution to the solid-liquid interface [195]. The system’s equilibrium

can be characterized by thermodynamic parameters such as entropy change (∆S◦), enthalpy

change (∆H◦), and Gibbs free energy change (∆G◦). These parameters can be calculated

using the Van’t Hoff equation [196]:

lnKd =
∆S◦

R
− ∆H◦

RT
(II.11)

where Kd is the thermodynamic distribution constant. The equilibrium constant can also

be expressed as:

Kc =
qe
Ce

(II.12)

where qe is the amount adsorbed at equilibrium (mg/g) and Ce is the equilibrium concen-

tration of the metal ion in solution (mg/L).

Positive ∆H◦ values greater than 40 kJ/mol indicate that active sites strongly coordinate

metal ions during chemisorption [197]. Negative ∆G◦ values at varying temperatures sug-

gest that adsorption occurs favorably and spontaneously [198]. The entropy change, ∆S◦,

provides information about the degree of disorder at the adsorbent surface [199].

Gibbs free energy can be calculated as follows:

∆G◦ = −RT lnKd (II.13)

∆G◦ = ∆H◦ − T∆S◦ (II.14)
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Chapter III

Materials and Methods

III.1 Introduction

This chapter presents simple protocols for the green synthesis of NiO, MnO2/Mn2O3, and

Mn3O4 nanoparticles using extracts from Helianthus annuus seed husk shells (sunflower

seeds). Additionally, the structural, optical, and morphological properties of the metal oxide

nanoparticles were analyzed and confirmed using standard techniques such as energy disper-

sive X-ray analysis (EDX), scanning electron microscopy (SEM), X-ray diffraction (XRD),

UV-Visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), and BET surface

area analysis.

III.2 Materials and Methods

III.2.1 Plant Waste: Sunflower Seed Shells

For green synthesis of NiO, MnO2, and Mn3O4 nanoparticles, Helianthus annuus seed husks

were chosen as reducing agents. White sunflower seed husks were purchased from a local

market in Ouargla, Algeria (Figure III.1).

III.2.2 Chemical Products Used

All chemicals were stored in an inert environment and protected from direct sunlight. Ta-

ble III.1 summarizes the chemical reagents used.
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Figure III.1: Raw material: Helianthus annuus seed husks.

Table III.1: Chemical products used in this work

Chemical Products Chemical Formula Purity (%) M (g/mol)
Manganese(II) nitrate tetrahydrate Mn(NO3)2ů4H2O 98 251.01
Nickel nitrate hexahydrate Ni(NO3)2ů6H2O 98 290.79
Cadmium sulfate hydrate 3CdSO4ů8H2O 769.51
Lead nitrate Pb(NO3)2 99.5 331.21
Copper nitrate trihydrate Cu(NO3)2ů3H2O 99 241.60
Sodium hydroxide NaOH 97 40
Hydrochloric acid HCl 37 36.46

III.2.3 Methodology

III.2.3.1.Preparation of Extract

Sunflower seed shells were washed repeatedly with tap water and distilled water, dried at 60°C

overnight, and ground into powder. For the extract, 9.2 g of powder was added to 100 mL

double-distilled water, heated and stirred for 30 min at 70°C, then filtered through Whatman

filter paper No. 2. The brown extract was stored at 4°C.

III.1.3.2.Green Synthesis of Nickel Oxide Nanoparticles (NiO-NPs)

20 mL of extract was added to 2 g Ni(NO3)2 in 100 mL double-distilled water. The mixture

was heated at 80°C under constant stirring. NaOH (1M) was gradually added to adjust pH

to 12. The reaction proceeded for 2 h, changing color from dark green to pistachio green.

The precipitate was filtered, washed, dried at 100°C overnight, and calcined at 400°C for 2 h

(Figure III.2).
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Figure III.2: Schematic of green synthesis of NiO nanoparticles.

III.1.3.3. Green Synthesis of MnO2/Mn2O3 Nanoparticles

10 mL of extract was added to 50 mL solution containing 2 g Mn(NO3)2ů4H2O, heated at

70°C under stirring (400 rpm) for 3.5 h. A black gel formed, transferred to a ceramic crucible,

and calcined at 400°C for 2 h to obtain a black powder (Figure III.3).

Figure III.3: Schematic of green synthesis of MnO2/Mn2O3 nanoparticles.
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III.1.3.4.Green Synthesis of Mn3O4 Nanoparticles

1.88 g Mn(NO3)2 was dissolved in 100 mL double-distilled water, heated for 10 min with

stirring. 20 mL extract was added and stirred under same conditions. pH adjusted to 8 with

NaOH (1M). Reaction lasted 2 h, color changed from pale yellow to dark brown. Precipitate

was filtered, washed, dried at 100°C for 3 h, and calcined at 400°C for 2 h (Figure III.4).

Figure III.4: Schematic of green synthesis of Mn3O4 nanoparticles.

III.3 Methods of Characterisation

III.3.1 Structural and Morphological Properties

X-ray Diffraction (XRD)

The crystallographic information of the synthesised nanoparticles was obtained from powder

XRD data acquired using a Proto diffractometer (University of El Oued). The X-ray source

was Cu Kα radiation (λ = 1.5406 Å). Reflections were recorded at room temperature, with

the 2θ angle scanned between 10◦ and 80◦.
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Determination of Nanoparticle Size The size of the crystals was determined using the

Debye-Scherrer equation [200]:

D =
Kλ

β cos θ
(III.1)

where: D = crystallite size (nm),K = Scherrers constant (typically 0.9), λ = X-ray wavelength

(Å), θ = Bragg diffraction angle, β = full width at half maximum (FWHM) in radians.

The obtained XRD data were further analysed for crystalline structure by comparison with

the Joint Committee on Powder Diffraction Standards (JCPDS) library.

Scanning Electron Microscopy (SEM)

SEM is an analytical technique that uses an electron beam to scan a sample at high magni-

fications, producing high-resolution images for surface morphology examination. The mor-

phology of the nanoparticle samples was analysed using a ZEISS EVA 15 scanning electron

microscope (CRAPC-Ouargla), which provided information on particle size, shape, and sur-

face characteristics.

Elemental composition was determined via energy-dispersive X-ray spectroscopy (EDX)

using the same instrument. The ZEISS EVO 15 system features up to four single photodetec-

tors with resolutions up to 24000 Œ 32000 pixels, a SmartSEM control panel with SE C2DX

and Everhart-Thornley detectors, a color navigation camera for precise sample positioning,

and an infrared camera [201].

BET Surface Area Analysis

The specific surface area of the synthesised nanoparticles was measured using the BET appa-

ratus (CRAPC-Laghouat). The method involves adsorbing nitrogen gas molecules onto the

surface of the solid sample at 196°C. The volume of adsorbed gas is then used to calculate

the materials specific surface area.

BET analysis also provides information on pore size distribution and surface characteris-

tics of the nanoparticles through statistical evaluation of the nitrogen adsorption isotherm.
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III.3.2 Optical Properties

UV-Visible Absorption Spectroscopy

UV-Vis spectroscopy is one of the simplest and most effective techniques for confirming the

formation of metal nanoparticles. The UV-Vis spectra of the synthesized nanoparticles were

recorded using a Cary 100 Agilent spectrophotometer (CRAPC-Ouargla) in the wavelength

range of 250800 nm. A quartz cuvette with a path length of 1 cm was used, and distilled

water served as the reference for all measurements.

In UV-Vis spectroscopy, the sample is exposed to light within the UV-Vis range (typically

190900 nm). The wavelengths of absorbed light correspond to electronic transitions between

energy levels in the material. The resulting absorption spectrum provides information about

the compounds electronic structure, concentration, and sometimes its chemical environment.

Determination of Optical Band Gap (Eg) The optical band gap (Eg) of the nanoparticles

can be estimated using the Tauc relation [202]:

(αhν)n = A(hν − Eg) (III.2)

where: n = constant dependent on the type of electronic transition (1/2 for direct allowed, 2

for indirect allowed), α = absorption coefficient, A = proportionality constant, hν = photon

energy, Eg = optical band gap.

The Tauc plot involves extrapolating the linear portion of (αhν)n versus hν to intercept

the energy axis, giving the estimated Eg value.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy (Cary 8000 Agilent, CRAPC-Ouargla) was used to identify the functional

groups present in the nanoparticles in the range 4004000 cm−1. This technique provides in-

sights into chemical bonds and molecular interactions that contribute to nanoparticle forma-

tion and stabilization.

FTIR works by measuring the absorption of infrared light by the sample. Different func-

tional groups absorb at characteristic vibration frequencies, producing peaks in the spectrum.

These peaks reveal the presence of chemical bonds and provide information about surface

capping agents and stabilizing molecules on the nanoparticle surface.
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III.4 Adsorption Study of Pb(II), Cd(II), and Cu(II) Ions

on Synthesized Nanoparticles (III.3)

Adsorption experiments were conducted at room temperature (25 ś 1°C) using Pb, Cd, and Cu

ions as adsorbates and NiO, MnO2/Mn2O3, and Mn3O4 nanoparticles as adsorbents. Stock

solutions of each metal ion were prepared by dissolving appropriate amounts of copper(II)

nitrate trihydrate (Cu(NO3)2ů3H2O), lead nitrate (Pb(NO3)2), and cadmium sulfate hydrate

(3CdSO4ů8H2O) in deionized water.

Batch adsorption experiments were performed by varying parameters such as pH (28),

initial metal ion concentration (525 mg L−1), contact time (1060 min), adsorbent dosage

(10100 mg), and temperature (2555°C). Each experiment used 25 mL of solution with a

defined concentration of metal ions.

Metal ion concentrations in the filtrates were measured using an atomic absorption spec-

trophotometer (Analytic Jena Contra A 800, Germany). The adsorption capacity (qe, mg g−1)

and adsorption efficiency (R%) were calculated using Equations (II.4) and (II.5), respectively.

Adsorption isotherms were also determined (Figure III.5).

Figure III.5: Adsorption study of Pb(II), Cd(II), and Cu(II) ions on synthesized nanoparti-
cles.

III.5 Study of the Factors Affecting Adsorption

The adsorption efficiency of heavy metal ions (Cu(II), Pb(II), and Cd(II)) onto NiOMnO2/Mn2O3Mn3O4

nanoparticles is influenced by several operational parameters. In this study, the effects of ad-
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sorbent dosage, contact time, pH, initial ion concentration, and temperature were systemati-

cally investigated [203, 204].

III.5.1 Effect of Adsorbent Dosage

The adsorbent dosage determines the number of active sites available for adsorption [205,

206]. Experiments were performed using 25 mL of metal ion solution (20 mg L−1) with

varying adsorbent amounts from 10 to 100 mg, at pH 7, room temperature (25 °C), and

a contact time of 30 minutes. Increasing the adsorbent dose generally improves removal

efficiency due to the higher availability of adsorption sites until equilibrium is reached [207].

III.5.2 Effect of Contact Time

The kinetics of adsorption were studied by varying the contact time between 10 and 60 min-

utes, keeping the adsorbent dosage at 20 mg, pH 7, room temperature (25 °C), and shaking

at 200 rpm [208, 209]. Rapid adsorption is usually observed at the initial stages due to a high

concentration gradient and large number of vacant active sites, followed by a slower approach

to equilibrium [210].

III.5.3 Effect of pH

Solution pH affects both the surface charge of the nanoparticles and the speciation of metal

ions [211, 212]. In this study, pH was adjusted from 2 to 8 using 0.1 N NaOH or HCl solutions.

Experiments were conducted at room temperature (25 °C) with 25 mL of metal ion solution

(20 mg L−1) and 20 mg of adsorbent, for 30 minutes. Adsorption efficiency typically increases

with pH due to reduced competition with H+ ions for active sites [213].

III.5.4 Effect of Initial Ion Concentration

The initial concentration of metal ions affects the mass transfer driving force between the

aqueous phase and the adsorbent surface [214, 215]. Metal ion concentrations of 5, 10, 15,

20, and 25 mg L−1 were tested under optimal conditions. Higher concentrations increase

adsorption capacity until the surface sites are saturated [216].
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III.5.5 Effect of Temperature

The influence of temperature on adsorption was examined at 25, 35, 45, and 55 °C, with

an adsorbent mass of 0.02 g and an initial ion concentration of 20 mg L−1, at pH 7 and

a contact time of 30 minutes [217, 218]. Temperature affects ion mobility and adsorption

kinetics; adsorption may increase with temperature if the process is endothermic, or decrease

if exothermic [219]. Detailed results are presented in Chapter IV.
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Chapter IV

Results and Discussion

IV.1 Mechanism of Plant-Mediated Synthesis of Nanopar-

ticles

IV.1.1 NiO nanoparticles

In plant-mediated synthesis, the phytochemicals such as phenols, alkaloids, flavonoids, saponins,

tannins, etc., present in plant extracts are responsible for reducing and stabilizing metal ions

into the corresponding metal or metal oxide nanoparticles [203, 204]. According to pub-

lished studies on the biogenesis of NiO nanoparticles, the active components in the plant

extract react with nickel salts to either reduce or form complexes with the Ni(II) ions [102].

Research has indicated that phenolic compounds such as cinnamic acid, coumarin, cat-

echol, ferulic acid, chlorogenic acid, caffeic acid, ellagic acid, protocatechuic acid, and sal-

icylic acid are abundant in sunflower hull extracts [131, 205]. A plausible mechanism for

the formation of NiO nanoparticles from Ni(II) ions and sunflower seed husk extract (SFSH)

involves the chelation of nickel ions by hydroxyl groups from phenolic compounds (e.g.,

corilagin, catechol, ellagic acid), forming nickelphenolate complexes. These intermediates

decompose during calcination, resulting in the formation of NiO nanoparticles. The proposed

mechanism for the green synthesis of NiO nanoparticles is illustrated in Figure IV.1.
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Figure IV.1: Mechanism of green synthesis of NiO nanoparticles.

IV.1.2 MnO2/Mn2O3 Nanoparticles

The physicochemical properties of manganese oxide nanoparticles synthesized via green

routes depend strongly on the type and concentration of natural reducing agents present in

the plant extract, particularly antioxidants and polyphenolic compounds [206].

In this synthesis, manganese(II) nitrate reacts with the SFSH extract, which acts simul-

taneously as a reducing and stabilizing agent. The reduced manganese atoms subsequently

combine with oxygenoriginating either from the atmosphere or from degraded phytochemi-

calsto form MnO2 species. These tend to aggregate but are stabilized by organic constituents

in the extract. Subsequent calcination at 400°C for 2 hours leads to the formation of mixed-

phase MnO2/Mn2O3 nanoparticles with enhanced structural stability and crystallinity.

IV.1.3 Mn3O4 (Hausmannite) Nanoparticles

The green synthesis of Mn3O4 nanoparticles involves the reduction of Mn2+ ions to Mn(OH)2

by phenolic compounds in the plant extract, followed by a sequence of thermal decomposition

and oxidation steps [207, 208]. The mechanism can be represented as follows Scheme:
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Mn2+ + 2OH− → Mn(OH)2 (IV.1)

Mn(OH)2 → MnO + H2O (IV.2)

3MnO + 1
2

O2 → Mn3O4 (IV.3)

This Scheme: (1) The formation of Mn3O4 in an alkaline solution proceeds through the

reduction of manganese salts to Mn(OH)2. (2) This intermediate then undergoes thermal

decomposition to form MnO. (3) Subsequently, the decomposed MnO species is rapidly ox-

idized in the presence of atmospheric oxygen to yield Mn3O4 nanoparticles.

IV.2 Characterization of Nanoparticles

IV.2.1 X-ray Diffraction (XRD)

The XRD pattern of green-synthesized NiO nanoparticles is shown in Figure ??. The diffrac-

tion peaks observed at 2θ values of 37.19ř, 43.70ř, 62.96ř, 75.59ř, and 79.54ř correspond to

the Miller indices (hkl) planes (111), (200), (220), (311), and (222), respectively. The peaks

indicate a cubic structure with lattice constants a = b = c = 4.16 Å, consistent with JCPDS

Card No. 01-073-1519 [209, 210]. The sharp peaks and absence of undefined peaks confirm

high crystallinity and purity. Using Scherrers formula (Equation III.1), the crystallite size of

NiO nanoparticles was calculated as 14.11 nm. The small size is attributed to the phenolic

compounds in sunflower hull extract, which act as reducing and capping agents [100, 211].

Figure IV.3 shows the XRD patterns of MnO2/Mn2O3 nanoparticles annealed at 400°C.

Two crystalline phases were identified:

• MnO2 (orthorhombic, JCPDS card No. 00-050-0866): peaks at 2θ = 37.70ř, 41.09ř,

43.18ř, 59.60ř, 65.48ř, 72.86ř corresponding to planes (011), (020), (111), (222), (002),

(112).

• Mn2O3 (cubic, JCPDS card No. 00-001-1061): peaks at 2θ = 33.39ř, 38.67ř, 45.65ř,

49.72ř, 55.64ř, 57.04ř, 66.19ř corresponding to planes (222), (400), (332), (431), (440),

(433), (622), lattice constant a = b = c = 9.41 Å.

The crystallite size of MnO2/Mn2O3 nanoparticles was calculated to be 26.93 nm.
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Figure IV.2: XRD pattern of biosynthesized NiO nanoparticles at 400 °C.

Figure IV.3: XRD pattern of biosynthesized MnO2/Mn2O3 nanoparticles at 400 °C.

The XRD pattern of Mn3O4 nanoparticles annealed at 400 °C for 2 h is shown in Fig-

ure IV.4. The peaks observed at 2θ = 18.08ř, 29.07ř, 31.02ř, 32.68ř, 36.15ř, 38.35ř, 44.32ř,

51.45ř, 58.72ř, 60.18ř, 64.78ř correspond to planes (101), (112), (200), (103), (211), (004),

(220), (105), (321), (224), (314). These peaks match the tetragonal hausmannite phase

of Mn3O4 (JCPDS Card No. 00-001-1127), space group I41/amd, with lattice constants

a = b = 5.75 Å and c = 9.42 Å [214, 215]. Using the Debye-Scherrer equation, the average

particle size was estimated at 20.13 nm, slightly higher than in previous studies [116, 218],

confirming the effectiveness of sunflower seed husk extract as a reducing and capping agent.
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Figure IV.4: XRD pattern of biosynthesized Mn3O4 nanoparticles at 400 °C.

IV.2.2. Scanning Electron Microscopy (SEM-EDX)

The SEM images of NiO nanoparticles annealed at 400 °C are shown in Figure IV.5(a) and

(b). The images reveal irregular particle morphology with noticeable agglomeration. Particle

sizes range from 55 to 127 nm, with an average of 100 nm, as indicated in the histogram in

Figure IV.5(c). The observed agglomeration may result from the high surface tension and

surface energy of NiO nanoparticles [219], while the non-homogeneous morphology could

be due to granule germination stages.

The EDX spectrum of NiO NPs (Figure IV.6(a)) displays three distinct peaks correspond-

ing to nickel and one peak for oxygen, confirming the presence of these elements and the

successful synthesis of NiO nanoparticles. The weight percentages were 56.44% Ni and

43.56% O, and the atomic percentages were 73.90% Ni and 26.10% O, in agreement with

previous reports [220].

SEM images of green-synthesized MnO2/Mn2O3 nanoparticles are presented in Figures IV.5(d)

and (e). The particles exhibit a roughly spherical morphology with some degree of agglom-

eration. Particle sizes were determined to range from 30 to 100 nm, with an average of 73.4

nm, as calculated using ImageJ software (Figure IV.5(f)). The growth and aggregation of

the nanoparticles are attributed to their high surface area and density [221]. EDX analysis

(Figure IV.6(b)) shows the presence of Mn and O, with weight percentages of 63.82% and
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36.18%, respectively, indicating that the majority of particles are MnO2 nanoparticles.

Figure IV.5(g) and (h) illustrate the morphology of Mn3O4 nanoparticles. SEM analysis

indicates that the Mn3O4 NPs have a spherical and porous surface structure with notable

aggregation. Weak interparticle forces contribute to the formation of aggregates and sub-

micron structures, while covalent or metallic linkages can stabilize these aggregates [222].

The average particle size was approximately 87 nm, as shown in Figure IV.5(i).

The EDX spectrum of Mn3O4 nanoparticles (Figure IV.6(c)) confirms the elemental com-

position, showing oxygen (25.63%) and manganese (74.37%) as the main constituents. No

additional peaks were observed, indicating that the synthesized Mn3O4 (Hausmannite) is of

high purity [223].

(a) NiO SEM (b) NiO SEM zoom / different region

(c) NiO particle size distribution
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(d) MnO2/Mn2O3 SEM

(e) MnO2/Mn2O3 SEM zoom / different region

(f) MnO2/Mn2O3 particle size distribution
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(g) Mn3O4 SEM (h) Mn3O4 SEM zoom / different region

(i) Mn3O4 particle size distribution

Figure IV.5: SEM images and particle size distributions of the synthesized nanoparticles:
(a,b) NiO SEM images, (c) NiO particle size distribution; (d,e) MnO2/Mn2O3 SEM images,
(f) MnO2/Mn2O3 particle size distribution; (g,h) Mn3O4 SEM images, (i) Mn3O4 particle
size distribution.
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Figure IV.6: EDX spectra of the synthesized nanoparticles: (a) NiO NPs, (b) MnO2/Mn2O3

NPs, and (c) Mn3O4 NPs.

IV.2.2 UVVisible Spectroscopy and Band Gap Analysis

The optical properties and band gap energies of the synthesized nanoparticles were investi-

gated using UVVisible spectroscopy.

NiO Nanoparticles Figures IV.7a and IV.7b present the UVVis absorption spectrum and

the corresponding Tauc’s plot for NiO nanoparticles. A strong absorption peak (λmax) ap-

peared at 298 nm, confirming the successful formation of NiO nanoparticles, consistent with

previous reports [224]. This prominent band arises from the electronic transition from the

valence band to the conduction band of the NiO semiconductor [225]. The optical band gap

energy (Eg) was determined to be 3.60 eV (Figure IV.7b), verifying the semiconducting na-

ture of the NiO nanoparticles [226, 227].
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MnO2/Mn2O3 Nanoparticles The UVVis spectrum of MnO2/Mn2O3 nanoparticles was

recorded in the 250800 nm range (Figure IV.8a). A broad absorption peak at 293 nm indicates

the formation of MnO2/Mn2O3 nanoparticles. The optical band gap energy, calculated using

Tauc’s method (Figure IV.8b), was 3.70 eV, which is higher than typical direct band gap

values reported in the literature [228, 229]. This increase is attributed to the reduced particle

size, which enhances electrochemical performance and improves the efficiency of energy

conversion devices for environmental remediation [18, 230].

Mn3O4 Nanoparticles Figure IV.9a shows the UVVis absorption spectrum of Mn3O4 nanopar-

ticles, with an absorption maximum at 296 nm. The Tauc’s plot (Figure IV.9b) was used to

determine the optical band gap, yielding Eg = 3.70 eV. This value is higher compared to

similar materials in the literature [231, 232]. The observed increase in band gap is attributed

to the quantum confinement effect arising from the small crystallite size of the synthesized

Mn3O4 nanoparticles [233].

Figure IV.7: (a) UVVisible spectrum of NiO nanoparticles, (b) direct band gap transition
determined using Tauc’s method.



chapter IV - Results and Discussion 70

Figure IV.8: (a) UVVisible spectrum of MnO2/Mn2O3 nanoparticles, (b) direct band gap
transition using Tauc’s method.

Figure IV.9: (a) UVVisible spectrum of Mn3O4 nanoparticles, (b) direct band gap transition
using Tauc’s method.

IV.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was carried out to identify the functional groups present in the synthesized

nanoparticles.

NiO Nanoparticles Figure IV.10 displays the FTIR spectrum of NiO nanoparticles an-

nealed at 400 °C. The spectrum shows absorption bands in the range of 4004000 cm−1. A

broad band at 3330 cm−1 is attributed to O–H stretching vibrations from hydroxyl groups,

while the band at 1626 cm−1 corresponds to the bending vibrations of water molecules (H–

O–H) [234]. The band at 1732 cm−1 is assigned to the carbonyl group (C=O), and the intense
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band at 1345 cm−1 corresponds to C–O stretching vibrations. Peaks observed at 660, 827, and

981 cm−1 are associated with Ni–O vibrations, with the 1000400 cm−1 region characteristic

of metal-oxygen stretching [235].

MnO2/Mn2O3 Nanoparticles Figure IV.11 shows the FTIR spectra of MnO2/Mn2O3 nanopar-

ticles. The band around 2102 cm−1 is assigned to C–H stretching and bending vibrations [236],

while the broad band at 1736 cm−1 corresponds to carbonyl groups (C=O). Peaks at 1364

and 1222 cm−1 are attributed to CN vibrations and carboxylic groups, respectively [237].

The bands at 454, 551, and 656 cm−1 are characteristic of Mn–O and Mn–O–Mn vibrations,

confirming the formation of MnO2/Mn2O3 nanoparticles [238].

Mn3O4 (Hausmannite) Nanoparticles Figure IV.12 presents the FTIR spectra of Mn3O4

nanoparticles calcined at 400 °C for 2 hours. The band at 2337 cm−1 is attributed to the

CH2 group, while bands at 1740 and 1366 cm−1 correspond to C=O and CN vibrations,

respectively. The band at 592 cm−1 is associated with Mn–O tetrahedral vibrations, and the

peak at 473 cm−1 is linked to octahedral Mn sites [239].

Figure IV.10: FTIR spectra of NiO nanoparticles annealed at 400 °C.
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Figure IV.11: FTIR spectra of MnO2/Mn2O3 nanoparticles annealed at 400 °C.

Figure IV.12: FTIR spectra of Mn3O4 nanoparticles annealed at 400 °C.

float

IV.2.4 BrunauerEmmettTeller (BET) Surface Area Analysis

The surface area of the synthesized nanoparticles was determined using the BrunauerEm-

mettTeller (BET) method, which relies on the physical adsorption of a gas on a solid surface

to calculate the specific surface area corresponding to a monomolecular adsorbate layer [240].
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AdsorptionDesorption Isotherms Figure IV.13 shows the nitrogen adsorptiondesorption

isotherms of NiO, MnO2/Mn2O3, and Mn3O4 nanoparticles. According to IUPAC classifica-

tion, all samples exhibit type IV isotherms with H3 hysteresis loops, indicative of capillary

condensation where N2 molecules condense as multilayers filling mesopores. The meso-

porous nature and high surface areas of the samples make them suitable for adsorption appli-

cations [240].

NiO Nanoparticles The specific surface area of NiO nanoparticles was found to be 29.54 m2 g−1,

with a pore volume of 0.09 cm3 g−1 and an average pore diameter of 12.12 nm.

MnO2/Mn2O3 Nanoparticles The BET analysis indicated a specific surface area of 62.99 m2 g−1,

a pore size of 16.12 nm, and a pore volume of 0.18 cm3 g−1 for MnO2/Mn2O3 nanoparticles.

Mn3O4 (Hausmannite) Nanoparticles Mn3O4 nanoparticles displayed a relatively small

surface area of 4.18 m2 g−1, with mean pore diameter and pore volume of 28 nm and 0.007 cm3 g−1,

respectively, according to BJH analysis. These values confirm that Mn3O4 nanoparticles are

mesoporous, consistent with previous reports on pure Mn3O4 [241].



chapter IV - Results and Discussion 74

(a) NiO

(b) MnO2/Mn2O3

(c) Mn3O4

Figure IV.13: Nitrogen adsorptiondesorption isotherms of the synthesized nanoparticles.
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IV.3 Adsorption Study of Cd2+, Pb2+, and Cu2+ Ions on

NiO, MnO2/Mn2O3, and Mn3O4 NPs

IV.3.1 Factors Influencing Adsorption Process

IV.3.1.1. Effect of pH

pH is another significant factor affecting the ability of an adsorbent to remove heavy metal

ions. The effect of pH on the elimination efficiency of Cd2+, Pb2+, and Cu2+ was investigated

by adjusting the pH from 2 to 8 while keeping all other parameters constant (initial metal ion

concentration: 20 mg L−1, contact time: 30 min, shaking speed: 200 rpm, adsorbent dose:

20 mg, and room temperature).

As shown in Figure IV.3.1(a), for all metal ions, the removal efficiency of NiO nanopar-

ticles increased at basic pH compared to acidic pH. At alkaline conditions (pH 8), the elimi-

nation percentages of Pb(II), Cd(II), and Cu(II) were 97.52%, 99.73%, and 99.94%, respec-

tively, while at acidic pH (pH 2), the removal efficiencies were 62.5%, 65.05%, and 99.90%,

respectively.

The sorption capacities of MnO2/Mn2O3 nanoparticles for Pb(II), Cd(II), and Cu(II) at

different pH values are presented in Figure IV.15(a). According to the results, sorption ca-

pacity increases with rising pH. Under alkaline conditions (pH 8), the elimination of Pb(II),

Cu(II), and Cd(II) reached 97.51%, 99.90%, and 99.71%, respectively. At acidic conditions,

Pb(II) removal was 42% at pH 5, while Cu(II) and Cd(II) removal at pH 2 were 62.42% and

99.51%, respectively.

Furthermore, Figure IV.16(a) illustrates the removal performance of Mn3O4 nanoparticles

toward Pb(II), Cd(II), and Cu(II). The results showed that the removal efficiency significantly

increased with increasing pH. At pH 2, the elimination of Pb(II), Cu(II), and Cd(II) was

20.85%, 12.8%, and 31.65%, respectively. However, at pH 8, the efficiencies increased to

99.78%, 99.86%, and 78.5%, respectively.

The reduced adsorption of metal ions at low pH values may be attributed to the high

concentration of hydrogen ions, which compete with M2+ ions for the active sorption or ion-

exchange sites, thereby decreasing the number of available binding sites [242]. Conversely,

as the pH increases, the surface of the adsorbent becomes more negatively charged and more
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hydroxyl (OH) groups are formed, enhancing the adsorption of metal ions [243].

IV.3.1.2. Effect of Adsorbent Dosage

The effect of adsorbent dosage on the removal efficiency of metal ions was evaluated by

varying the amount of adsorbent from 10 mg to 100 mg under fixed conditions (contact time:

30 min, shaking speed: 200 rpm, room temperature, pH 7, and initial metal ion concentration

of 20 mg L−1).

Nickel oxide nanoparticles exhibited optimal elimination capacities of 92.50% and 99.91%

for Pb(II) and Cu(II), respectively. These results indicate that increasing the adsorbent dosage

enhances the metal removal efficiency, with optimal dosages of 20 mg for Pb(II) and 40 mg for

Cu(II), as shown in Figure IV.3.1(b). Additionally, the removal efficiency of Cd(II) increased

with the increase in dosage, reaching a maximum efficiency of 99.70%. This behavior can

be attributed to the increased number of accessible adsorption sites on the NiO nanoparticle

surface.

Pb(II) and Cu(II) removal efficiencies also increased significantly, most likely due to the

greater availability of adsorption sites on NiO-NPs [244]. However, after reaching the optimal

dosage, the efficiency began to decline with further dosage increases. This decline may be

attributed to particle overcrowding, resulting in the overlap or aggregation of adsorption sites.

Excessively high adsorbent dosage can reduce the effective surface area available for metal

binding, leading to decreased adsorption efficiency, particularly when large quantities of NiO-

NPs were dispersed in synthetic wastewater [245].

As shown in Figures IV.15(c) and IV.16(c), increasing the dosage of MnO2/Mn2O3 and

Mn3O4 nanoparticles from 10 mg to 20 mg resulted in a noticeable improvement in Pb(II)

and Cd(II) removal efficiencies. MnO2/Mn2O3 NPs achieved 79.83% (Pb) and 99.56% (Cd),

while Mn3O4 NPs achieved 72% removal for Cd(II). Moreover, increasing the dosage from 10

mg to 100 mg significantly enhanced Cu(II) removal from 97.48% to 99.86% using MnO2/Mn2O3

NPs. For Mn3O4 NPs, the removal efficiencies of Pb2+ and Cu2+ increased from 23.25% and

28.5% at 10 mg to 98.65% and 84.57% at 100 mg, respectively.

In general, metal ion removal efficiency increases with increasing adsorbent dosage due to

the greater availability of surface area and binding sites. However, beyond a certain dosage,

the efficiency may decrease [246, 247]. When the nanoparticle dosage becomes too high,

adsorption may decline due to site overlap, particle aggregation, or distribution of identical
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cations over a much larger surface area. During the early stages, when heavy metal concen-

tration is relatively high, increasing nanosorbent dosage accelerates the adsorption process

until saturation is reached. Once equilibrium is established, excess adsorption sites remain

unused because the remaining metal ions in solution are insufficient to occupy them [248].

IV.3.1.3. Effect of Contact Time

Contact time plays a crucial role in metal ion sorption, as it influences the extent to which

active sites on the adsorbent surface are occupied. The effect of contact time on the removal

efficiency of the studied metal ions was examined over a period of 10–60 minutes under fixed

conditions (room temperature, shaking speed of 200 rpm, adsorbent dosage of 20 mg, pH 7,

and initial ion concentration of 20 mg L−1).

According to the results presented in Figure IV.3.1(c), Pb(II) adsorption onto NiO nanopar-

ticles reached a maximum removal efficiency of 74.73% within the first 10 minutes, after

which the rate began to decline. This behavior can be attributed to the diffusion of M2+ ions

from the outer surface into the micropores as active sites become progressively occupied,

which reduces the adsorption rate [249]. The slight decrease after ten minutes may also be

due to repulsive interactions between the adsorbed metal ions and those still in solution [250].

Cd(II) and Cu(II) showed effective removal efficiencies of 93.97% and 99.96%, respectively,

after 30 minutes. This rapid increase in the early stages is likely due to the abundance of

available active sites on the nanoadsorbent surface, whereas the slower increase at later stages

results from the gradual depletion of these active sites over time [251, 252].

Figure IV.15(d) illustrates the effect of contact time on the removal of Pb(II), Cd(II), and

Cu(II) using MnO2/Mn2O3 nanoparticles. Pb(II) exhibited a removal efficiency of 77.95%

after 50 minutes, while Cu(II) and Cd(II) achieved efficiencies of 99.69% and 99.62%, re-

spectively, after 60 minutes. The adsorption of Pb(II) was initially rapid before slowing after

10 minutes, likely due to the diffusion of M2+ ions from the outermost surface into internal

pores as active sites became increasingly occupied [253]. For Cu(II), the removal efficiency

improved with longer contact times, consistent with extended interaction between metal ions

and available adsorption sites. As observed previously, adsorption was rapid initially due to

the abundance of vacant sites, followed by a slower approach to equilibrium as available sites

decreased [251, 252].

For Mn3O4 nanoparticles, the maximum adsorption efficiencies were 98.09% for Pb(II),
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73.33% for Cd(II), and 24.55% for Cu(II), as shown in Figure IV.16(d). These results demon-

strate that metal ion removal efficiency increases with time, consistent with the progressive

occupation of available active sites on the adsorbent surface.

IV.3.1.4. Effect of Initial Metal Ion Concentration

Under optimal experimental conditions, the adsorption of the selected heavy metals from

artificially contaminated water was investigated by varying the initial metal ion concentrations

(5, 10, 15, 20, and 25 mg L−1).

As shown in Figure IV.3.1 (d), adsorption of metal ions onto nickel oxide nanoparticles

decreases with increasing initial metal concentration. The removal efficiencies of Pb(II),

Cd(II), and Cu(II) decreased from 92.30%, 99.83%, and 99.88% at lower concentrations to

77.45%, 99.64%, and 99.74%, respectively, at higher concentrations.

Figure IV.15(d) presents the adsorption of Pb(II), Cu(II), and Cd(II) onto MnO2/Mn2O3

nanoparticles. Similar to the trend observed for NiO-NPs, the removal efficiencies declined as

the initial concentration increased. At the lowest concentration, the highest removal efficien-

cies recorded for Pb(II), Cu(II), and Cd(II) were 94.03%, 99.95%, and 99.82%, respectively.

According to Figure IV.16(d), Mn3O4 nanoparticles exhibited high adsorption efficiencies

at low initial concentrations of Pb2+, Cd2+, and Cu2+, achieving 99.22%, 89.43%, and 99%,

respectively.

These observations confirm a strong inverse correlation between adsorption efficiency

and initial metal ion concentration. At low concentrations, a higher proportion of metal ions

can be adsorbed due to the abundance of available active sites on the nanosorbent surface. In

contrast, at higher concentrations, the number of active adsorption sites becomes insufficient

relative to the number of metal ions present, resulting in decreased removal efficiencies [254].

IV.3.1.5. Effect of Temperature

The influence of temperature on the adsorption of lead, cadmium, and copper ions was ex-

amined over a wide temperature range (298, 308, 318, and 328 K).

Figures IV.3.1(e) and IV.15(e) show that increasing the temperature from 298 to 328 K

enhanced the adsorption of metal ions onto NiO and MnO2/Mn2O3 nanoadsorbents. This in-

crease may be attributed to the higher kinetic energy of the system at elevated temperatures,

which improves the mobility and diffusion rate of metal ions toward the adsorbent surface.
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Furthermore, the interaction between metal ions and the active sites on these nanomateri-

als appears to be endothermic in nature, suggesting that the adsorption process may involve

chemisorption [255].

In contrast, Figure IV.16(e) shows that for Mn3O4 nanoparticles, the removal efficiency of

Pb(II), Cd(II), and Cu(II) decreased as the temperature increased from 298 to 328 K. Specif-

ically, the removal percentages decreased from 98.17% to 89% for Pb(II), from 98.2% to

89% for Cd(II), and from 73% to 66.19% for Cu(II). This decline indicates that higher tem-

peratures weaken the interactions between the metal ions and active adsorption sites on the

Mn3O4 surface. Thus, the adsorption process in this case appears to be exothermic, resulting

in reduced biosorption at elevated temperatures [256].



chapter IV - Results and Discussion 80

Figure IV.14: Selective adsorption of Pb(II), Cd(II), and Cu(II) ions onto NiO nanoparticles:
(a) effect of pH, (b) effect of adsorbent dosage, (c) effect of contact time, (d) effect of initial
concentration, and (e) effect of temperature.
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(a) Effect of pH (b) Effect of adsorbent dosage

(c) Effect of contact time (d) Effect of initial concentration

(e) Effect of temperature

Figure IV.15: Selective adsorption of Pb(II), Cd(II), and Cu(II) ions onto MnO2/Mn2O3

nanoparticles: (a) effect of pH, (b) effect of adsorbent dosage, (c) effect of contact time, (d)
effect of initial concentration, and (e) effect of temperature.



chapter IV - Results and Discussion 82

(a) Effect of pH

(b) Effect of adsorbent dosage
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(c) Effect of contact time (d) Effect of initial concentration

(e) Effect of temperature

Figure IV.16: Selective adsorption of Pb(II), Cd(II), and Cu(II) ions onto Mn3O4 nanopar-
ticles: effects of pH, adsorbent dosage, contact time, initial concentration, and temperature.
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IV.4 Adsorption Isotherm

In this study, the adsorption process was analyzed using the Freundlich and Langmuir isotherm

models. These models were employed to identify the heterogeneous and homogeneous char-

acteristics of the experimental data.

Figure IV.17 and Table IV.1 present the isotherm parameters for the adsorption of Pb(II),

Cd(II), and Cu(II) onto NiO nanoparticles. As observed, the R2 values of the Freundlich

model are greater than those of the Langmuir model, confirming that the adsorption of the

studied metal ions is better described by the Freundlich model. This suggests that the NiO

nanoparticle surface is heterogeneous, allowing the formation of a multilayer adsorption. A

suitable condition for the Freundlich isotherm is indicated by the adsorption intensity pa-

rameter n, which was calculated to be between 1 and 10 [?]. Specifically, the n values for

Pb(II), Cd(II), and Cu(II) adsorption were 1.91, 1.45, and 1.37, respectively, suggesting favor-

able adsorption conditions, in agreement with previous studies [258, 259]. According to the

Langmuir model, the theoretical maximum adsorption capacities (qmax) followed the order:

Cu (943.39 mg g−1) > Cd (684.93 mg g−1) > Pb (16.19 mg g−1).

Figure IV.18 and Table IV.1 show the isotherm parameters for Pb(II), Cd(II), and Cu(II)

adsorption onto MnO2/Mn2O3 nanoparticles. The high R2 values indicate that the Langmuir

model fits the experimental data better than the Freundlich model, suggesting monolayer ad-

sorption on homogeneous sites. The Langmuir separation factor RL indicates the favorability

of adsorption: unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irre-

versible (RL = 0) [248]. For Pb(II), Cd(II), and Cu(II), the computed RL values were 0.04,

0.32, and 0.76, respectively, confirming favorable adsorption. The theoretical maximum ad-

sorption capacities (qmax) followed the order: Cu (2000 mg g−1) > Cd (526.31 mg g−1) > Pb

(26.24 mg g−1).

Figure IV.19 and Table IV.1 present the Langmuir and Freundlich isotherm constants

for Pb(II), Cd(II), and Cu(II) adsorption onto Mn3O4 nanoparticles. The higher R2 values

indicate that the experimental data are best described by the Langmuir model, confirming

monolayer adsorption on homogeneous sites. The Langmuir separation factor RL values

were 0.24, 0.02, and 0.19 for Pb(II), Cd(II), and Cu(II), respectively, indicating favorable

adsorption for all initial metal ion concentrations. The maximum adsorption capacities (qmax)

calculated from the Langmuir model followed the order: Pb (196.07 mg g−1) > Cu (57.47
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mg g−1) > Cd (11.12 mg g−1). caption subcaption

(a) Langmuir - Pb(II) (b) Langmuir - Cd(II)

(c) Langmuir - Cu(II)
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(d) Freundlich - Pb(II) (e) Freundlich - Cd(II)

(f) Freundlich - Cu(II)

Figure IV.17: Langmuir (ac) and Freundlich (df) adsorption isotherms of Pb(II), Cd(II), and
Cu(II) ions onto NiO nanoparticles.
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(a) Langmuir - Pb(II) (b) Langmuir - Cd(II)

(c) Langmuir - Cu(II)
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(d) Freundlich - Pb(II) (e) Freundlich - Cd(II)

(f) Freundlich - Cu(II)

Figure IV.18: Langmuir (ac) and Freundlich (df) adsorption isotherms of Pb(II), Cd(II), and
Cu(II) ions onto MnO2/Mn2O3 nanoparticles.
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(a) Langmuir - Pb(II) (b) Langmuir - Cd(II)

(c) Langmuir - Cu(II)
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(d) Freundlich - Pb(II) (e) Freundlich - Cd(II)

(f) Freundlich - Cu(II)

Figure IV.19: Langmuir (ac) and Freundlich (df) adsorption isotherms of Pb(II), Cd(II), and
Cu(II) ions onto Mn3O4 nanoparticles.



chapter IV - Results and Discussion 91

Table IV.1: Estimated isotherm model parameters for Pb(II), Cd(II), and Cu(II) adsorption on
NiO, MnO2/Mn2O3, and Mn3O4 nanoparticles from wastewater under the conditions: C0 =
20 mg L−1, pH = 7, m = 0.02 g, T = 25± 2 ◦C, and t = 30 min.

Isotherm Model Parameter
NiO NPs MnO2/Mn2O3 NPs Mn3O4 NPs

Pb Cd Cu Pb Cd Cu Pb Cd Cu

Langmuir

qmax (mg/g) 16.19 684.93 943.39 26.24 526.31 2000 196.00 11.29 57.47

KL (L/mg) 1.91 0.08 0.07 1.06 0.10 0.015 0.15 2.34 0.21

RL 0.04 0.51 0.56 0.04 0.32 0.76 0.24 0.02 0.19

R2 0.94 0.89 0.58 0.99 0.96 0.99 0.99 0.984 0.98

Freundlich

Kf (mg/g) 10.18 161.75 241.00 11.99 193.55 36.58 25.15 7.93 8.67

n 1.91 1.45 1.37 2.20 1.41 4.03 2.76 2.06 8.71

R2 0.91 0.99 0.97 0.92 0.95 0.81 0.82 0.980 0.87

IV.5 Adsorption Kinetics

The adsorption kinetics of the synthesized nanoparticles were evaluated to understand their

adsorption behavior. The most important factors influencing sorbent efficiency are rapid ad-

sorption, high equilibrium capacity (qe), and short contact time. The adsorption kinetics

of M2+ ions were modeled using the pseudo-first-order and pseudo-second-order equations

(Equations (II.1) and (II.2) in Chapter II). In these models, k1 (min−1) represents the pseudo-

first-order rate constant, qt is the amount adsorbed at time t, qe is the adsorption capacity

at equilibrium, and k2 (g mg−1 min−1) is the pseudo-second-order rate constant. The most

suitable model was selected based on the correlation coefficient (R2).

According to the modeling results (Table IV.2 and Figures IV.20–IV.21), the adsorption of

Pb(II), Cd(II), and Cu(II) onto NiO and MnO2/Mn2O3 nanoparticles follows pseudo-second-

order kinetics, as indicated by higher R2 values. Moreover, the qe values calculated from the

pseudo-second-order equation closely match the experimental qe values, confirming the va-

lidity of this model. The pseudo-second-order model correlates adsorption capacity with the

number of active sites on the nanosorbent surface [260]. It is well known that this model sug-

gests a chemisorption mechanism involving covalent bonding and ion-exchange forces [261].

In contrast, Pb(II), Cd(II), and Cu(II) adsorption on Mn3O4 nanoparticles showed very

low correlation coefficients for the pseudo-second-order model (Table IV.2 and Figure IV.22).
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Additionally, the calculated and experimental qe values were inconsistent. However, the

pseudo-first-order model gave excellent linearity with high R2 values and good agreement

between calculated and experimental qe. This indicates that adsorption onto Mn3O4 oc-

curs mainly through physical adsorption. Similar findings were reported in previous stud-

ies that successfully described Pb(II) and Cd(II) adsorption using pseudo-first-order kinet-

ics [262, 263].
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Figure IV.20: (a) Pseudo-first-order and (b) pseudo-second-order kinetic models for Pb(II),
Cd(II), and Cu(II) adsorption onto NiO nanoparticles (C0 = 20 mg L−1, dose = 0.02 g, pH =
7).

Figure IV.21: (c) Pseudo-first-order and (d) pseudo-second-order kinetic models for Pb(II),
Cd(II), and Cu(II) adsorption onto MnO2/Mn2O3 nanoparticles under the same conditions.
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Figure IV.22: (e) Pseudo-first-order and (f) pseudo-second-order kinetic models for Pb(II),
Cd(II), and Cu(II) adsorption onto Mn3O4 nanoparticles under the same conditions.

Table IV.2: Kinetic model parameters for Pb(II), Cd(II), and Cu(II) adsorption onto NiO,
MnO2/Mn2O3, and Mn3O4 nanoparticles from wastewater under the conditions: C0 = 20
mg L−1, pH = 7, m = 0.02 g, T = 25± 2 ◦C, and t = 30 min.

Model Parameter
NiO NPs MnO2/Mn2O3 NPs Mn3O4 NPs

Pb Cd Cu Pb Cd Cu Pb Cd Cu

qe,exp (mg/g) 18.68 23.49 24.99 19.48 24.90 24.92 24.52 18.33 6.13

Pseudo-first order

qe,cal (mg/g) 51.35 21.11 40.03 5.71 0.02 2.31 186.8 18.61 20.51

k1 (1/min) -0.03 -0.01 -0.01 0.02 -0.008 0.08 0.167 0.093 0.060

R2 0.77 0.76 0.36 0.41 0.45 0.93 0.94 0.89 0.99

Pseudo-second order

qe,cal (mg/g) 9.72 22.47 24.98 20.14 24.93 25.12 10.44 40.65 3.15

k2 (g/mgůmin) -0.01 -0.07 -0.04 0.01 -4.02 0.09 0.000 4×10−3 0.003

R2 0.82 0.99 1.00 0.97 1.00 0.99 0.45 0.39 0.45

IV.6 Adsorption Thermodynamics

The thermodynamic behavior of Pb(II), Cd(II), and Cu(II) adsorption onto NiO, MnO2/Mn2O3,

and Mn3O4 nanoparticles was examined at different temperatures (298, 308, 318, and 328 K).

The thermodynamic parameters—standard Gibbs free energy change (∆G◦), enthalpy change

(∆H◦), and entropy change (∆S◦)—were calculated using Equations (II.13) and (II.14). The
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estimated parameters are summarized in Table IV.3.

Figures (IV.24–IV.26) illustrate the thermodynamic plots for the adsorption of Pb(II),

Cd(II), and Cu(II) ions onto the three nano-adsorbents. The linearity of the plots confirms

the applicability of the thermodynamic model, with correlation coefficients of R2 = 0.9896,

0.9768, and 0.9330 for Pb2+; R2 = 0.9390, 0.9434, and 0.7657 for Cd2+; and R2 = 0.9131,

0.9428, and 0.9839 for Cu2+ adsorption onto NiO, MnO2/Mn2O3, and Mn3O4 NPs, respec-

tively.

Table IV.3: Estimated thermodynamic parameters for Pb(II), Cd(II), and Cu(II) adsorption
onto NiO, MnO2/Mn2O3, and Mn3O4 nanoparticles from wastewater under the conditions:
C0 = 20 mg L−1, pH = 7, m = 0.02 g, and t = 30 min.

Adsorbent Metal ion ∆H◦ (kJ/mol) ∆S◦ (kJ/molůK) ∆G◦ (kJ/mol)

25◦C 35◦C 45◦C

NiO NPs Pb(II) 19.253 0.078 −4.193 −5.063 −5.920

Cd(II) 29.728 0.148 −14.554 −15.907 −16.949

Cu(II) 25.113 0.134 −15.290 −15.950 −17.600

MnO2/Mn2O3 NPs Pb(II) 17.842 0.073 −4.193 −4.686 −5.228

Cd(II) 19.931 0.118 −15.390 −16.680 −17.794

Cu(II) 23.492 0.129 −15.109 −16.270 −17.639

Mn3O4 NPs Pb(II) −53.121 −0.1445 −10.419 −8.306 −6.428

Cd(II) −8.061 −0.017 −3.017 −2.435 −2.487

Cu(II) −1.851 −0.007 0.246 0.339 0.394

From Table IV.3, all ∆G◦ values for Pb(II), Cd(II), and Cu(II) adsorption onto NiO and

MnO2/Mn2O3 nanoparticles are negative, indicating that the adsorption is spontaneous and

thermodynamically favorable. The negative values additionally suggest that the adsorption

mechanism is predominantly physical rather than chemical [264].

However, the adsorption of Cu(II) ions onto Mn3O4 nanoparticles exhibits positive ∆G◦

values over the temperature range 298–328 K, suggesting that this process is non-spontaneous

under the studied conditions.

Consistent with previously reported trends regarding the effect of temperature [253], the

positive ∆H◦ values for NiO and MnO2/Mn2O3 indicate that the adsorption process is en-

dothermic. The relatively low magnitude of ∆H◦ suggests that the adsorption requires mini-

mal energy input, which agrees with the observed increase in adsorption capacity with rising
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temperature. The positive∆S◦ values further indicate an increase in randomness at the solid–

liquid interface during adsorption.

In contrast, Mn3O4 nanoparticles exhibit negative ∆H◦ values, indicating an exothermic

adsorption process. The negative ∆S◦ values imply decreased randomness at the interface

and suggest that no significant structural changes occur within the adsorbent during the ad-

sorption of metal ions onto Mn3O4 nanoparticles [265].

Figure IV.23: Thermodynamic isotherm of Pb(II), Cd(II), and Cu(II) ions adsorption on NiO
nanoparticles.
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Figure IV.24: Thermodynamic isotherm of Pb(II), Cd(II), and Cu(II) ions adsorption on
MnO2/Mn2O3 nanoparticles.
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Figure IV.25: Thermodynamic isotherm of Pb(II), Cd(II), and Cu(II) ions adsorption on
Mn3O4 nanoparticles.

.
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General Conclusion

The green synthesis of metal oxide nanoparticles represents a sustainable and eco-friendly

alternative to conventional chemical methods. In this study, NiO, MnO2/Mn2O3, and Mn3O4

nanoparticles were successfully synthesized using Helianthus annuus seed husk extract, an

abundant agricultural waste serving as both a reducing and stabilizing agent. This facile,

low-cost, and environmentally benign approach demonstrates the potential of plant-mediated

synthesis for advanced nanomaterials.

Comprehensive characterization via UVVis, FT-IR, XRD, SEM, EDX, and BET con-

firmed the formation of crystalline nanoparticles with average sizes of 14.11 nm (NiO), 26.93 nm

(MnO2/Mn2O3), and 20.3 nm (Mn3O4) as calculated using the Scherrer equation.

The adsorption performance toward Pb(II), Cd(II), and Cu(II) ions was systematically

evaluated under varying parameters (adsorbent dose, initial metal concentration, pH, contact

time, and temperature). Optimal removal efficiencies reached 81.30%, 99.64%, and 99.74%

for NiO–NPs; 81.31%, 99.75%, and 99.72% for MnO2/Mn2O3–NPs; and 98.17%, 73.70%,

and 42.60% for Mn3O4–NPs, respectively.

Kinetic modeling indicated pseudo-second-order adsorption for NiO and MnO2/Mn2O3,

while Mn3O4 followed pseudo-first-order kinetics. Equilibrium studies revealed that the

Langmuir isotherm best described MnO2/Mn2O3 and Mn3O4 adsorption, reflecting mono-

layer coverage, whereas NiO adsorption fit the Freundlich model, indicative of surface het-

erogeneity. The maximum adsorption capacities (qm) based on Langmuir modeling were

16.19, 684.93, and 943.39 mg/g for NiO; 26.24, 526.31, and 2000 mg/g for MnO2/Mn2O3;

and 196, 11.29, and 57.47 mg/g for Mn3O4 toward Pb(II), Cd(II), and Cu(II), respectively.

Thermodynamic analysis showed negative ∆G◦ values for Pb(II), Cd(II), and Cu(II) ad-

sorption on NiO and MnO2/Mn2O3, confirming a spontaneous, predominantly physical ad-

sorption process. In contrast, Cu(II) adsorption on Mn3O4 exhibited positive∆G◦, indicating

non-spontaneous behavior under the studied conditions.
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Overall, green-synthesized NiO and Mn oxide nanoparticles are efficient, sustainable, and

cost-effective nanosorbents, demonstrating strong potential for heavy metal removal, wastew-

ater purification, and broader environmental remediation. Future work should explore scale-

up synthesis, adsorbent regeneration, and reuse in continuous systems. Furthermore, com-

bining these nanoparticles with biopolymers, carbon-based materials, or magnetic supports

could enhance selectivity, recovery, and adsorption capacity. Comprehensive ecotoxicolog-

ical and life-cycle assessments are also recommended to ensure environmental safety and

guide the development of next-generation green nanosorbents for industrial applications.
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