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ABSTRACT 

This study synthesized magnetite nanoparticles using an aqueous extract of Catha edulis leaf in a 

green manner. The effectiveness and ability of the resultant nanoparticles in removing Methylene 

Blue dye were also assessed. Utilizing SEM, FTIR, P-XRD, and UV-DRS spectroscopy, the 

produced nanoparticle was examined. According to the XRD data, the average particle size of 

the produced magnetite NPs was 9.05 nm. The outcome confirmed that Fe3O4 nanoparticles had 

absorbance maxima at 364 nm, and for samples of produced magnetite nanoparticles, various 

functional groups were discovered to be connected with the plant extract. The produced Fe3O4 

NPs displayed a variety of morphologies and microstructural features for Fe3O4 nanopowder. In 

addition, the SEM images of the Fe3O4 NPs showed that the nanoparticle morphology was 

uniform in structure. Using the batch adsorption method, the effectiveness of the adsorbent was 

assessed by adjusting several parameters, including pH (3–9), adsorbent dose (20–80 mg), initial 

adsorbate concentration (5 mg/L–20 mg/L), and room temperature contact time (30–90 minute). 

Optimal removal (99.25%) was achieved at pH 9, using 20 mg of adsorbent, 50-minute contact 

time, and an initial methylene blue concentration of 5 mg/L. The Langmuir isotherm model and 

pseudo-second-order kinetics model best described the experimental data (R² ≈ 1). This research 

suggests that the biosynthesized Fe₃O₄ nanoparticles show significant potential in the removal of 

methylene blue dye from aqueous solutions. 

Keywords: Magnetite NPs, Green synthesis, Waste water, isotherm model, kinetics model.
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                                                CHAPTER ONE 

                                              1. INTRODUCTION 

1.1 Background of the study 

Nanotechnology is becoming an emerging multidiscipline field of science attracts scholars' 

attention is playing a significant role in many fields such as in energy, environment, medicine 

and others. This is due to so many reasons like their large specific surface area, specific Uv-Vis 

range of light absorption and extremely small size (in nanometers), which results modifications 

in the properties of compounds. Nanoparticles are also used for environmental remediation 

processes such as elimination of organic toxins like dyes and 

detection of heavy metals and pollutants [1]. Globalization and rapid urbanizations have led to 

the prosperity of human life but also to the environmental pollution and biological destruction of 

the world. All environmental matrices are constantly at risk of contamination by organic and 

inorganic pollutants [2].  

Previous studies show that water which is released from various industries contains various 

pollutants and synthetic dyes are one of the most important pollutants in waste water. Removing 

organic dyes from such sources is still at the early stage because of degradability, carcinogenicity 

and mutagenicity of dyes [3].Various techniques are used to remove these pollutants from 

wastewater. Adsorption is considered the most popular, effective and economic method to 

remove various pollutants from water [4]. In recent years, water scarcity and pollution problems 

have reached serious levels worldwide. Currently, approximately 3.1% of annual deaths 

worldwide (i.e. more than 1.7 million people) are due to a lack of reliable drinking water sources 

[5]. The main cause of drinking water scarcity is pollution. In all developing countries, efforts 

should be made to prevent water pollution from organic contaminants such as methylene blue, 

rhodamine, methyl red, malachite green, and metals such as cobalt, copper, nickel, lead, zinc, 

and chromium [6]. 

Organic pollutants such as dyes are one of the major pollutants generated by various industries, 

especially the chemical industry, textile industry, dye manufacturing, pigment and dyeing 

industries, etc. These pollutants which are released in to the atmosphere causes critical risks 

among the human's organic body like the kidneys, central nervous system, reproductive system, 
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heart and brain. This situation creates an urgent need   to science and technology to quickly and 

effectively remove pollution and waste from the marine environment. There are many physical, 

chemical and biological treatment approaches accessible to eliminate organic chemicals, heavy 

metals and harmful organisms from wastewater. The adsorption process is one of the physical 

methods applied to remove organic and inorganic pollutants released from different sources [7]. 

Among widely used adsorbents, biosynthesized nanoparticles are the most popular because they 

are synthetic, non-toxic, environmentally friendly, and inexpensive with high adsorption 

capacity. Metal oxide nanoparticles have become popular among scientists due to their medical 

applications, MRI [8], and adsorption of environmental impurities [9].  

One of the most important metal oxide nanoparticles is magnetite; that has unique properties that 

can be used for various heaths, environmental, medicinal and therapeutic purposes [10]. Here, 

khat leaf extract was used as a reductant and capping agent for production of magnetite 

nanoparticles. Khat leaf extract contains alkaloids, cathine dimer and cathinones, triterpenes, 

sterols, fatty alcohol, hydrocarbon carboxylic acid and saponin. The alkaloid, cathinone, may be 

the chief psychoactive component of khat. In addition, the leaf extract was chosen because it is 

available in the environment and contains chemicals that reduce and fix active ingredients. 

Studies have shown that biomolecules such as polyphenols, saponins, organic acids, vitamins, 

polysaccharides and terpenoids play a role in the reduction and capping of nanoparticles. 

Currently, the environmental nanoparticle synthesis processes is designed to be non-toxic during 

production. Therefore researchers in the field of nanoparticle production and assembly have 

turned their attention to natural processes [11].   

In the last 20 years, the synthesis of nanoparticles from plant extracts has attracted much 

attention. This is probably due to their simple, rapid, non-toxic and effective reaction [64]. In this 

study, a green process was developed for the preparation of iron oxide nanoparticles (Fe3O4 NP) 

from khat leaf extract. The method is convenient and simple, providing potential for the 

production of nanoparticles. Khat is a fast-growing plant used mainly as a stimulant in Yemen 

and African countries such as Ethiopia and its leaves contain many phytochemicals. These 

substances are extracted from Khat and used as a reducing agent and surfactant in the reaction. 

The structure and morphology of magnetite nanoparticles were confirmed using 

multidisciplinary characterization tools.  
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The synthesized magnetite nanoparticle was selected as highly efficient nano-adsorbent due to its 

small size, high permeability, large specific surface area, high reactivity, catalytic efficiency and 

super paramagnetic properties. The NP has unique catalytic activity due to its small size, large 

specific surface area and high degree of dispersion. The chemical and surface properties of the 

nanoparticles were characterized and found be promising adsorbents in the removal of aqueous 

methylene blue dye. The pH of the solution, time, adsorbent amount and initial concentration of 

MB dye were studied and the equilibrium kinetics and adsorption parameters were evaluated. 

The behavior and mechanism of adsorption were also studied [11]. 

1.2 Statement of the problem 

The world is currently facing increasing water pollution from effluents from various industries. 

Among them, dyes released from the textile industry are the main pollutants. The yearly global 

fabrication of dyes is around 7 × 10
5
 tons, and about 10-15 percent of dyes utilized are 

discharged into water. Artificial dyes are more challenging to eliminate than natural dyes due to 

their complicated aromatic arrangement that provides stability in air and light. They can be 

simply transported into aquatic surroundings due to high solvability in water. They influence 

marine autotrophy through limiting the photosynthesis effectiveness, since merely a partial 

amount of light is permitted to enter due to their color; its poisonous influence spreads along the 

food chain and stored for long times, worsening the health of animals and humans [12].  

Some fundamental problems motivated for the green production of magnetite nanoparticles 

(Fe3O4) with Catha edulis plant leaf extract for the elimination of methylene blue from 

wastewater. The first is that due to population growth and industrial development, environmental 

pollution is increasing due to the lack of water treatment. For this reason, practical and 

inexpensive methods, including adsorption, have attracted a lot of attention in recent years. In 

this research study, magnetite nanoparticles were prepared from iron oxide by applying a 

bioactive compound present in the leaf extract of the khat plant  as it is a green synthesis, safe for 

the environment, non-toxic, cost-effective and synthesized using locally available sources such 

as khat (Catha edulis). 

Several approaches have been advanced in combination with nanoparticles that provide 

nanotechnology for the elimination of dyes like rhodamine and MB from wastewater. Adsorption 

is the furthermost widely utilized method for the elimination of dyes from contaminated water 
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because it is cheap, easy to use as well as lack of formation of subordinate pollutants. Thus, in 

the current investigation, a magnetite nanoparticle that was produced through green extraction of 

khat leaf extract was selected as nano-adsorbents that showed higher efficiency and faster 

adsorption rate thanks to its small size, high permeability, large vigorous superficial area, high 

reactivity, catalytic efficiency and superparamagnetic properties. 

1.3 Objective of the study 

1.3.1 General objective of the study 

The general objective of this study was to synthesize and characterize magnetic magnetite 

nanoparticles using khat (Catha edulis) for the elimination of methylene blue from an aqueous 

solution.  

1.3.2 Specific objective of the study 

 To characterize the synthesized magnetite nanoparticles using khat plant leaf extract. 

 To study the efficiency of methylene blue dye removing from aqueous solution using the 

synthesized nanoparticles. 

 To assess the consequence of pH, time, adsorbent quantity and initial concentration 

parameters on the adsorption efficiency of nanoparticles. 

 To describe the adsorption process using sorption isotherm & sorption kinetic model. 
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1.4 Significance of the proposed study 

The major advantage of this study is that the desired materials are separated from the solution in 

a simple and compact process. Another advantage is due to the fact that magnetite nanoparticles 

will be synthesized by a green process from Catha edulis leaf extract, the method is 

environmentally friendly. The study uses a low-cost, locally available plant leaf extract, khat 

(Catha edulis). The use of magnetite nanoparticles as an adsorbent in wastewater treatment 

provides a practical approach to remove contaminating dyes from water. The study provides the 

community with information on green synthesis and helps in the use of magnetite nanoparticles 

synthesized with khat (Catha edulis) as a dye bioadsorbent. The result obtained can serve as a 

basis for other studies on the biosynthesis of nanoparticles and their use in environmental 

protection. 

1.5 Scope of the study 

This study was limited to green synthesis and characterization of magnetite (Fe3O4) nanoparticles 

utilizing khat plant leaf extract for the elimination of methylene blue dyes from an aqueous 

solution and their characterization of the synthesized nanoparticles by SEM, XRD, FTIR and 

UV-DRS spectroscopy techniques. 
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                                                        CHAPTER TWO 

                                               2. LITERATURE REVIEW 

2.1 Nanotechnology 

Nanotechnology is essentially the manipulation of material at molecular and microscopic levels 

to create other structures, devices and systems with enhanced electrical, optical, magnetic and 

conductive properties. Nanotechnology has been evaluated as a promising technology and 

significant results in different areas, including wastewater management. Due to their small size, 

large surface area, and ease of manipulation, nanostructures offer unique opportunities for 

creation of simple accelerators and redox-active media in wastewater treatment. Nano-materials 

can remove many pollutants in wastewater, such as heavy metals, organic and inorganic solvents, 

dyes, and even pathogenic diseases such as cholera and typhoid [13].  

Extraction of various plant sources is used as reducing agents and capping agents in the 

production process. Modest and environmentally friendly methods have been proposed for 

production of plant nanoparticles (NPs) using aqueous extract of various plants and plant-derived 

phenolic composites play an important role as non-toxic reducing agents and capping agents for 

NPs [14]. Nanoparticles and their composites are believed to have strong inhibitory and 

antibacterial properties against bacteria, viruses and fungi. Due to the spread of diseases caused 

by various pathogenic microorganisms in today‟s world, the developments of antibiotic, green 

production, behavioral patterns and utilization of nanoparticles (NPs) have become important 

topics in nanotechnology. Green production of nanoparticles has been developed universally and 

has many applications; the system is extremely safe and environmentally friendly [14]. 

2.2 Nanoparticles (NPs) 

Nanoparticles are nanometer sized particles, between 1 nm and 100 nm, surrounded by an 

interface layer. The green production methods of nanoparticles have attracted attention of 

scientists due to their synthesis process. Almost all types of biological methods are used to 

produce nanoparticles in a size and shape-controlled manner [15]. Of course, nanoparticles are 

mostly found as biological molecules, ash, soil particles or synthetically produced for use in 

certain areas. Green produced metal nanoparticles are being studied by scientists due to their 

special properties, and therefore the biological molecules found in the plant extracts play an 
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important role as stabilizers and reducing agents [15]. Like the most common inorganic 

nanoparticles, metal and metal oxide nanoparticles also represent a group of materials and 

compounds evaluated for various biomedical applications.  

Studies have shown that the size of the nanoparticles is important in determining the antibacterial 

properties of these materials. The bacterial cell wall attracts nanoparticles to its surface through 

electrostatic attraction. These nanoparticles form a strong bond with the membrane, increasing 

the permeability of the cell wall. Metal nanoparticles and metal ions, released from 

nanoparticles, can enter cells and cause oxidative stress, disrupting the microbial antioxidant 

defense response to oxygen cell functions. These ions can interact with cell structures and form 

strong, non-specific coordination bonds with nitrogen (N), oxygen (O) or sulfur (S) atoms found 

in organic dyes, ultimately disrupting biological processes in many microorganisms [16].  

Scholars are tired of using new tools to create new nanoparticles that will expand many areas of 

use. The use of nanoparticles to improve wastewater management is an aspect of 

nanotechnology. There are fewer details about the recent developments in this field of research 

area. The use of nanomaterials in water and wastewater management is an encouraging trend and

 many studies report success. [17].  

Iron oxide is sought after by scientists due to its many properties. Magnetite is among the most 

important iron oxide nanoparticle, having an inverse cubic spinel structure is used more than 

other magnetic nanoparticles due to its biocompatibility [18]. This structure provides special 

properties that can be used in various medicinal applications [19]. Magnetite nanoparticles are 

very popular nano-adsorbents. Their good physical and chemical properties, free concept, and 

easy recovery in external and attractive fields allow them to be used as materials in water 

treatment [20]. Magnetic nanoparticles are also useful for many applications, including 

biomedical applications such as antibiotics. However, the surface of the nanoparticles must be 

functional. For magnetic nanoparticles to be biocompatible, they must have superparamagnetic 

behavior and high saturation magnetization [21]. 

2.2.1 Synthesis of nanoparticles 

Different methods for syntheses of nanoparticles have been proposed generally top-down 

(physical methods), bottom-up (chemical methods) and green (biological methods). Chemical or 

physical methods are generally used in the preparation of metal nanoparticles. However, the 
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chemicals used in physicochemical methods are usually expensive, harmful and flammable, 

while biological methods are efficient, cost-effective, energy-saving and environmentally 

friendly by the synthesis of iron oxide (magnetite) nanoparticles by various microorganisms and 

plants. This biosynthetic method is quite simple and requires less time and effort than physical 

and chemical methods. Another competitive advantage is that biological methods are the 

availability of biological resources, the time required is short, and the prepared nanoparticles can 

be dissolved in water [22]. 

2.2.2 Synthesis of magnetite nanoparticles 

There are several physicochemical methods for the synthesis of magnetite nanoparticles. Most of 

these methods divided into two types: polymer or surfactant-supported precipitants and co-

precipitation reactions. The Production methods include micro-emulsion, polyol, sonolysis, co-

precipitation, gas aerosol, sol-gel, electrochemical decomposition, and the green synthesis 

methods (other nanoparticle synthesis method).
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 Table 1: Different chemical techniques for the production of magnetite nanoparticles 

Method Synthesis details Advantage References 

Micro emulsion Iron salt and alkali solution 

mixing and dispersion 

penetration  

into the oil phase integrates 

surfactants.  

Variety of magnetite 

nanoparticles are processed 

by changing the nature, 

surfactant concentration  

and conditions of a 

reaction. 

[23, 24, 25] 

Polyols The Iron salt is dissolved in 

the polyol solvent. The 

suspension is whisked and 

boiled. Polyols act as reducing 

and stabilizer. 

Direct of particle 

amplification is a version 

of inter particle 

accumulation and obtain 

clear shapes of particles. 

[26, 27, 28] 

Sonolysis Ultrasonic separation of 

organometallic precursors. 

Achieved high 

magnetization and 

crystallinity. 

[29, 30, 31] 

co-precipitation The process involves 

alkalization of iron and iron 

species. 

allow for uniform 

nanoparticle sizing 

[32] 

gas aerosol  Many iron salts and a 

reducing agent in organic 

Different sizes and shapes 

of particles are enclosed by 

[33, 34, 35] 
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solvent are dispersed into 

reactors and aerosol solutes 

are compressed and solvent 

dispersion occurs. 

using different iron 

precursors. 

sol-gel Hydroxylation and 

condensation of molecular 

precursors in a liquid are 

known as “sol,” when 

a solvent evaporates to 

encompass 3D networks of 

nanoparticles is called 

“gel.” 

The size and stability of 

particles in sol-gel matrix 

must be controlled. 

[36] 

electrochemical 

decomposition 

Iron oxide nanoparticles are 

manufactured by the oxidation 

of iron electrode in aqueous 

solution 

Particle size is controlled 

by 

adjusting current density. 

[37, 38, 39] 

Green synthesis Nanoparticles are produced 

using green stabilizers without 

the use of chemicals. 

There is no chemical that 

are used as reducing agent 

and preservatives which are 

hazardous to the 

environment. 

[40] 
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2.3 Waste water treatment 

Wastewater contains many hazardous substances and comes from many sources including 

domestic sewage, commercial waste, industrial waste and agricultural waste. The main sources 

of wastewater are domestic water, agricultural waste, industrial waste and commercial waste.  

Large water bodies usually need good quality water, but on the contrary, a lot of dirty water and 

poor-quality water are discharged in to large water bodies, causing them to be polluted [13]. 

2.3.1 Nanotechnology in wastewater management 

Methods based on nanotechnology in wastewater treatment include Nano filtration, photo 

catalysis, adsorption and bio sorption, disinfection and disease control, detection and 

maintenance, etc. 

Adsorption is considered as the deposition of mass on a surface or interface between two phases. 

The tissue that accrues on the surface is called adsorbate and the place where the accumulation 

occurs is called adsorbent. It is classified into two as physical and chemical adsorption. There is 

an ionic or chemical interaction between the adsorbent and the adsorbate in chemisorption.  

Chemisorption is generally, a very effective process. While in physical adsorption, mass 

accumulation occurs due to van der Waals attraction, hydrogen bonds and interpolar interactions, 

etc., therefore the process is usually reversible in most cases. In addition to dye removal, the 

chemical adsorption methods are also widely used to remove heavy, toxic or beneficial 

substances, anionic groups, toxic biological chemicals, pollutants, etc. [41]. Other technologies 

are generally not popular due to their high operating costs and time-consuming processes. 

However, adsorption has proven to be a more powerful technique for the treating organic and 

inorganic pollutants because it is cheap, simple and insensitive to toxic substances [42]. 

Biosorption is a passive, independent metabolism in which dissolved substances (biosorbates) 

can be adsorbed from the liquid phase to the surface of the biomass (biosorbent). Biosorption is 

one of the effectivet sorption processes resulting from the difference in concentration of 

biosorbate molecules between the liquid phase and the biosorbent material. The presence of 

functional groups on the surface of biosorbents is essential for the physical or chemical 

interactions with biosorbates of the liquid mixture. Biosorption has proven to be an effective and 

efficient alternative to traditional water treatment technology. The abundance of biosorbents, 

their biodegradability, various surface functions and ease of modification have attracted many 
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researchers who hope to use their potential for the removal of various pollutants in batch or 

continuous process. However, there are fewer reports on continuous biosorption [43]. 

2.3.2 Magnetite (Fe3O4) nanoparticles for removal of MB dye 

Nanomaterials have many advantages over other adsorbents; however, they can cause toxicity 

because of their unique structure, smaller size, and related chemical and physical features, even 

at low concentrations. As example, TiO2 at the nano scale causes hemagglutination, irregular 

sedimentation, and hemolysis of red blood cells [44]. In addition, the widespread use of 

nanoparticles in applications such as cosmetics, electronics, and water treatment has led to the 

unintentional release of nanomaterials into the environment [45]. Therefore, nanomaterials need 

to be separated from water by appropriate purification. To minimize this problem, magnetite 

nanoparticles and their modified materials have been applied. Magnetite nanoparticles exhibit 

superparamagnetic behavior, i.e., they are attracted by the applied magnetic field but no longer 

retain magnetism after the magnet is removed. By applying an external magnetic field, 

superparamagnetic particles can be easily and quickly removed from the bulk water samples 

[46]. In addition, the reuse of the magnetic adsorbent allows the adsorbed dye molecules to be 

used in adsorption cycles after desorption from the surface of the magnetic adsorbent. Therefore, 

magnetite nanoparticles are considered as economical, effective, and abundant, easily available, 

magnetically separated adsorbents that can adsorb dye molecules from simple water samples 

[64]. 

2.4 Factors that affect adsorption 

2.4.1 Effects of solution pH 

The efficiency removing dyes increases with increasing pH of the solution until equilibrium is 

reached.  Increasing the pH leads to the formation of surface charges on the adsorbent and also to 

the occurrence of deprotonating reaction. This charge allows high removal efficiency due to the 

electrostatic attraction between the adsorbent and the adsorbent charge, while at lower pH the 

different functional groups and reactive atoms of the dyes and the adsorbent are either protonated 

or charged. Therefore, due to the strong repulsion between the dyes and the adsorbent, the 

removal percentage decreases [48].  
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2.4.2 Effects of adsorbent dose 

Increasing the amount adsorbent will lead to an increase in specific surface area; therefore, more 

active sites are available to bind the dye from an aqueous phase. If the adsorption dosage is 

reduced, the amount of MB dye adsorbed decreases, due to the accumulation and covering of 

adsorbent particles in the solution, a decrease in surface area for MB dye adsorption occurs [48]. 

2.4.3  Effects of initial concentration 

The ability of the adsorbent increases as increasing dye concentration until saturation is reached. 

The initial dye concentration generates a large driving force to overcome the resistance to dye 

mass transfer between the solid and aqueous phases. The adsorption rate increases with 

increasing adsorbate concentration [48]. 

2.4.4 Effect of contact time 

The concentration of adsorbed dyes in wastewater increases with time. The adsorption of toxic 

dyes was examined at different time intervals (0 to 50 minute). The results showed that 

adsorption equilibrium was reached after only 50 minutes [48]. 

2.5 Kinetics studies 

The kinetic curves provide information on the rate of absorption and also the time required to 

reach equilibrium. The dye absorption data fit well with pseudo-2
nd

-order kinetics, giving linear 

plots with high correlation coefficients (R
2
). In addition, the experimental values of qe (mg/g) are 

in excellent agreement with the values of qe (mg/g) calculated from the pseudo-2
nd

 -order model. 

Combined with the poor fit to first-order kinetics, the sorption is considered a pseudo-2
nd

 -order 

kinetics. Thus, chemisorption and the rate depend on the number of magnetite surface sites [20]. 

Pseudo-second order kinetics equation 

 
 

  
 

 

      
 

  
   …………………………………………………………………. Eq(1) 

Where qe (mg/g) is amount of MB uptake at equilibrium time; qt (mg/g) is the amount of MB 

uptake at a time, t (min); K2 is the pseudo 2
nd

-order rate constant. The kinetic rate constant, k, 

and qe for each model can be determined by plotting graph log t/qt versus t for pseudo-2
nd

 order 

models. 
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2.6 Equilibrium isotherm studies 

Adsorption isotherms pronounce how the adsorbate interacts with the adsorbent and providing 

detailed insight into the nature of the interaction. An isotherm also helps in providing 

information on the optimal use of adsorbents. Isothermal curves are very important in adsorption 

purposes, as they provide information on the interaction mechanisms and the maximum 

adsorption capacity of a given adsorbent [47]. To develop the most appropriate biosorption 

isotherm model, equilibrium data were analyzed using the most common isotherm models, such 

as the Langmuir and Freundlich isotherm models. They were useful in determining the maximum 

adsorbate adsorption capacity for a given adsorbent. They differ in the basic hypothesis, the 

shape of the isotherm and the nature of the adsorbent surface. The Freundlich isotherm is derived 

by assuming a heterogeneous surface with a non-uniform distribution of the heat of adsorption 

on the surface. While in the Langmuir theory, the basic assumption is that sorption occurs at 

specific homogeneous sites in the adsorbent [47]. 

The mathematical expressions for those isotherms were presented in the equation: 

  

  
  

 

   
 + 

  

  
 ……………………………………………………Eq (2) 

 𝑜 𝑞        
 

     

 
 ……………………………………………….Eq (3) 

Where Ce is the equilibrium concentration of solute (mmol L
-1

), qe is the amount of 

solute adsorbed per unit mass of adsorbent (mmol g
-1

 of adsorbate), qm is the adsorption 

capacity (mmol g
-1

), or monolayer capacity, and b is a constant (L mmol
-1

) for Langmuir 

isotherm, Kf and n are empirical constants for Freundlich isotherm incorporating all parameters 

affecting the adsorption process such as, sorption capacity and sorption intensity respectively. 

The isotherm curves are plotted Ce/qe versus Ce for Langmuir isotherm and log qe vs log Ce 

graph for the Freundlich isotherm model [47]. 
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CHAPTER THREE 

         3. MATERIALS AND METHODS 

3.1 Study sites description 

The green production of magnetite (Fe3O4) nanoparticles using Catha edulis leaf extract and their 

characterization and evaluation of the removal efficiency of methylene blue dye from aqueous 

solution were carried out in the laboratory of the chemistry department of Wolkite University. 

However, some of the characterizations were carried out in different places due to the lack of 

some instruments. SEM, XRD, FTIR and Uv-DRS characterizations were carried out in Adama 

and Addis Ababa universities. 

3.2 Chemicals and instruments 

3.2.1 Chemicals and samples 

The chemicals used during this research work were of analytical grade such as iron (II) chloride 

tetrahydrate (FeCl2.4H2O) (Sigma aldrin, 99% purity), iron (III) chloride hexahydrate (FeCl3. 

6H2O), (Sigma aldrin, 99% purity), distilled and tap water (H2O), ethanol (C2H5OH 99.8%) 

(Fmd, Ethiopia) and sodium hydroxide (NaOH), (Sigma aldria 99% purity), HCl (Riedel dehaen 

Germany, 37%), H2SO4 (Sigma aldrin, 98% purity) and khat leaves (Catha edulis). Every 

aqueous solution is prepared with refined water. 

3.2.2 Apparatus and instruments 

The equipment and tools used included: a pipette, an electrical balance, a beaker, a magnetic 

stirrer with a hot plate, a Petri dish, a conical flask, flasks, funnels, a graduated cylinder, filter 

paper for filtering the extract. , a crucible, a mortar and pestle, a dropper, a centrifuge and sample 

characterization instruments included; diffuse reflectance spectroscopy (DRS Elico SL-150 Uv-

Vis spectrophotometer), X-Ray Diffracometer, Fourier Transform Infrared spectroscopy and 

Scanning Electron Microscopy. 

3.3 Methods and procedures 

3.3.1 Collection of Catha edulis (Khat) plant leaf 

Leaves of the khat plant were bought from the local market in Wolkite, Central Ethiopia region. 

To remove unnecessary materials, the leaf samples were carefully washed many times with tap 
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water and then with purified water. To take out all traces of moisture, the cleaned khat leaves 

were carefully dried for about two weeks (15 days) at room temperature, in the open air and in 

the shade. An electric grinder was used to crush the dried leaves of the Catha edulis plant into a 

fine powder. The powdered and dried material was placed in storage waiting further processing. 

 

Figure 1, Process involved in the collection of Catha edulis plant leaf 

3.3.2  Preparation of plant leaf extract 

9.0 g of powdered plant leaves were mixed with 300 mL of distilled water in a 500 mL round 

bottom flask for a synthesis procedure. The two components were allowed to boil at 60°C for 

about two hours in a round bottom flask placed on a hot plate. After allowing the boiled 

suspension in solution to cool for about fifteen minutes, Whatmanands #1 filter paper was used 

twice to filter the mixture to obtain the target leaf extract solution and stockpiled in a refrigerator 

at 4°C for later use. 

 

Figure 2: Process involved in the preparation of khat plant leaf extract 
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3.4 Preliminary phytochemicals tests of catha edulis leaf extract 

The presence of phenols, saponins, steroids, alkaloids, glycosides, tannins (gelatin) and 

flavonoids in the leaf extract of the plant Catha edulis was examined according to the reported 

procedure [50]. 

3.4.1 Test for alkaloids 

2 mL of H2SO4 and 1.2 g of iodine were mixed and diluted to a 100 mL solution. To acidify 10 

mL of the extract, 1.5% (v/v) HCl was added, followed by the addition of a few drops of 

Wagner's reagent forms a yellow precipitate  to confirm the presence of alkaloids. 

3.4.2 Test for glycosides 

An aqueous solution of NaOH was also mixed in one millilitre of distilled water and a small 

amount of the extract that had been dissolved in the latter was added. The formation of reddish 

brown colour indicates the presence of glycosides. 

3.4.3 Test for flavonoids 

2 mL of 10% (w/v) FeCl3 solution and 0.5 mL of extract are mixed. On further stirred, formation 

of a woolly brown precipitate indicates the presence of flavonoids. 

3.4.4 Test for phenols 

The prepared Khat extract was treated with 3-4 drops of FeCl3 solution. The product formed a 

bluish black colour indicating the presence of phenols. 

3.4.5 Test for saponins 

 0.2 mL of extract was mixed with 2.0 mL of distilled water, stirred for 20 minutes leads to 

formation of stable foam indicates the presence of saponins. 

3.4.6 Test for steroids 

Two ml of extract, one ml of chloroform, and one ml of pure H2SO4 were carefully added to the 

walls of the test tube. When the garment was inspected, the chloroform stain showed a red tint, 

indicating the presence of steroids. 
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3.4.7 Test for tannins 

One mL of plant extract is mixed with one mL of FeCl3 solution; a greenish black precipitate is 

appeared to indicate the existence of tannins. 

3.5 Synthesis of magnetite NPs using khat leaf extract 

Ferric and ferric chlorides were used in 1:2 ratios respectively to create magnetite (Fe3O4). 

Specifically, 1000 mL of distilled water was used to dissolve 5.3 g of ferrous chloride 

tetrahydrate (FeCl2.4H2O) and 10.6 g of ferric chloride hexahydrate (FeCl3.6H2O) at 80 
0
C using 

a magnetic plate. A certain ratio of khat leaf extract was added and stirred on a hot plate after 15 

minutes, the light orange color started to develop. The flavonoids and polyphenols in the leaf 

extracts served as stabilizing and styling agents. After 5 min, the solution changed from orange 

to brownish black and black precipitates of magnetite (Fe3O4) were formed by adding 100 mL of 

1 M NaOH. Also, after stirring for 5 minutes, the solution was removed from the hot plate and 

allowed to cool so that the iron oxide nanoparticle precipitates could settle. The black 

precipitates of magnetite nanoparticles (Fe3O4) were washed five to eight times in a 

centrifugation process and the precipitates were also placed in a hot air oven for 8 hours at 80 ºC. 

The prepared magnetite nanoparticles were stored in a hermetically sealed jar for 

characterization and experimental use [49]. In a usual experimentation, the extract was added to 

ferrous chloride and ferric chloride precursor solution in 1:2 ratios by volume like this way. For 

1:2 ratios: 33.3 mL of ferrous chloride tetra hydrate, Ferric chloride hexahydrate and 66.7 mL of 

khat leaf extract were added. The proposed reaction scheme was: 

Fe
2+

 + 2Fe
3+

 + extract + 8OH
-
 ↔ Fe(OH)2 + Fe(OH)3 → Fe3O4 + 4H2O  

3.6  Characterization of magnetite nanoparticles 

The obtained (Fe3O4) nanoparticles were examined for their maximum absorption using a UV-

Vis in 200 nm to 800 nm wavelength range; the structure and phases were also characterized by 

XRD (X-ray diffraction); functional group analysis was performed using FTIR and the surface 

morphology was examined by SEM.  

Using UV-Vis DRS spectrophotometers in the Department of Chemistry, Addis Ababa 

University of Science and Technology, the optical characteristics and band gap energy of the 
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biosynthesized magnetite nanoparticles were evaluated. Absorption occurred in 200-800 nm 

wavelength range. 

The Shimadzu XRD-700 X-ray diffractometer (XRD) at Addis Ababa University Faculty of 

Science Department of Chemistry was used to analyze the produced Fe3O4 Nps. XRD evaluates 

crystallinity, structure defects, and crystallite size. The XRD arrays were got using Cu Kα (λ = 

1.5406 Aº) radiation with 40 KV accelerating voltage, and from 10 to 80 range of 2θ was 

recorded at a scan rate of 20/min. The Scherrer equation can be used to estimate a particle's 

crystallite size D: 

                                                     
  

      
 

Here, D is the average diameter of the crystals, the x-ray wavelength, λ is 0.154 nm, k is the 

structure factor, its value is assigned to be 0.94, , θ is the Bragg angle in degrees, and β is the 

full-width at half-height of the prominent peaks [50]. 

The synthesized nanomaterials were subjected to FTIR analysis at the Department of Chemistry, 

Addis Ababa University. FT-IR is used to determine the functional groups of the active 

components responsible for the generation of Fe3O4 NPS. Dry powder FTIR spectra of 

biosynthesized Fe3O4 samples were recorded on a FT-IR 65 (PerkinElmer) in the range 4000- 

400 cm
-1 

[51]. 

In this study, the morphological analysis of the samples was investigated using a SEM (JCM-

6000plus BENCHTOP SEM, SHIMADZU Corporation, Japan) at Adama University of Science 

and Technology. SEM images were taken at different areas of the sample at 15.0 KV with 

different resolutions from 500x to 10,000x and the instrument was operated at constant beam 

energy. 

3.7 Sorption study of MB dye by biosynthesized Fe3O4 nanoparticles 

3.7.1 Preparation of Working Standard solution 

The adsorbate molecule in the adsorption tests carried out in this work was methylene blue (MB) 

powder. To prepare the MB stock solution, 1 g of MB was dissolved in 1000 mL of distilled 

water to obtain 1000 mg/L. Using the dilution rule, additional working standard solutions of 10, 

15, 20, and 25 mg/L MB were prepared from 1000 mg/L dye standard solution [52].  
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3.7.2 Batch sorption experiments 

 Using a 250 mL conical flask, a batch adsorption study was conducted for specific parameters. 

By varying one of the parameters while keeping the others constant, the effects of various 

parameters, such as pH, adsorbent dosage, adsorbate concentration, and contact time, are 

examined. Adsorption isotherms and adsorption kinetics are studied to determine how these 

factors affect the change in removal capacity. Samples are periodically removed from the flask, 

shaken, and filtered with Whatman filter paper for each measurement. The study included the 

following ranges for experimental variables: pH values (2, 4, 6, 8, and 10), adsorbent dosage (40, 

60, 80, 100, 120 mg), and initial concentrations (10, 15, 20, and 25 mg/L) and contact time (30, 

50, 70, 90 and 110 minutes). The absorbance of the filtered solutions was determined using a 

UV-visible spectrophotometer at the maximum wavelength of 664 nm and it is possible to 

calculate the removal efficiency of magnetite (Fe3O4) nanoparticles using equation 4, [52] 

         Removal efficiency (%) = 
     

  
       ……………………………… Eq(4) 

Where Ci is the initial concentration (mg/L) and Ce is the residual (equilibrium) concentration 

(mg/L) of the MB being studied.  

The removal capacity of magnetite nanoparticle is the amount of MB adsorbed per unit mass of 

adsorbent will be calculated based on the principle of mass balance using Equation 5, [20]. 

            𝑅𝑒𝑚𝑜𝑣𝑎 𝑐𝑎𝑝𝑎𝑐𝑖𝑡y (𝑞𝑒) = 
     

 
 𝑣   ……………………………….. Eq(5) 

Where Ci and Ce (mg/L) are the initial and equilibrium MB concentrations respectively, V 

(L) is the solution volume and m (g) is the dry adsorbent weight. The effects of contact time, 

adsorbate and adsorbent concentrations were studied [20]. 
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CHAPTER FOUR 

4. RESULTS AND DISCUSSION 

4.1 Phytochemicals test 

Phytochemical analysis is important to provide information on the classes of compounds present 

in plant materials that help to determine if there is a secondary metabolite that is used to reduce, 

cap and stabilize nanoparticles. Based on these results, natural phytochemicals present in leaf 

extract of the Catha edulis plant was employed as reductants and capping agents in the 

production of magnetite nanoparticles.  

Figure 3 illustrates the result of the phytochemical tests of khat leaf extract. These results 

indicate the presence of several secondary metabolites, including alkaloids, flavonoids, 

carbohydrates and tannins. As a result, all tested secondary metabolites (phytochemical 

compounds) were found in the leaf extract of the Catha edulis plant. T herefore, this metabolite 

capacity reduces iron oxide through providing electrons, capping and stabilizing the prepared 

nanoparticles. As example, biomolecules, including proteins, phenolics and flavonoids, are 

essential for nanoparticle capping and nanoscale ion reduction. Images showing different colour 

changes during phytochemical screening tests are shown in Fig. 3. This result is consistent with 

previous literature reports [53]. 

 The colour changes resulting from the study of phytochemicals is a sign that different complexes 

are formed due to redox reactions. For example, yellow hue of alkaloids suggests that a reaction 

has occurred between the oxygen or nitrogen atoms of their amide groups. Depending on the 

nature of the complexes, iron (III) ions generate complexes of different colours in most ferric 

chloride assays [53]. 
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(a)             (b)             (c)             (d)              (e)                      (f)                       (g) 

Figure 3: Colour changes during phytochemical test of Khat leaf extract (a) Alkaloids, (b) 

Glycosides, (c) flavonoids, (d) Polyphenols, (e) saponins, (f) steroids, and (g). Tannins 

4.2 Characterization of (magnetite) Fe3O4 NPs 

4.2.1 UV-Vis DRS analysis of Fe3O4 NPs 

Diffuse reflectance measurements were needed to examine optical characteristics and band gap 

energy of green synthesized magnetite nanoparticle utilizing leaf extract from the Catha edulis 

plant, as shown in figure 4. The UV-Vis spectrum of green synthesized magnetite nanoparticles 

revealed the process of reduction and formation of nanoparticles. Magnetite nanoparticle was 

confirmed by the immediate colour change in the reaction mixture from light yellow to dark 

brown after addition of Catha edulis plant leaf extract, this was confirmed by the appearance of a 

strong peak at 364 nm of the magnetite (Fe3O4) NPs. 

Kubelka–Munk model is used to determine the band gap energy (Eg) of synthesized magnetite 

nanoparticles using the following equation: 

                           F(R) = 
       

  
 ………………………………………….. Eq(6) 

Where F(R) is the Kubelka-Munk function, and R is the reflectance. The lowest energy 

necessary to excite an electron to a state in the conduction band to take part in conduction 

denotes the band gap [50].These band gap results indicates that the band gap energy of the Fe3O4 

(1:2 ratio) nanoparticles is 2.54 eV. Magnetite (Fe3O4) NPs in 1:2 volume ratios have larger band 

gap energy, and these results indicate that the band gap energy of magnetite NPs may be particle 
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size-dependent. This can be described as size of particle reaches the nanoscale, the number of 

overlapping orbitals or energy levels reduces, and band thickness becomes thinner due to the 

increasing of the band gap energy between the conduction band and the valence band [54]. 

 

 

 

 

 

 

 

 

 

Figure 4: Uv-DRS spectra of Fe3O4 NPs (1:2 ratios) and its corresponding band gap energy 

4.2.2 X-ray Diffraction (XRD) analysis 

XRD investigation can be utilized to examine the phase purity and crystallinity of the produced 

magnetite nanoparticles. The XRD pattern of the synthesized magnetite sample shows six main 

peak positions and intensity distributions, as shown in the figure. For the produced magnetite 

nanoparticles (Fe3O4 NPs), the diffraction peak was detected at 2θ = 30.33°, 35.35°, 43.27°, 

53.72°, 57.14° and 62.10°. These values of (220), (311), (400), (422), (511) and (440) are 

corresponding to the crystal plane. The diffraction peak of the synthesized Fe3O4 NPs was found 

to be in good agreement with JCPDS paper number 00-019-0629, indicating that no secondary 

phase was formed during the synthesis of pure Fe3O4 Nps. The Fe3O4 nanoparticle produced in 

green appears to have a higher degree of crystallinity, and the absence of detectable impurities by 

XRD in this sample further confirms the purity of the magnetite (Fe3O4) nanoparticles. 
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Figure 5: XRD Spectrum of green synthesized Fe3O4 NPs 

The crystal size of the green-produced magnetite (Fe3O4) nanoparticle was determined using 

Debye-Scherrer equation. The green synthesized magnetite (Fe3O4) nanoparticles with the 

greatest intensity peak had a crystal size of 9 nm, which is represented in the table below. 

Table 1: crystallite sizes of synthesized magnetite (Fe3O4) NPs. 

Sample name Peak position (2 

theta) 

FWHM (deg) Crystal size 

D(nm) 

Average D (nm) 

Magnetite NPs 

(Fe3O4) 

30.337 0.8817 8.39332306 9.0547516 

 

 

 

 

35.35 1.022 8.240562342 

43.27 0.93 9.191871253 

53.72 0.891 10.01476042 

57.142 0.97 9.423742576 

62.10 1.035 9.064250358 

4.2.3 Fourier transform infrared analysis 

FTIR spectra of a leaf extract from the Catha edulis plant and green-produced magnetite 

nanoparticles are shown below in Figure 6. The FTIR spectra of Green synthesized magnetite 
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nanoparticles (Fig. 6) revealed peaks at 3225 cm
-1

, 1569 cm
-1

, 1343 cm
-1

, 1071 cm
-1

, 551 cm
-1

, 

and 430 cm
-1

. The existence of alcohol and phenol with an O-H stretch is suggested through a 

significant absorption peak at 3225 cm
-1

, as demonstrated by specified peaks. The carbonyl 

group C=C (1550-1650) is seen as a band at 1569 cm
-1

[50]. The vibrational stretching of 

carboxylate group (C=O) is shown in a peak at 1343 cm
-1

. The peak that forms at around 1070 

cm
-1

 is due to the vibrational stretching of COO in flavonoids and carboxylic compounds. The 

two-absorption band at 551 cm
-1

and 430 cm
-1

 corresponds to the bonds of Fe-O in tetrahedral 

and octahedral sites to approve the spinel-type structure of pure magnetite nanoparticles. 

The FTIR spectrum of Catha edulis plant leaf extract is shown in Figure 6. The vibrational range 

of phenolic molecules and alcohol -OH is showed by the high absorption peak at 3267 cm-1. The 

vibration stretching of alkene or aromatic C=O bending is responsible for the peak at 1636 cm-1. 

The C=C bending of alkene and the weak C≡C stretching vibration of alkyne were represented 

by the peaks at 2100 and 580 cm-1, respectively (Figure 6). Magnetite (Fe3O4) NPs can be 

reduced and capped by the presence of these biologically active plant chemicals. These 

functional groups showed that the Catha edulis plant extract was reduced and well covered on 

the surface of the nanomaterial. These outcomes were comparable to the former study on the 

fabrication of magnetite (Fe3O4) nanoparticles via diverse plant extracts [55]. 

 

Figure 6: FTIR spectra of green synthesized Fe3O4 NPs and Khat leaf extract 
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4.2.4 SEM analysis of Fe3O4 NPs 

The surface morphology of the green synthesized Fe3O4 NPs adsorbent was examined using a 

scanning electron microscope (SEM) at different magnifications. The SEM image structure and 

morphology of the Fe3O4 NPs adsorbent before adsorption, as shown in Figure 7, revealed deep 

empty pores of various sizes and shapes on the surface. The generated Fe3O4 NPs exhibited a 

variety of morphologies and microstructural features for the Fe3O4 nanopowder. Furthermore, 

the SEM images of the Fe3O4 NPs showed that the morphology of the nanoparticles was uniform 

in structure. The observation from some larger nanoparticles can be attributed to the fact that 

magnetite nanoparticles tend to aggregate because of their high surface energy and high surface 

tension of ultrafine nanoparticles [55]. Small particle size creates a large superficial area which 

improves the catalytic activity of the nanoparticles. 

 

Figure 7: SEM images of green synthesized magnetite (Fe3O4) nanoparticles 

4.3 Optimization of adsorbent for removal efficiency of methylene blue from aqueous 

solution 

4.3.1 Calibration plot of working methylene blue standard solution 

The standardization plot for MB dye at 664 nm is used to determine the residual concentration in 

the filtrate after the adsorption of MB dye using the synthesized magnetite adsorbent from an 

aqueous solution. The obtained data from the calibration plot is given in Table 3 and figure 8. 

Table 3: Methylene blue dye working standard solution calibration data 
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Initial concentration of MB(mg/L) Absorbance 

5 0.013 

10 0.027 

15 0.039 

20 0.052 

 

Figure 8: Calibration plot of working methylene blue standards solution. 

4.4 MB dye adsorption by using magnetite (Fe3O4) NPs 

4.4.1 Effect of pH 

Due to the surface charge of the adsorbent, the degree of dissociation of the materials in the 

solution and separation of functional groups at the activated sites of the adsorbent, the pH of the 

dye solutions is decisive for the adsorption process and, in particular, for the adsorption ability. 

By introducing 40 mg of magnetite NPs into 10 mg/L of methylene blue solution with pH values 

from 3 to 9 for a contact time of 50 min, a synthetic adsorbent was used to study the effect of pH 

on dye adsorption. The pH of the solution was adjusted with 0.1 M HCl or 0.1 M NaOH 

solutions and the removal of methylene blue dye was examined. As shown in Figure 9, the dye 

adsorption by magnetite nanoparticles increases with increasing solution pH, because for cationic 

dyes such as MB, adsorption decreases at pH below pHpzc due to the cationic nature of the 

adsorbent surface and increases at pH values above pHpzc due to the anionic nature of the 
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adsorbent surface [56]. In this study, MB adsorption increased by increasing the pH, and its 

removal capacity increased from pH 3 = (18.50 %) to pH 9 = (85.18%). 

 

Figure 9: Effect of pH on MB dye removal by magnetite NPs 

4.4.2 Effect of adsorbent dosage 

To study the influence of the dosage of magnetite NP adsorbent at pH 9, MB dye was used at a 

fixed concentration of 10 mg/L for 50 min. For this experiment, an adsorbent with different 

dosages (20-80 mg) was used for the generated samples. Figure 10 illustrates how different 

adsorbent dosages influence the removal of MB by the selected magnetite NPs. The results show 

that when the amount of adsorbent was increased to 80 mg, the percentage of MB dye removal 

decreased from 96.30% to 37.05% on this magnetite adsorbent. This is due to a decrease in the 

adsorption sites. Further increases in adsorbent dosage did not improve dye removal; this is 

because all available adsorption sites had reached saturation and were no longer available to the 

dye molecules for adsorption [57]. Thus, the optimal concentration of nanoparticles was found to 

be 20 mg, and this amount was used for subsequent experimental analysis. 
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Figure 10: Effect of adsorbent dose on the removal of MB dye by magnetite NPs 

4.4.3 Effect of contact time 

One of the most important factors in the development of economical wastewater treatment 

systems is the equilibrium time. Figure 11 illustrates how methylene blue dye was adsorbed at an 

initial concentration of 10 mg/L over a range of contact times (30 to 90 min) with a 20 mg dose 

of a magnetic adsorbent produced at pH  9. According to the data, it takes only 50 min to reach 

equilibrium conditions. Many activated adsorption sites that are open to dye molecules and 

increase dye penetration on the adsorption surface are the reason for the high adsorption rate at 

the initial contact times. Saturation of the adsorbent surface causes the concentration gradient to 

decrease with time, but the percent removal remains essentially constant. During the first 30 min 

adsorption period to the 50 min equilibrium period, the percentage of dye removal was increased 

from 33.35% to 96.60% for magnetite nanoparticles. This is due to the availability of a large 

number of free adsorption sites during the initial phase of the reaction. As these sites become 

occupied the rate of adsorption decreases over time and the system reaches equilibrium at 50 

minutes [58]. 
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Figure 11: Effect of contact time on the removal of MB dye by magnetite NPs 

4.4.4 Effect of initial concentration 

To study the effect of the initial dye concentration on the adsorption properties, a series of 

experiments were conducted using different concentrations of MB solution (5, 10, 15 and 20 

mg/L) with an adsorbent dose of 20 mg of magnetite nanoparticles at pH 9 within 50 minutes of 

contact time. As shown in Figure 12, the adsorption is very fast at a lower initial concentration of 

MB solution. The result shows that the removal efficiency decreases with an increase in initial 

concentrations, although the total amount of MB accumulation increases. From this experiment, 

it was observed that about 99.25% of MB was removed at an initial concentration of 5 mg/L with 

the adsorbent magnetite nanoparticles shown in Figure 12. The MB removal percentage 

decreased with the increase of initial dye concentration, which may be due to the saturation of 

adsorption sites on the adsorbent surface. At a low initial concentration, there will be unoccupied 

active sites on the adsorbent surface, because most of the MB solution can contact the active 

sites of the adsorbent [58]. 
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Figure 12: Effect of initial concentration on MB dye removal by magnetite NPs 

4.5 Adsorption isotherm 

When equilibrium is reached during adsorption, the retained particles spread between the liquid 

phase and the solid surface, as shown by the adsorption isotherm. A crucial step in selecting the 

right model is to examine the isotherm data by fitting it to different isotherm models. Freundlich 

and Langmuir adsorption isotherms were used to investigate the synthesized magnetite (Fe3O4) 

nanoparticle adsorbent in the context of the adsorption isotherm model [59]. 

4.5.1 Langmuir adsorption isotherm model 

The development of uniform monolayer coverage on the adsorbent surface, uniform adsorption 

energy, and the absence of molecular interactions between adsorbed molecules at adjacent sites 

are the foundations of the Langmuir adsorption isotherm. The amount of dye adsorbed per unit 

mass of adsorbent (qe) and the dye concentration in equilibrium solution (Ce) can be used to 

study adsorption isotherms. In this study, the slope and intercept of a linear form of the Langmuir 

equation was used to determine the Langmuir constant (KL) and the maximum adsorption 

capacity (qmax), respectively [59].  
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The plot of Ce versus Ce/qe allowed for the determination of the values of qmax (mg/g) and KL 
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adsorption capacity. Adsorption capacity increases with increasing surface area and pore volume 

[60]. The equilibrium parameter, or RL, is a dimensionless constant commonly used to explain 

the fundamental properties of the Langmuir isotherm model. 

 

Figure 13: Langmuir adsorption isotherm model for magnetite NPs adsorbent 

Langmuir isotherm model synthesized samples 

Fe3O4 

qmax(mg/g) 

 

44.65 

RL 0.15 

KL (L/mg) 1.06 

R
2 

0.995 

Table 4: Parameters of Langmuir isotherm models for synthesized sample  

Langmuir adsorption was indicated by the maximum adsorption capacity (qmax), which 

represents the adsorption of the saturated monolayer at equilibrium. The result presented in Table 

4 shows that the Langmuir adsorption isotherm parameters qmax (44.65 mg/g) and R
2
 were 0.995 

for magnetite nanoparticles. According to the Langmuir correlation coefficient R
2
, the adsorption 

isotherm shows that the adsorption study of MB dye on magnetite nanoparticles was better fitted 
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linearly by the Langmuir isotherm model than by Freundlich. The calculated values of the 

absorption energy constant a (KL) is 1.06 L/mg. This shows that the adsorption efficiency of the 

adsorbent was good, because its KL value was smaller. According to the Langmuir model, RL 

values calculated as 0.15 were obtained between 0 and 1 for the magnetite adsorbent, which 

confirmed that adsorbents that adsorb MB from aqueous solution are favorable under the 

conditions applied in this study. 

4.5.2 Freundlich adsorption isotherm model 

The Freundlich isotherm model is the first known relationship that describes non-ideal and 

reversible adsorption without being limited to the formation of a single layer. This empirical 

model can be applied to multilayer adsorption with a non-uniform distribution of the heat of 

adsorption and affinity on the heterogeneous surface [61]. The linear form of the Freundlich 

isotherm equation is as follows: 

                       
 

 
   𝑒…………………………….. Eq(8) 

 

Figure 14: Freundlich adsorption isotherm models for magnetite (Fe3O4) NPs. 

 A higher adsorption mechanism and the development of a significantly stronger bond between 

the adsorbate and the adsorbent are indicated by a lower value of Freundlich equation 
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surface density. A 1/n value of 1 implies uniform adsorption across all surface sites. For this 

study, the 1/n value for MB dye adsorption fell within the typical range of 1–10, showing 

favorable adsorption [62]. 

The results of the isotherm parameters are shown in Table 5. The 1/n value of the Freundlich 

parameter, which shows how favorably MB dye adsorption occurs on magnetite (Fe3O4) NPs 

adsorbent, was between 0 and 1. This implies that the binding between the MB dye and the 

produced adsorbents was strong because the value of (n) is greater than 1. The favorable 

adsorption process is indicated by the computed values of the Freundlich equation coefficient n 

(n = 2.22) in this investigation, which are greater than 1.  Furthermore, for the synthesized NPs 

adsorbent, the Freundlich correlation coefficient (R
2
) was 0.979. This suggests that the Langmuir 

isotherm correlation coefficient of the biosynthesized adsorbent was higher than the Freundlich 

isotherm correlation coefficient R
2
. This suggests that the experimental data of the magnetite 

adsorbent are not fit to the Freundlich isotherm model. Table 5 below presents the values of the 

Freundlich isotherm parameters and constants. 

Table 5: Freundlich isotherm model parameters for synthesized samples 

Freundlich isotherm model synthesized samples 

Fe3O4 

KF(mg/g) 

 

20.77 

(n) 2.22 

1/n 0.45 

R
2 

0.979 

 

4.6 Adsorption kinetics study 

4.6.1 Pseudo-first order kinetics model 

Pseudo-first order kinetics is determined using the following equation. 

       ln (qe − qt) =  𝑛𝑞𝑒 −  1 x 𝑡……………………………………….. Eq(9) 
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Where qe (mg/g) and qt (mg/g) are the mass of MB adsorbed at equilibrium and at time t, 

respectively. K1 is the first-order rate constant of adsorption. A straight line of log (qe-qt) versus t 

tells the applicability of this kinetics model (Figures 15); qe and K1 were determined from the 

intercept and slope of the plot, respectively (Table 8). For MB dye, it was discovered that the 

values of qe and K1 were 1.2044 and 0.022, respectively. Table 8 shows that the value of R
2
 for 

this model under study was 0.67866 for MB dye. The pseudo-first-order kinetics model is poor 

correlation coefficient values show that adsorption takes place at more than one location per ion. 
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Figure 15: Pseudo first-order adsorption kinetics of MB dye on magnetite nanoparticle  

4.6.2 Pseudo-second order kinetics model 

 Pseudo second order kinetics model describes the adsorption process over the entire contact time 

range. The pseudo-second order kinetics is determined using the following equation. 

 

  
 

 

       
 

  
…………………………………………………… Eq(10) 

Where, qt is MB adsorbed per unit mass of adsorbent (mg/g) at time t, qe is the MB adsorbed per 

unit mass of adsorbent (mg/g) at equilibrium, and k2 (g/mg.min) is the rate constants of pseudo 

second order kinetics equations. 
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Slope and intercept of the plot of t/qt vs t as shown in Figure 15 were used to calculate qe (mg/g) 

and K2 (g/mg min), which were determined to be 3.268 and 0.0544, respectively. The 

equilibrium adsorption capacity values of pseudo-second-order kinetics, qe (calc), were 

determined to be 3.268. It was discovered that the pseudo-second-order kinetics model had 

higher regression coefficient value (R
2
=1) than the pseudo-first-order kinetics model 

(R
2
=0.67866). The regression coefficient value (R

2
 = 1) of pseudo-second-order kinetics, is 

higher than pseudo-first-order kinetics, as shown in Figure 16 and Table 8, which indicates that 

the adsorption follows pseudo-2
nd

 order adsorption process. The obtained result demonstrated 

that the sorption capacity is directly proportional to the number of active sites on the sorbent and 

that the rate-controlling step of MB dye adsorption on Fe3O4 NPs involves chemisorption [63].  

 

Figure 16: Pseudo-second order adsorption kinetics of    MB dye on magnetite nanoparticle 

Table 6: Adsorption kinetics constants at the same concentrations 

Dye Pseudo first order kinetics model      Pseudo second order kinetics model 

MB qe (mg/g) qe1 k1 R
2
 qe (mg/g) qe2 K2 R

2
 

3.25932 1.2044 0.022 0.67866 3.25932 3.268 0.0544 1 

y = 0.306x + 1.722 
R² = 1 
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CHAPTER FIVE 

5. CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

 

A study was investigated to assess the effectiveness of green synthesized magnetite nanoparticles 

in removing methylene blue (MB) dye from aqueous solution. Magnetite nanoparticles were 

produced using a plant leaf extract of Catha edulis species as a reducing and stabilizing agent. 

Magnetite (Fe3O4) nanoparticles had an average crystallite size of 9.05 nm and a face-centered 

cubic structure, as determined by XRD analysis. FTIR analysis confirmed that the green 

manufacturing process produced the nanoparticles and that the active metabolites contained in 

the khat leaf extract were facilitated the reduction of Fe3O4 nanoparticles. The synthesized Fe3O4 

nanoparticles exhibited a variety of morphologies and microstructural features for nanoscale 

Fe3O4 powder. Furthermore, SEM images of Fe3O4 nanoparticles showed that the morphology of 

the nanoparticles was uniform in structure. The development of magnetite nanoparticles 

facilitated adsorption in the visible region, as shown by UV-Vis fluorescence spectroscopy. The 

efficiency of the adsorbent was examined using a batch adsorption experiment for different 

factors such as initial concentration, adsorbent dosage, contact time, and pH. Room temperature 

studies were performed for all optimization parameters of the magnetite adsorbent. MB dye 

adsorption of Fe3O4 nanoparticles was extremely sensitive to PH. The optimized conditions for 

methylene blue dye removal using synthesized magnetite nanoparticles were determined to be 

pH 9, an adsorbent dose of 20 mg, a contact time of 50 minutes and initial dye concentration of 5 

mg/L. Under these optimized conditions, the magnetite nanoparticles achieved MB removal 

efficiency of 99.25%. In the adsorption process of Fe3O4 nanoparticles, the Langmuir isotherm 

model provided a superior fit to the Freundlich isotherm model (R² = 0.995 vs. R² = 0.979). 

Furthermore, the pseudo-second-order kinetic model better represented the adsorption kinetics 

than the pseudo first order kinetics (R² = 1 vs. R² = 0.67866). These findings indicate that the 

green-synthesized magnetite nanoparticles are a highly effective and environmentally friendly 

adsorbent for treating dye-contaminated water. 
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5.2 Recommendation 

The following recommendations are offered to assist individuals who wish to focus on this area 

of study in light of the recent discovery of Fe3O4 nanoparticles created utilizing leaf extract of 

khat intended for methylene blue adsorption. The synthesized samples should be characterized 

by energy dispersive x-ray (EDX) to determine the elemental composition of the nanoparticle. 

To study the particle size, more detailed morphology, and surface area of the nanoparticles, the 

samples should be characterized by Transmission electron microscopy and Brunauer-Emmett-

Teller instruments, respectively. Further studies in this area are needed to utilize magnetite 

nanoparticles on an industrial and commercial scale. 
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 APPENDIX  

 

                                  Figure 1: catha edulis plant leaf drying 
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Figure 2: Plant leaf extract filtration 
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Figure 3: Synthesis of nanoparticles 

 

Figure 4: adsorption experiment stirring by digital magnetic stirrer using NPs 
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Figure 5: Filtration process in adsorption experiment 

 

 

Figure 6: Working standard solution of methylene blue dye 

 

  


