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Abstract 

Contamination of natural water resources by heavy metal pollutants present in wastewater has 

become a worldwide concern. Removal of heavy metal ions by surface functionalized magnetic 

nanoparticles adsorption is an economical route due to its simplicity and easy operation. 

However, bare magnetite nanoparticles are not good adsorbents and are susceptible to oxidation 

and agglomeration. The challenge is to develop economically feasible magnetite nanoparticles 

with an appropriate surface functionalization that will simultaneously provide adsorption 

efficiency, hydrophilicity, and recyclability without compromising magnetic properties. The aim 

of this study was to develop magnetite nanoparticles with a combined coating of chitosan and 

mesoporous silica which would act as an efficient adsorbent of heavy metal ions i.e., Pb2+ Cd2+ 

and As3+ from water. The Fe3O4 nanoparticles were synthesized via thermal decomposition 

method of iron-oleate precursor. The synthesized particles were subjected to X-ray diffraction 

(XRD), Physical Property Measurement System (PPMS), and Transmission Electron Microscopy 

(TEM) to determine the crystalline phase, crystallite size, magnetic properties, and morphology 

respectively. The coating of mesoporous silica was formed on the particles by reaction of phase 

transferring them with the help of Cetrimonium bromide (CTAB) and addition of Tetraethyl 

orthosilicate (TEOS). The chitosan coating over the mesoporous silica coated particles was put by 

subjecting the particles to 5% chitosan solution in acetic acid with pH 6.0. The successful 

formation of the coatings was confirmed by conducting Fourier-transform infrared spectroscopy 

(FTIR) analysis. The final substance to be used as the adsorbent exhibited a saturation 

magnetization of 28.84 emu/g. The coated particles were used as adsorbents for Pb2+, Cd2+ and 

As3+ present in water. During the adsorption experiments the contact time and initial 

concentration parameters were varied and the corresponding data was fitted to pseudo-first 



   

v 
 

order and pseudo-second order kinetic model to determine the adsorption mechanism. The data 

was also fitted to the Langmuir and Freundlich adsorption isotherms. The data demonstrated a 

closer fitting to the Pseudo-2nd order kinetic model and the Langmuir Isotherm model. Based on 

these results the adsorption process is determined to be a monolayer chemisorption and the 

particles were concluded to be an efficient heavy metal adsorbent with adsorption capacity of 

150.33 mg/g, 126.26 mg/g, and 3.021 mg/g for Pb2+, Cd2+ and As3+ respectively. 

 

Keywords: Adsorption, magnetite nanoparticles, mesoporous silica, chitosan, adsorption kinetic 

models, adsorption isotherm models, lead, cadmium, arsenic. 
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1 Chapter 1: Introduction 

 

Water is a primary resource for the presence of life on earth and access to clean water is critical 

for humans and the ecosystem. Nonetheless, during the recent decades, water quality has been 

negatively influenced by a continuously increasing population, rapid industrialization, increasing 

urbanization, and careless utilization of natural resources. Organic matter, nutrients, 

pharmaceutical and personal care products, poly- and perfluoroalkyl substances, biocides, heavy 

metals, dyes, radionuclides, plastics, nanoparticles and pathogens are among the pollutants of 

major concern [1].  

Heavy metal ions are among the most released contaminants. Heavy metals and metalloids are 

elements with density greater than 4 g/cm3 which include copper (Cu), cadmium (Cd), zinc (Zn), 

lead (Pb), mercury (Hg), arsenic (As), silver (Ag), chromium (Cr), iron (Fe) and platinum (Pt). Heavy 

metals are a group of metals found in large quantities in the earth's crust. Heavy metals like 

copper and zinc may be required in tiny levels by humans. But large quantities of these metals 

can be hazardous. The sources of these pollutants can be both natural and man-made. Natural 

sources include the interactions with metal or metal salt containing rocks and volcanic eruptions. 

Man-made sources include industrial activities such as fossil fuel combustion, metal processing, 

tannery wastes, agricultural, and domestic waste products like pesticides and detergents. Heavy 

metals are non-biodegradable in nature. These metals are a potential risk, given these hazards 

and their wide exposure in the environment including their bioaccumulation. Metals, such as 

cadmium (Cd), lead (Pb), arsenic (As), Nickel (Ni) are potentially highly toxic. These metals have 

a number of adverse outcomes for human health, including kidney failure, softening of bones, 

prostate cancer, and damage to the liver, children's central nervous system and the reproductive 

system [2].  

The US Environmental Protection Agency (USEPA) regulates heavy metal concentrations in 

drinking water in the United States under the Safe Drinking Water Act. The United Nations 

International Children's Emergency Fund (UNICEF), the World Health Organization (WHO), the 
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World Bank, and non-governmental organizations (NGOs) have taken attempts to regulate heavy 

metal levels in drinking water in underdeveloped countries. Frequent applications of heavy 

metals in different areas of industry together with their toxic effects on human life have spurred 

the demand for development of novel techniques for effective removal of heavy metal ions from 

industrial wastes. Various types of materials such as ion exchange resins, hydrogels, biomimetic 

compounds, biopolymers, activated carbon, and nano-sized materials have been employed for 

the removal of these toxic metal ions [3]. 

The necessity for the development of heavy metal adsorbents with high adsorption capacity, fast 

adsorption– desorption kinetics, and easy separation and regeneration is rapidly rising. Recently, 

nanometer-sized metal oxides have been found to be potential heavy metal adsorbents because 

of large surface areas. However, the major drawback in their practical application is the difficulty 

and extra cost of separation process upon completion of adsorption. Due to their huge surface 

area and the unique property of simple and quick separation under external magnetic fields, 

nanosized magnetic particles are regarded prospective adsorbents for aqueous heavy metals. 

Iron oxide nanoadsorbents such as magnetite (Fe3O4) have been widely used by researchers for 

removal of different heavy metal pollutants from environmental or industrial wastes. However, 

there are technical problems that limit the practical use of iron oxide nanoadsorbents for removal 

of heavy metal ions from industrial and environmental samples. First is the aggregation tendency 

of iron oxide magnetic nanoparticles (MNPs) in aqueous solution which greatly weakens their 

efficiency. Secondly the interactions between unfunctionalized iron oxides and metal ions are 

often irreversible. To overcome these limitations, immobilization of the polymer shell on the 

nanoparticles have been explored by researchers. In recent years, several studies have focused 

on polymeric surface functionalized MNPs because the polymer shell prevents the magnetic core 

part from aggregation and improves the dispersion stability in aqueous medium. Among the 

many options for this polymeric shell material, chitosan is a particularly notable biosorbent for 

heavy metal ions removal, because it has a novel blend of properties like biocompatibility, 

bioactivity, biodegradability, and renewability [4]. Deposition of mesoporous silica layers on 

MNPs is considered promising for developing magnetic materials for removal of environmental 

and protecting the magnetic core from oxidation and leaching [5,6]. The combination of 



Introduction 

3 
 

mesoporous silica with chitosan in nano-sized particle form have been reported to be successful 

in the pH responsive drug delivery application [7]. Till now the role of the combined coating of 

mesoporous silica and chitosan on magnetic nanoparticles for as heavy metal adsorbents has not 

been explored. Based on their pH responsive drug delivery performance, the chitosan-

mesoporous silica coated Fe3O4 nanoparticle can be a promising route for sustainable and 

efficient and heavy metal adsorption from wastewater.  

Therefore, this thesis work consists of the synthesis of mesoporous silica-chitosan coated 

magnetite nanoparticles and studies its adsorption mechanism of Pb2+, Cd2+, and As3+ in water. 

This thesis consists of six chapters. Chapter 2 presents a detailed discussion of synthesis 

procedure along with morphology and properties of magnetic nanoparticles; structure and 

importance of mesoporous silica and chitosan as functionalizing substances; adsorption kinetic 

models and adsorption isotherm models. Chapter 3 contains the details of experimental 

procedures and information of used chemicals. Chapter 4 presents the results obtained from the 

experiments and their analysis in order to deduct am conclusion. And finally chapter 5 reports 

the findings of this study and scope of further study on the achieved progress.    
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2 Chapter 2: Literature Review 

 

Nanotechnology has become an inseparable part of modern living in the last few decades. At present 

nanotechnology is being utilized in every aspect of our lives ranging from agriculture, medicine, 

manufacture industry to construction, transport, and clean energy. Nanotechnology is playing a crucial 

role in sustainable development. The study of nanoparticles is a widely explored area of this field. In the 

simplest term, nanoparticles are ultrafine particles with a size range of 1 nm to 100 nm. Their size range 

requires electron microscopes to study their morphology as optical microscope utilizing the visible light 

of wavelength 400-700 nm cannot be used. Due to their large surface area to volume ratio, nanoparticles 

demonstrate some unique properties different from their bulk materials. In case of adsorption, the 

increased surface area of nanoparticles plays a crucial role. Nanoparticles exhibit enhanced efficiency as 

adsorbent. The potential of different nanoparticles for removal of water contaminants like dyes, 

antibiotics, and heavy metals are being explored intensively at present. This chapter contains an 

elaborate discussion focused on magnetic nanoparticles, their synthesis process, properties, surface 

modification, and their application in heavy metal removal and the related literature. 

 

2.1 Magnetic Nanoparticles 

In the simplest sense, magnetic nanoparticles are particles of matter containing magnetic elements such 

as iron, cobalt, nickel and can be manipulated by external magnetic field. The application of magnetic 

nanoparticles (MNPs) ranges from magnetic fluids, nano-medicine [8], sensing [9], information storage 

[10], magnetic resonance imaging, and catalysis [11]. When the size of the nanoparticles is below a 

crucial value, usually between 10-20 nm depending on the substance, the MNPs demonstrate the 

optimum performance regardless of the nature of application [12]. Due to their size MNPs possess some 

unique features such as superparamagnetism. These characteristics are discussed in the next section 

briefly. 
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The MNPs utilized for this study is magnetite (Fe3O4), a mixer of iron(II) oxide (FeO) and iron(III) oxide 

(Fe2O3) or hematite. Fe3O4 is ferrimagnetic with a Curie temperature of 858 K. Fe3O4 has a cubic inverse 

spinel group structure, which is made up of a cubic close-packed array of oxide ions in which all of the 

Fe2+ ions occupy half of the octahedral sites and the Fe3+ ions are uniformly distributed among the 

remaining octahedral sites and tetrahedral sites. The electron spins of the Fe2+ and Fe3+ ions in the 

octahedral sites are connected, while the spins of the Fe3+ ions in the tetrahedral sites are coupled but 

anti-parallel to the former, resulting in the ferrimagnetism of Fe3O4. The magnetic contributions of both 

sets are not balanced, and a permanent magnetism exists [13]. 

 

 

 

 

 

 

 

 

 

 

2.1.1 Superparamagnetism 

Small ferromagnetic or ferrimagnetic nanoparticles exhibit a unique kind of magnetism called 

superparamagnetism. Magnetization can randomly switch direction in nanoparticles under the effect of 

temperature. The Néel relaxation time is the amount of time between two flips. When the period used 

to test the magnetization of nanoparticles is significantly longer than the Neel relaxation time in the 

absence of external magnetic field, their magnetization seems to be in average zero. This state is 

designated as superparamagnetism state. An external magnetic field can magnetize the nanoparticles in 

Figure 2–1: Crystal structure of magnetite (Fe3O4). 
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this condition, analogous to a paramagnet. But their magnetic susceptibility is substantially higher. 

Because the possibility of agglomeration is low at ambient temperature, superparamagnetic 

nanoparticles are particularly appealing for a wide range of applications.  

Isolated nanoparticles have a constant magnetic moment and act like a large paramagnetic atom, with 

negligible remanence and coercivity. The magnetization of nanoparticles is thought to be the sum of all 

the individual magnetic moments carried by the nanoparticle's atoms. The magnetism has a limited 

probability of flipping at a certain temperature and the Neel relaxation time 𝜏𝑛 is represented by the 

Neel-Arrhenius equation mentioned below. 

𝜏𝑛 = 𝜏0 exp (
𝐾𝑉

𝑘𝐵𝑇
) … … … … … … … … …Equation 2.1 

Here 𝜏0 is the attempt time individual to the material, K is the nanoparticle’s magnetic anisotropy energy 

density and V is the volume of the nanoparticle, kB is the Boltzmann constant, and T is the temperature. 

Since 𝜏𝑛 is exponentially dependent on the particle volume, flipping probability is only considerable at 

the nanoscale. 

Table 2–1: Estimated maximum single domain size for different magnetic materials [12]. 

Material Critical diameter of a spherical particle, Dc nm 

FCC Co 7 

Fe 15 

Ni 55 

Fe3O4 128 

 

Another term associated with superparamagnetism is the blocking temperature which is defined as the 

temperature at which 𝜏𝑛 = 𝜏𝑚, 𝜏𝑚 being the measurement time. The nanoparticle magnetization will flip 

multiple times throughout the measurement if  𝜏𝑚 ≫   𝜏𝑛 and will appear to be superparamagnetic. This 

situation occurs when the measuring temperature is below the blocking temperature. Blocking 

temperature TB can be represented by the following equation. 

𝑇𝐵 =
𝐾𝑉

𝑘𝐵ln (
𝜏𝑚
𝜏𝑛

)
… … … … … … … … …Equation 2.2 
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Figure 2–2: Magnetization of superparamagnetic nanoparticles. 

Figure 2–3: Comparison of ferromagnetic, paramagnetic, and superparamagnetic magnetization 
curves. 

2.1.1.1 Effect of Magnetic Field- Langevin Function 

Superparamagnetic nanoparticles align their magnetic moment to an externally applied magnetic field 

resulting in net magnetization. The magnetizing curve is represented by the Langevin function given 

below. 

𝑀 = 𝑀𝑜 [coth(𝛽𝜇𝐻) −
1

𝛽𝜇𝐻
] … … … … … … … … …Equation 2.3 

Where M is the magnetization, H is the applied field, μ is the magnetic moment of the nanoparticle, β = 

1

𝑘𝛽𝑇
 where kβ is the Boltzmann constant, and T is the temperature. The magnetization curve of 

superparamagnetic nanoparticles does not contain a loop indicating zero magnetic remanence. 
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Figure 2–6: Overview of synthesis methods for Fe3O4 MNPs. 

2.1.2 Synthesis of Magnetic Nanoparticle 

Magnetic Fe3O4 nanoparticles have been produced in a variety of compositions and phases. Many 

research over the last few years have reported effective synthesis pathways to shape-controlled, 

extremely stable, and monodisperse magnetic nanoparticles. Co-precipitation, thermal decomposition, 

micelle synthesis, hydro/solvothermal synthesis, and laser pyrolysis procedures are just a few of the 

processes that may be used to make MNPs. A brief discussion of the most common synthesis methods 

such as co-precipitation, thermal decomposition, solvothermal, microemulsion, etc. is presented in this 

section. 

 

 

 

 

 

 

 

 

2.1.2.1 Co-precipitation 

Co-precipitation method consists of adding a base to aqueous Fe2+/Fe3+ salt solutions under inert 

atmosphere at ambient temperature or at increased temperature. It is a simple and practical approach 

to synthesis either Fe3O4 or g-Fe2O3. The following equation describes the chemical reaction occurring 

during co-precipitation process. 

2Fe3+ + Fe2+ + 8OH- = Fe3O4 + 4H2O 

The kind of salts utilized (e.g. chlorides, sulfates, nitrates), the Fe2+/Fe3+ ratio, the reaction temperature, 

the pH value, and the ionic strength of the medium determine the size and shape of the MNPs [14]. The 
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regulation of particle size and consequently achieving a narrow particle size distribution is a problem in 

the co-precipitation synthesis of Fe3O4 MNPs. It is evident from equation 2.2 that the blocking 

temperature is determined by particle size. A broad particle size distribution will result in a wider range 

of blocking temperature, resulting in undesired magnetic behavior. Therefore, the co-precipitation 

method is sometimes rendered unsuitable in applications regarding monodisperse MNPs as it has the 

tendency to produce polydisperse MNPs. Organic compounds have recently been reported to be used 

as stabilizing and/or reducing agents in the successful manufacture of monodisperse MNPs of various 

sizes. Magnetite nanoparticles with sizes of 4–10 nm can be stabilized in an aqueous solution of 1 wt% 

polyvinlyalcohol (PVA) [15]. Several organic anions, such as carboxylate and hydroxyl-carboxylate ions, 

have been researched extensively for their influence on the production of MNPs but the ideal choice for 

stabilizing Fe3O4 is reported to be oleic acid [16]. The effect of these organic ions can be explained by 

two opposing mechanisms- chelation of the metal ions preventing nucleation leading to larger particles, 

and the other one is accumulation of additive on nuclei inhibiting particle growth [12]. 

 

2.1.2.2 Thermal Decomposition 

Thermal decomposition is the process of synthesizing MNPs from the decomposition of an organo-

metallic precursor at high temperature. Thermal decomposition method was initially used for producing 

high-quality semiconductor nanocrystals and later was successfully utilized for synthesizing MNPs [17]. 

The thermal breakdown of organometallic compounds in high-boiling organic solvents containing 

stabilizing surfactants may essentially be used to make monodisperse magnetic nanocrystals with lower 

sizes [18–21]. The organometallic precursors varies from Fe-acetylacetonates [Fe(acac)n] (n = 2 or 3, acac 

= acetylacetonate) [22], Fe(lll) oleate [23–25], and carbonyls [26].  

Fatty acids [27], oleic acid [23–26] ,and hexadecylamine [28] are common surfactants used in the thermal 

decomposition process. The size and shape of MNPs are controlled by the ratios of the initial reagents 

which are the organometallic compounds, surfactant, and solvent [29]. The reaction time, temperature, 

and aging time also plays a role in rendering the morphology of the MNPs. 
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Figure 2–7: Synthesis of Fe3O4 MNPs via thermal decomposition method. 

In case of zero-valent organometallic precursor such as iron pentacarbonyl, a two-step procedure is 

utilized where the precursor first decomposes in a mixture of octyl ether and oleic acid at 100oC followed 

by the addition of trimethylamine oxide (CH3)3NO to form 𝛾-Fe2O3 nanocrystals with a size of 

approximately 13 nm [28]. Use of precursors containing cationic metal center directly produces 

Fe3O4.  Highly monodisperse Fe3O4 nanocrystals with tunable sizes and shapes over a wide size range (3–

50 nm) and shapes of dots and cubes could be synthesized [19]. 

 

 

 

 

 

 

The LaMer mechanism is used to describe this process. A supersaturated solution causes a brief burst of 

nucleation. Following that, particles expand slowly without any more nucleation, resulting in a full 

separation of nucleation and growth [30]. MNPs synthesized via thermal decomposition are coated with 

organic substance and hydrophobic in nature i.e., they are not soluble in water. But water soluble MNPs 

are preferred for practical application. Therefore, the MNPs have to be subjected to a phase 

transformation step before utilizing them for the actual purpose. Phase transformation procedures are 

discussed further in the later part of this chapter. 

 

2.1.2.3 Microemulsion 

A microemulsion is defined as the thermodynamically stable isotropic dispersion of two immiscible 

liquids in which an interfacial coating of surfactant molecules stabilizes the microdomain of one or both 

liquids [31]. The aqueous phase of water-in-oil microemulsions is dispersed as microdroplets of 1– 50 

nm diameter in the hydrocarbon phase, surrounded by a monolayer of surfactant molecules. The molar 
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ratio of the water-oil mixture regulates the size of the droplet [32]. When two identical water-in-oil 

microemulsions with the appropriate reactants are mixed together, the microdroplets collide, 

consolidate, and break again, eventually forming a nanosized precipitate in the micelles [33]. Technically, 

a microemulsion can be employed as a nano-reactor to produce nanoparticles. The MNPs can be 

separated from the microemulsion by adding acetone or ethanol and centrifuged or filtered out.  Woo 

et al. produced iron oxide nanorods via a sol–gel reaction in reverse micelles formed by oleic acid and 

benzyl ether, using FeCl3·6H2O as iron source and propylene oxide [34]. The drawbacks of microemulsion 

technique for synthesizing MNPs are polydispersity, low yield, and narrow time window for work.  

 

  

 

 

 

 

 

 

 

 

2.1.2.4 Hydro/Solvothermal 

Hydrothermal or solvothermal procedure is the formation of nanocrystals at the interfaces of the liquid, 

solid, and solution phases by a liquid–solid–solution reaction. The process is driven by a general phase 

transfer and separation mechanism [35,36]. Decomposition of precursors in high boiling point solvent is 

a common procedure for semiconductor nanocrystal production [37]. An alternative to using high-

temperature solvents, which may be both dangerous and expensive, is to employ more common solvents 

Figure 2–8: Synthesis of MNPs via microemulsion method. 
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that are restricted by their low boiling temperatures. To overcome this obstacle, solvents can be heated 

in a sealed autoclave. The autogenous pressure then significantly surpasses the ambient pressure, 

boosting the solvent's boiling point [38]. The difference between hydrothermal and solvothermal is 

simply the presence of water in the reaction mixture. There are two basic ways for magnetite to evolve 

via hydrothermal route- hydrolysis and oxidation or neutralization of mixed metal hydroxides [39]. The 

first method only uses ferrous salts for the reaction. Polyethylene glycol (PEG) has been reported to be 

an effective high-boiling point reducing agent as well as surfactant in producing monodisperse MNPs 

[40–43].  

Table 2-2 summarizes the benefits and drawbacks, and required conditions of the four synthetic 

approaches outlined previously. 

Table 2–2: Comparison between chemical synthesis methods of MNPs. 

Process 

Maximum 

Reaction 

Temperature, oC 

Synthesis 

condition 
Dispersity Shape control Yield 

Co-precipitation 90 Ambient Polydisperse Poor High 

Thermal 

decomposition 
320 

Inert 

atmosphere 

Highly 

monodisperse 
Very good High 

Microemulsion 50 Ambient Polydisperse Good Low 

Hydro/Solvothermal 220 High pressure Monodisperse Very good Medium 

 

Apart from the above common methods, there are other various procedures that have been reportedly 

employed to generate MNPs with different outcomes. Organometallic decomposing via sonolysis have 

been studied and the results were satisfactory with high magnetization properties and crystallinity 

[44,45]. Gas–aerosol method utilizes spraying mixture of ferric salts and reducing agents in organic 

solvents in reactors and different sizes and shapes can be achieved from using different precursors [46–

48]. MNPs can also be synthesized by oxidation of iron electrode in electrochemical deposition process 

and the morphology can be controlled by adjusting the current density [49–51].  
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Figure 2–9: Phase transfer of hydrophobic MNPs. 

2.1.3 Phase Transfer of Magnetic Nanoparticles 

It is apparent form the previous discussion that synthesis of MNPs in organic solvents is the more 

efficient route as it delivers the proper shape, size, and homogeneity in high quantity and high yield. In 

organic methods high concentrations of reactants can produce high-quality nanocrystals with well-

defined structure and controlled size, but aqueous techniques typically employ low concentrations of 

reactants due to ionic interactions [52]. MNPs synthesized via these routes are coated with organic 

substances which makes them hydrophobic. But hydrophilic MNPs are required for numerous 

applications, including catalysis, diagnostics, medication administration, and bio-labelling let alone the 

water treatment sector. Various efforts have been made over the recent years to find an effective 

method for transferring hydrophobic nanocrystals into hydrophilic while maintaining their original 

physical and chemical characteristics. The reported methods can be divided into two main categories-  

1. Ligand exchange- replacing the initial organic ligand on the surface of the MNPs with a secondary 

surfactant like metal chalcogenide [53], 3,4-dihydroxyhydrocinnamic acid [54], or polyelectrolyte 

[55]. 

2. Encapsulation of nanocrystals into a hydrophilic shell- surfactant bilayers [56], amphiphilic 

polymer shell [57], or  silica shell [58]. 

Wu et al. reported a relatively fast, bio-compatible, and cheaper method of phase transfer of oleic acid 

capped MNPs and other semiconducting nanocrystals by employing sodium oleate, 

hexadecyltrimethylammonium bromide (CTAB), and dopamine [59].  
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2.2 Surface Functionalization of Magnetic Nanoparticles 

The inherent instability of MNPs over extended periods of time is an inescapable challenge. To decrease 

the energy associated with the high surface area to volume ratio of nanosized particles, MNPs tend to 

form agglomerates which consequently reduces their efficiency where surface area is crucial such as 

adsorption applications. Furthermore, bare MNPs are chemically active and readily oxidized in air, losing 

their magnetic properties and dispersibility in the process. As a result, developing protective measures 

to maintain the integrity of MNPs against degradation during or after manufacturing is critical for many 

applications. Grafting or coating with organic species, such as surfactants or polymers, or coating with 

an inorganic layer, such as silica or carbon, are examples of these techniques. It's worth noting that in 

many circumstances, the protective shells may be employed for additional functionalization depending 

on the desired application. Particular components, such as catalytically active species, diverse medicines, 

specific binding sites, or other functional groups are employed for surface functionalization. This is 

particularly true for adsorption application. Surface functionalization creates opportunity for higher rate 

of adsorption and also provides way for recovery of the used particle.  

 All of the protection measures result MNPs with a core–shell structure, in which the naked magnetic 

nanoparticle serves as the core and is surrounded by a shell that protects it from the environment. 

Coating substances can be categorized into two types- firstly organic shells, such as surfactants and 

polymers [3,60–63]. And secondly inorganic components, such as silica [64,65], carbon [66], precious 

metals [67,68], or oxides [69]. Magnetic nanoparticles can also be dispersed/embedded within a dense 

matrix, such as polymer, silica, or carbon, to produce composites, which avoids or reduces 

agglomeration and oxidation. In such case, the MNPs are locked in space relative to each other whereas 

independently coated nanocrystals are readily miscible and stable in a range of environments. 

 

 

 

 

 Figure 2–11: Illustration of modified surface of MNPs. 
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Table 2–3 contains a brief overview of some of the reported study regarding surface functionalization of 

MNPs specifically for heavy metal adsorption. 

Table 2–3: Reported studies of surface functionalization for heavy metal removal. 

Synthesis Method Coating agents 

Surface 

functionalized 

group 

Metal removed Ref. 

Thermolysis 
Dimercaptosuccinic 

acid 
Thiol group 

Hg(II), Ag(I), Pb(II), 

Cd(II), Tl 
[70] 

Thermolysis Ethylenediamine Amine group 
Cr(III), Co(II), Ni(II), 

Cu(II), Cd(II), Pb(II), 

As(III) 

[71] 

Co-precipitation Succinic acid Carboxylic group 

Co-precipitation Humic acid 

Carboxylic and 

phenolic 

group 

Hg(II), Pb(II), Cd(II), 

Cu(II) 
[60] 

Co-precipitation  

sol-gel process 

using sodium 

silicate 

(Fe3O4@SiO2) 

(3-aminopropyl) 

trimethoxysilane 

(3-aminopropyl) 

trimethoxysilane 
Pb(II), Cd(II), Cu(II) [72] 

Co-precipitation 

hydrolysis of TEOS, 

(Fe3O4@SiO2) 

Salicylic acid 

functionalized silica 
Carboxylic group 

Cu(II), Cd(II), Ni(II), 

Cr(III) 
[65] 

Co-precipitation 
Carboxymethylated 

chitosan 

Amino and 

hydroxyl groups 
As(lll) [73] 
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2.2.1 Surface Modification with Mesoporous Silica 

Surface modification is an essential part in developing MNPs for the purpose of adsorption of heavy 

metals. It not only provides larger quantity of adsorption sites but also protects the magnetic core from 

corrosion and degradation from the outer environment. Leaching or degradation of the core materials 

can consequently affect the magnetic properties of the adsorbent which is crucial for the ease of 

separation upon completion of the adsorption process. In order to develop a sustainable adsorbent, it 

has to be ensured that the adsorbed metal ions can be recovered from the MNPs and the MNPs can be 

reused.  Surface modification is also important for this part of the process since the bonding between 

bare MNPs surface and metal ions would be irreversible if there occurs any. Several surface modification 

techniques have been discussed in the previous section. Among all the substances considered till date 

for MNPs surface modification, silica (SiO2) and mesoporous silica have been reported as one of the most 

efficient. Silica provides an excellent protection to the Fe3O4 core from corrosive and oxidizing 

environments. In comparison to organic coating materials, SiO2 is stable under acidic circumstances and 

inert to redox processes, making it a suitable shell for protecting the inner magnetite core. Silica coating 

can also be a better site for further functionalizing with different ligands [65]. The presence of surface 

hydroxyl groups in the SiO2 covering shell makes further functionalization of magnetite nanoparticles 

easier [64].   

Mesoporous silica is a specific structure of SiO2 with special characteristics. According to IUPAC 

(International Union of Pure and Applied Chemistry), mesoporous materials are those with pore sizes 

ranging from 2 to 50 nm and an ordered arrangement of pores, resulting in an ordered structure [74]. In 

1992, Mobil Research and Development Corporation was the first to manufacture mesoporous solids 

from aluminosilicate gels via liquid crystal template mechanism [75]. The pore size and arrangement of 

mesoporous SiO2 can be regulated by the choice of the surfactant and reaction conditions. Depending 

on pore size and arrangement, mesoporous SiO2 can be classified into different types- MCM-41, MCM-

48, MCM-50, SBA-11, SBA-12, SBA-15, SBA-16, etc. The SBA class possess larger pores and thicker walls 

than the MCM class [75]. The MCM class, particularly the MCM-41 has been widely reported as an 

efficient drug carrier [76,77] and adsorbent [6]. A major advantage of mesoporous SiO2 over typical SiO2 

is that it provides larger surface area for ligand attachment due to the porous structure. 
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Figure 2–13: Different types of mesoporous SiO2 structures. 

 

 

 

 

 

 

 

 

2.2.2 Synthesis of Mesoporous Silica 

Mesoporous silica is synthesized via a liquid crystal template method, which involves the hydrolysis and 

condensation of silica from tetraethyl orthosilicate (TEOS) on the surface of surfactant micelles. CTAB is 

used as the surfactant and it generates micelles with hydrophilic tails in the core. The micelles then 

accumulate on the MNPs surface. Upon hydrolysis of TEOS the hydrophilic positively charged monomer 

is attracted to the negatively charged hydrophilic head of CTAB. Eventually a shell of TEOS is formed 

around the MNP. When the CTAB is removed it leaves a mesoporous structure of SiO2 on the MNP 

surface. 

 

 

 

 

 

 

Removal of 

CTAB 

Figure 2–15: Synthesis of mesoporous SiO2 on MNPs. 
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The removal of the surfactant or template is an important step in the synthesis of mesoporous SiO2 

coating. Several methods have been utilized for removal of template. Traditional calcination under air at 

550°C is the most typical procedure for removing templates. Despite the fact that templates can be 

completely removed from pores, calcination has a number of significant disadvantages. These include 

significant framework shrinkage, collapse of the ordered structure, reduction of silanol (–Si–O–H–) 

concentrations on the pore wall, generation of large amounts of CO2 and organic amine compounds, the 

presence of carbon deposits, and elimination of organic functionalities [78]. Presence of silanol group is 

required for further functionalization as they act as binding sites. Another crucial reason behind the 

unsuitability of calcination method in case of MNPs is that calcination temperature can easily exceed 

their blocking temperature and make the superparamagnetism characteristic obsolete. For this 

particular application solvent extraction or ion exchange method is preferred. Solution of ammonium 

nitrate (NH4NO3) has been reported as a fast and efficient medium for solvent extraction of CTAB [79,80]. 

The NH4
+ cations create silanol groups on the surface of the mesoporous silica [79] which would play a 

crucial role in modifying the surface with chitosan. The chitosan modification is discussed further in the 

next section.  

 

2.3 Chitosan 

Chitosan is a linear polysaccharide made up of randomly placed deacetylated  D-glucosamine (C6H13NO5) 

and acetylated N-acetyl-D-glucosamine (C8H15NO6). Chitosan can be derived by deacetylating chitin, a 

structural component of crustacean exoskeletons and fungi cell walls [81]. The acid dissociation 

constant, pKa value of the amino group in chitosan is 6.5, which causes substantial protonation in neutral 

solution, which increases with increasing acidity [82]. This makes chitosan an excellent pH responsive 

substance delivery system. High biocompatibility of chitosan has caused it to emerge as an ideal choice 

for pH responsive smart drug delivery system [83]. Chitosan has been studied extensively as a delivery 

system for anticancer drugs doxorubicin [82,83], raloxifene hydrochloride [84], and curcumin [85]. The 

same principal of pH stimulated delivery can be applied in developing sustainable adsorbent.  
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2.3.1 Chitosan Grafting on Mesoporous Silica 

The combined system of mesoporous silica and chitosan has potential application in fields of 

biomedicine, drug delivery and water treatment.  Extensive research has been carried out in the recent 

decade to evaluate the efficiency of mesoporous silica–chitosan system in pH responsive drug delivery 

application with outstanding results. The popularity of this combination can be attributed to the fact 

that chitosan can be easily grated on to mesoporous silica without the need of any expensive materials 

or equipment. The chitosan coating binds to the mesoporous silica surface with the help of the hydrogen 

bonding between the surface silanol groups and the amine groups on chitosan [80]. The porous structure 

of the SiO2 acts as an ideal drug reservoir. A short list of the recently published work based on 

mesoporous silica and chitosan drug delivery system is given in table 2–4. 

Table 2–4: Short list of recent works on mesoporous SiO2–chitosan drug delivery system. 

Loaded drug Drug type Reference 

Pheophorbide A and doxorubicin Anticancer [86] 

Methotrexate Anti-breast cancer drug [87] 

Azoxystrobin Pesticide [88] 

Capecitabine Colorectal cancer [89] 

Benznidazole Antiparasitic [90] 

Ibuprofen Nonsteroidal anti-inflammatory [91] 

Figure 2–16: Derivation of chitosan from chitin. 
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Keshavarz et el. has combined MNPs with mesoporous SiO2–chitosan coating to develop a drug delivery 

system that can also be used in hyperthermia applications [92]. The use of mesoporous SiO2–chitosan 

system in the heavy metal removal application has not been studied as extensively as the drug delivery 

application. Mainly because of the difficulty of separating the adsorbent from the aqueous medium. 

Nevertheless, some studies have explored the potential of  mesoporous SiO2–chitosan for the recovery 

of rare earth elements [93], uranium and strontium removal [94], dye removal [95], lead adsorption [96], 

and rhenium adsorption [97]. However, the potential of magnetic mesoporous SiO2–chitosan 

nanoparticle for heavy metal removal is yet to be explored. Based on the results of the previously 

reported studies, MNPs coated with mesoporous SiO2–chitosan should act as an efficient and sustainable 

adsorbent for heavy metals from wastewater. Exploring that possibility is the objective of this research 

work. 

 

2.3.2 Adsorption and desorption mechanism of chitosan 

Chitosan composites in both bulk and nanoscale, magnetic or non-magnetic have been studied by 

several research groups for removal of heavy metals from water. The reported forms of chitosan 

adsorbents are encountered in a variety of forms such as chitosan nanoparticles [98], zero–valent iron 

encapsulated chitosan beads [99], TiO2-impregnated chitosan bead [100], metal oxide impregnated 

chitosan beads [4,101–103], metal doped chitosan hydrogels [104], and chitosan–transition metal ions 

complexes [105], etc. The amide groups on glucosamine in chitosan can chelate heavy metal ions, 

allowing it to absorb them.  The nonprotonated amino group develops a donor bond with positively 

charged heavy metal ions through the unshared electron pair. This is the mechanism of the adsorption 

part. If the pH of the medium is lowered i.e., concentration of H+
 ion is increased, the amino group 

undergoes protonation and releases the metal ion into the medium triggering the desorption 

mechanism. The adsorption and desorption process can be expressed with the following reactions. 

Donor bonding with heavy metal ion: M2+ + nRNH2 = M(RNH2) n
2+ 

Protonation of amino group in acidic medium: RNH2 + H+ = RNH3
+ 

Adsorption–desorption cycle: M2+ + nRNH3
+ ↔ M(RNH2) n2+ + H+
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Here M denotes the heavy metal ion. Figure 2–12 illustrates the adsorption desorption of process of 

heavy metal by chitosan in a precise manner. 

 

 

 

 

 

 

 

 

 

 

2.4 Heavy metal pollution of water 

Human activities have a variety of effects on the environment. The discharge of untreated industrial and 

domestic effluents has specific role in polluting aquatic ecosystems. according to the World Health 

Organization air pollution, arsenic (As), asbestos, benzene, cadmium (Cd), dioxin and dioxin-like 

chemicals, excess fluoride, lead (Pb), mercury (Hg), and toxic pesticides are among the top 10 

compounds of most health concern [106]. Prolonged exposure to hazardous metals including Cd, Pb, and 

Hg, as well as metalloids like As, has been associated to symptoms that are comparable to those of 

serious illnesses such as Alzheimer’s and Parkinson’s diseases [107,108]. Metal-derived reactive oxygen 

species can interact with DNA and nuclear proteins, resulting in carcinogenesis [109]. The chemical 

properties and metal speciation, as well as the biological traits of creatures in risk, all influence metal 

toxicity level [110]. Cadmium is listed as a human carcinogen by the United States Environmental 

Protection Agency (USEPA), and it is known to cause health problems including bone demineralization 

Figure 2–19: Adsorption-desorption mechanism of heavy metal by chitosan. 
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either by direct bone destruction or through renal failure [111]. The International Agency for Research 

on Cancer (IARC) has classified Cd as a Category I carcinogen, while the USEPA has classified it as a Group 

B-I carcinogen [112]. Although many of these heavy metals are hazardous, there are other metals and 

metalloids that are hazardous but do not fall into the heavy metal category such as beryllium (Be) [113].  

As, Cd, and Pb are the most typically detected metals of concern in wastewaters [114]. The increased 

demand for metallic items, along with inadequate treatment of industrial effluent, encourages 

indiscriminate hazardous metal pollution of water. Toxic metals such as Cd, Pb, and Hg are almost always 

detectable in municipal wastewater treatment works influents, although at varied quantities owing to a 

variety of circumstances such as the treatment station's location and industrial activity [115]. Allowable 

safe limits in wastewater and drinking water depends on level of toxicity of the metals. Table 2–5 and 

table 2–6 contains the designated amount of heavy metal in wastewater and drinking indicated by 

authorities. 

Table 2–5: World health organization (WHO) permissible limit of heavy metals in wastewater. 

Heavy metal Permissible limit (ppm) 

Cadmium 0.003 

Lead 0.01 

Mercury 0.001 

Ni 0.02 

 

Table 2–6: WHO designated permissible heavy metal limit in drinking water. 

Heavy Metal Main Sources Permissible 
limit (ppb) 

Lead (Pb) Batteries, solder, alloys, cable sheathing pigments, rust inhibitors, 
ammunition, glazes, and plastic stabilizers. 

10 

Cadmium (Cd) Batteries, paints, steel industry, plastic industries, metal refineries, 
and corroded galvanized pipes. 

3 

Arsenic (As) Electronics and glass production. 10 

Mercury (Hg) Electrolytic production of chlorine and caustic soda, runoff from 
landfills and agriculture, electrical appliances, Industrial and control 

instruments, laboratory apparatus, and refineries. 

6 

Nickel (Ni) Stainless steel and nickel alloy production. 70 

Chromium (Cr) Steel and pulp mills and tanneries. 5 
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2.5 Techniques for heavy metal removal from water 

Various techniques have been developed over the years for removal of heavy metal ions from 

wastewater. Chemical precipitation, ion exchange, adsorption, membrane filtration, electrochemical 

treatment technologies, and other ways are utilized to remove heavy metal ions. The major methods 

are shortly discussed in this section to convey their basic mechanism along with advantages and 

disadvantages over each other. 

2.5.1 Chemical precipitation 

Chemical precipitation is the process of Chemicals react with heavy metal ions to generate insoluble 

precipitates which can be separated from the water via Sedimentation or filtering. The treated water is 

then decanted and released or reused as needed. Hydroxide precipitation and sulfide precipitation are 

two common chemical precipitation methods along with heavy metal chelating precipitation.  

The solubility of heavy metal hydroxides is minimal in the pH range of 8.0 to 11.0. The insoluble 

hydroxides can be removed by flocculation and sedimentation. Lime is the preferred choice of base used 

in hydroxide precipitation at industries because of low cost, availability and ease of operation [116]. 

Despite the low cost the limitations of hydroxide precipitation include production of large volumes of 

low density sludge, inability to remove more than one metal at a time, and inhabitation by complexing 

agents [111].  Major advantages of sulfides precipitation over hydroxide precipitation is the much lower 

solubility of the metal sulfide precipitates and they are not amphoteric. Metal sulfide sludges are also 

denser, making removal easier. However, this process possesses the danger of toxic H2S fume production 

in acidic condition [111]. The possibility of overcoming these limitation by precipitating heavy metals 

through chelation with organic compounds has been investigated by several research groups [117–119]. 

 

2.5.2 Ion exchange 

Ion exchange procedure is based on the ability of natural or synthetic resin to exchange cations with the 

heavy metals ions in the wastewater. Strongly acidic resins with sulfonic acid groups (–SO3H) and mildly 

acidic resins with carboxylic acid groups (–COOH) are the most frequent cation exchangers. Synthetic 

resins are common choice as they have high rate of removal efficiency [120]. The removal efficiency is 

regulated by the solution pH, temperature, initial metal concentration, ionic charge, and contact time 
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[121]. The potential of natural resins like zeolites and silicate minerals has been explored by some 

researchers [122,123].  

 

 

 

 

 

 

 

 

 

2.5.3  Membrane filtration 

Membrane filtering methods using various types of membranes have a lot of potential for heavy metal 

removal due to their high efficiency, and ease of use. Ultrafiltration, reverse osmosis, nanofiltration, and 

electrodialysis are the membrane technologies used to remove metals from wastewater. 

Ultrafiltration (UF) is a membrane technology for removing dissolved and colloidal particles at low 

transmembrane pressures. Micellar enhanced ultrafiltration (MEUF) and polymer enhanced 

ultrafiltration (PEUF) was proposed since pore sizes of UF membranes are larger than dissolved metal 

ions. The addition of surfactants to wastewater is the basis of MEUF. Surfactant molecules create 

micelles, which can bind metal ions and form massive metal-surfactant complexes. These are filtered by 

the UF membrane. MEUF effectivity relies on characteristics and concentrations of the metals and 

surfactants, solution pH, ionic strength, and parameters related to membrane operation [111]. PEUF 

combines metallic ions with a water-soluble polymer to generate a macromolecular complex that is 

retained by the UF membrane. Metal and polymer type, metal-to-polymer ratio, pH, and the presence 

Figure 2–20: Ion exchange process of heavy metal removal. 
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of additional metal ions in the solution are the key factors that influence PEUF performance [111]. A 

semi-permeable membrane is used in the reverse osmosis (RO) process, which allows the filtered fluid 

to flow through while rejecting impurities. The main disadvantage of RO is the high power consumption 

caused by the high pumping pressures and the membrane repair. Nanofiltration (NF) is a procedure with 

characteristics between ultrafiltration (UF) and reverse osmosis (RO). Another membrane procedure for 

separating ions across charged membranes from one solution to another is electrodialysis (ED) which is 

driven by an electric field. The membrane can be of cation-exchange type or anion-exchange type. This 

method has been widely utilized to make drinking and process water from brackish water and seawater 

[124]. 

 

2.5.4 Coagulation and flocculation 

Heavy metals are removed from wastewaters via coagulation and flocculation, followed by 

sedimentation and filtering. Hydrophobic colloids and suspended particles are the primary targets of 

coagulation. The action of polymers to build bridges between flocs and link the particles into huge 

agglomerates or clumps is known as flocculation. Coagulation and flocculation, in principle, is unable to 

fully treat heavy metal wastewater. As a result, alternative procedures must be used after coagulation 

flocculation. 

 

2.5.5 Flotation 

Flotation, which originated in mineral processing, is used to separate heavy metals from a liquid phase 

through bubble attachment. The major flotation procedures for removing metal ions from solution 

include dissolved air flotation (DAF), ion flotation, and precipitation flotation.  

The purpose of DAF is to allow micro-bubbles of air to adhere to suspended particles in water, forming 

agglomerates with a lower density than water, leading the flocs to rise through the water and collect at 

the surface, where they may be removed as sludge [125]. Ion flotation is based on the employment of 

surfactants to make ionic metal species in wastewaters hydrophobic, and then using air bubbles to 

remove these hydrophobic species [126]. Another flotation approach is precipitate flotation, which is 
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based on the generation of precipitate and subsequent removal by air bubble attachment. Precipitation 

may occur as metal hydroxide or as a salt with a particular anion, based on the concentration of the 

metal solution [127].  

 

2.5.6 Electrochemical treatment 

Metal ions are plated out on a cathode surface in electrochemical processes, which can recover metals 

in their elemental condition. Electrochemical wastewater treatment systems require a significant 

investment as well as a costly electrical source. Electrocoagulation, electroflotation, and 

electrodeposition are the techniques that fall under this category.  

The process of electrocoagulation (EC) includes the production of coagulants in a controlled environment 

by electrically dissolving aluminum or iron electrodes. Metal ions are generated at the anode, while 

hydrogen gas is discharged at the cathode. The hydrogen gas can aid in the flocculation of the particles 

in the water [128]. Electrofloatation (EF) is a solid/liquid separation technique that uses microscopic 

bubbles of hydrogen and oxygen gases created by water electrolysis to float contaminants to the surface 

of a water body. For the separation of heavy metals, electrodeposition is a "clean" method that leaves 

no lasting residues when performed under suitable conditions [129]. 

 

 

 

 

 

 

 

Figure 2–21: Illustration of the electrocoagulation and electrofloatation process of heavy metal 
removal from water. 
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2.5.7 Adsorption 

The adsorption process includes solid–fluid mass transfer and is commonly used to remove chemicals 

from a fluid phase (liquid or gas) to a solid phase, via their accumulation on the interfacial surface or 

phase boundary [130]. Adsorption is now widely accepted as a viable and cost-effective approach of 

heavy metal wastewater treatment. The adsorption process is versatile in terms of design and operation, 

and it produces high-quality treated effluent in many circumstances. The ease of heavy metal removal 

without the application of external electricity makes adsorption an economically attractive route. 

Moreover, adsorption process is sustainable as adsorbents can be renewed using an appropriate 

desorption procedure.  

There have been reports of many different varieties of adsorbents like Activated carbon (AC) adsorbents 

[131], Carbon nanotubes (CNTs) [132], polymeric bioadsorbents [133], etc. However, magnetic 

adsorbents have gained tremendous popularity due to its ease of separation. Since this particular work 

is based on the study oh heavy metal adsorption by magnetic nano–adsorbents, the next section is 

dedicated to the detailed discussion of adsorption mechanisms, kinetic models, isotherm, etc. which will 

play a vital role in understanding the heavy metal adsorption mechanism. 

  

 

 

 

 

 

 

 

 

 

 

 

Surface 

functionalization 

Figure 2–24: Illustration of adsorption of heavy metals by surface functionalized MNPs. 
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2.5.7.1 Adsorbent Categories 

Over the last decade various types of adsorbents have been developed for heavy metal remediation of 

water. These adsorbents can be classified into two major categories- natural and synthetic. Natural 

adsorbents are substances derived from nature and synthetic adsorbents are developed in the 

laboratory. Both classes of adsorbent possess advantages and limitations based on their availability, 

manufacturing ease, cost, and adsorption performance. 

 

2.5.7.1.1 Natural Adsorbents 

 Nature provided materials like clay minerals and cellulose can be used as adsorbents either directly or 

with some modifications. Clay minerals have enormous surface areas, allowing them to absorb cations 

and anions by ion exchange, adsorption, or both methods [134]. These adsorption characteristics of clay 

are highly influenced by the stacking of certain clay minerals. Adsorption may be influenced by the 

arrangement of group sites on the material surface. Adsorption may be influenced by the arrangement 

of group sites on the material surface [135]. The essential features of clay minerals that affect their 

adsorption capabilities are Cation Exchange Capacity (CEC) and Specific Surface Area (SSA). The total 

negative charges contained in the clay that may attract and retain heavy metal cations are referred to 

as CEC [136]. SSA is the total surface area accessible as reactive surfaces [134]. Some clay minerals have 

just exterior layers, such as kaolinite and illite, whereas others, such as smectites and attapulgite, contain 

both internal and external layers, giving them substantially greater specific surface areas [137]. 

Chemically modified cellulose has been explored as heavy metal adsorbent. Esterification, oxidation, and 

photografting are the mostly explored chemical modification of cellulose to develop heavy metal 

adsorbent [138]. Dialdehyde cellulose prepared by periodate oxidation of cellulose showed an 

impressive adsorption capacity of f 184 mg g-1 and 236 mg g-1 for Ni(ll) and Cu(ll) [139]. Various 

agricultural waste like sugarcane bagasse, wheat bran, rice husk, orange peel, saw dust, coconut shell 

modified with surfactants have been reportedly used as potential heavy metal adsorbents [112]. 
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2.5.7.1.2 Synthetic Adsorbents 

Synthetic adsorbents can be further classified into carbon based, silica based, or magnetic nano–sized 

adsorbents. For heavy metal removal, graphene can be oxidized to add hydrophilic groups [140]. 

Graphene has also been functionalized with magnetic cyclodextrin chitosan [141], ferro/ferric oxide 

composite [142]. Due to well-developed porous structure and a large internal surface area for 

adsorption, activated carbon is an effective heavy metal adsorbent. Carbon nanotubes are effective 

adsorbents for heavy metal removal owing to their chemical stability, wide surface area, outstanding 

mechanical and electrical capabilities, adsorption property, and well-developed mesopores [143]. Multi-

walled carbon nanotubes [144] and nitric acid functionalized carbon nanotubes [145] have been 

reported to be used for Cr adsorption. 

Mesoporous silica may be chemically modified via the attachment of groups including carboxylic acid, 

sulfonic acid and amino-carbonyl. Polyaniline/polypyrrole/hexagonal type mesoporous silica was 

reported to exhibit a removal efficiency of 99.2% for Cd at an optimum pH of 8 [146]. Burke et al. 

employed aminopropyl and mercaptopropyl, functionalized and bi-functionalized, large pore 

mesoporous silica spheres for the removal of chromium from wastewater [147]. 

Chitosan based nano-adorbents have been largely explored due to the unique properties of chitosan 

discussed previously. Chen et al. developed thiourea-modified magnetic ion imprinted chitosan/TiO2 

composite for the removal of Cd [148]. Activated carbon coated chitosan was reported to have an 

adsorption capacity of 52.63 mg/g for Cd at an optimum pH of 6 with 100% removal [149].  

Red mud- a waste from aluminum industries was modified to adsorb heavy metals from wastewater 

[150–152]. Alumina nanoparticles have been used for Cu removal successfully [153,154]. Ghaemi et al. 

combined alumina with PES (polyethersulfone) resulting into increased porosity and hydrophilicity aiding 

60% Cu removal compared to 25% with pristine PES membrane [155].  

Different types of biological organisms such as yeast [156], bacteria [157,158], algae [159], and fungi 

[160] have also been explored for heavy metal adsorption by different studies.  
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2.6 Fundamentals of adsorption 

The basic concept of adsorption involves the definition of the terms adsorbate and adsorbent. 

Adsorbates are the components that are transported to the solid phase from the liquid phase, whereas 

adsorbent is the solid phase that maintains the adsorbates on the surface. The process of adsorption is 

analyzed by fitting the data to pre–designed kinetic models and isotherm models. The values of adjusted 

linear regression coefficients (adj. R2) are utilized to estimate the best isotherm and kinetic model. 

 

2.6.1 Classification of adsorption 

Depending on the nature of the forces that bind adsorbate molecules to adsorbent molecules, 

adsorption can be classed as a physical (physisorption) or chemical (chemisorption) process. 

Desorption is the process of removing adsorbate molecules from the adsorbent's surface, which may be 

accomplished by altering the liquid phase's parameters such as concentration, temperature, and pH. 

The adsorption process can work in either a batch or continuous mode. Continuous systems are cheaper 

and more efficient for full-scale applications, whereas continuous systems are better for treating small 

quantities [161]. The first evaluation of an adsorption process is usually done in a discontinuous manner, 

with kinetics, equilibrium, and thermodynamics being examined. 

 

2.6.2 Adsorption Kinetics 

The study of adsorption kinetics yields valuable information on the efficiency and economic feasibility, 

as well as the potential processes involved [162]. Temperature, pH, starting adsorbate concentration in 

the fluid phase, and adsorbent size and specific surface are all factors that have a direct impact on 

adsorption kinetics [163].  In order to discover intrinsic kinetic adsorption constants, many kinetic models 

were created. Adsorption kinetic models are either based on chemical reactions– pseudo-first  order 

equation, pseudo-second order equation, general-order equation, or the empiric models– Avrami  

fractionary model, and Elovich chemisorption model [164]. 

 



Literature Review 

31 
 

2.6.2.1 Kinetic Models Based on the Order of Reaction 

Lagergren introduced the pseudo-first-order model as one of the earliest kinetic models to describe the 

adsorption of a solute from a fluid phase to the surface of a solid phase in 1898. When studying the 

adsorption kinetics of oxalic acid and malonic acid on activated carbon, he discovered that adsorption 

happened quickly at first, then gradually increased until the adsorption equilibrium was reached. The 

pseudo-first-order model is based on the adsorption capacity of the solid and is expressed by equation 

2.4 below. 

 log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑞(𝑞𝑒) −
𝑘1𝑡

2.303
………………Equation 2.4 

Where qt (mg g-1) is the adsorption capacity at contact time t (min), qe (mg g-1) is the adsorption capacity 

in equilibrium and k1 (min-1) is the pseudo-first-order rate constant. The quantity of adsorbate taken up 

by the adsorbent per unit mass (or volume) of the adsorbent is known as adsorption capacity, q. It is 

calculated from initial (Ci mgL-1) and final concentration (C mgL-1) of the adsorbate in the solution, volume 

of the liquid solution (V) in mL, and the mass of the added adsorbent W in g from the formula below. 

𝑞 =
(𝐶𝑖−𝐶)𝑉

𝑊×1000
…………………...Equation 2.5 

The pseudo-second-order model similar to the pseudo first-order model, is also based on the adsorptive 

capacity of the solid phase. It is expressed as, 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
…………………Equation 2.6 

where k2 (g mg-1 min-1) is the pseudo-second-order rate constant. The most often used kinetic models 

for characterizing adsorption processes based on chemical reactions are pseudo-first-order and pseudo-

second-order. 

 

2.6.2.2 Empiric adsorption kinetic models 

The Elovich equation is commonly used in chemisorption kinetics [165]. The equation has been shown 

to cover a wide variety of slow adsorption rates and has been successfully applied to several 

chemisorption processes [166]. The Elovich equation is also applicable for heterogeneous adsorption 

surfaces. The Elovich–chemisorption kinetic adsorption model is expressed as,  
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𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln (𝑡)………………Equation 2.7 

Here α is the initial adsorption rate (mg g−1 min−1) and β is related to the extent of surface coverage and 

the activation energy involved in chemisorption with the unit g mg−1. 

The traditional models still have limitations in determining some kinetic parameters, possible changes 

of the adsorption rates as function of the initial concentration and the adsorption, and determining 

fractional kinetic orders in some cases. The alternative Avrami kinetic equation can overcome these 

imitations and provide a match in the calculated and experimental data [167]. The Avrami equation is 

adapted from the kinetic thermal decomposition modeling. It is expressed as,  

𝑞𝑡 = 𝑞𝑒
[1 − 𝑒𝑥𝑝(−𝑘𝐴𝑉𝑡)]𝑛𝐴𝑉………………Equation 2.8 

Here, kAV is the Avrami kinetic constant (min−1), and nAV is a fractional adsorption order, which is related 

to the adsorption mechanism. 

 

2.6.3 Adsorption Isotherms 

An adsorption isotherm describes the connection between the adsorption capacity (qe) and the final 

concentration of the adsorbate in the solution when equilibrium is attained at a constant temperature. 

The adsorption isotherm model parameters give important information on the surface qualities, 

adsorption process, and interaction between the adsorbent and adsorbate. The Langmuir [168] and 

Freundlich isotherms are the most widely used and studied in the literature. Sips isotherm, Liu isotherm, 

and Redlich–Peterson isotherm models are also applied in many reported studies. 

 

2.6.3.1 Langmuir isotherm model 

The Langmuir model for gas adsorption was established theoretically using a highly idealized adsorption 

mechanism for gaseous model. The assumptions made by the Langmuir isotherm model consists of 

homogeneous surfaces, monolayer adsorption, constant energies in the adsorption sites, neighboring 

sites does not have any interaction, and a single site can only provide accommodations to a single 

adsorbate particle [169]. The Langmuir isotherm equation is expressed by the following equation. 
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𝑞𝑒 =
𝑞𝑚𝑎𝑥+𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
…………………Equation 2.9 

Here, qe is the adsorption capacity (mg g−1) of the adsorbent at equilibrium, Ce is the solution 

concentration (mg L−1) at the equilibrium, KL is the Langmuir equilibrium constant with the unit L mg−1, 

and qmax is the maximum adsorption capacity of the adsorbent (mg g−1). Another parameter termed as 

the separation factor RL is calculated from the initial adsorbate concentration in solution Ci and the 

Langmuir equilibrium constant KL is derived from the equation 2.9 using the following formula. 

𝑅𝐿 =
1

1+𝐶𝑖𝐾𝐿
………………………..Equation 2.10 

The calculated value of RL indicates the adsorption possibility. If the value of RL fall between the range 0 

< RL < 1 then the conditions are favorable for reversible adsorption, for RL = 0 the adsorption is 

irreversible, and for RL = 1 the adsorption data is linear.   

 

2.6.3.2 Freundlich isotherm model 

The Freundlich model is an empirical model that was constructed originally for gas adsorption. The 

model is based on the assumption that concentration of adsorbate on the adsorbent surface increases 

as the adsorbate concentration increases and adsorption will take place in infinitely [169]. The model has 

been extensively utilized to explain adsorptive processes in aqueous environments. Non-ideal systems 

with heterogeneous surfaces and multilayer adsorption can be represented using the Freundlich 

equation. But it is usually limited to midrange concentration levels [170]. Equation 2.11 is the expression 

of the Freundlich isotherm model. 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛……………………Equation 2.11 

Here KF is the Freundlich constant with the unit mg g−1(mg L−1) −1/n, and 1/n is an empirical dimensionless 

constant termed as the adsorption intensity. The calculated value of 1/n indicates the favorable or 

unfavorable conditions for adsorption. Adsorption following the Freundlich isotherm model is favored 

when 0.1 < 1/n < 0.5 whereas it will not be favored when the value of 1/n is greater than 2. 
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2.6.3.3 Sips isotherm model 

The Sips isotherm model is an amalgamation of Langmuir and Freundlich model [171]. Therefore, the 

Sips model is described in the following form. 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝑠𝐶𝑒

1
𝑛𝑠

1+𝐾𝑠𝐶𝑒

1
𝑛𝑠

…………………….Equation 2.12 

KS is the Sips equilibrium constant (mg L−1) −1/n, qmax is the Sips maximum adsorption capacity (mg g−1), 

and nS is the exponent where the value lies between the range 0 < 1/nS ≤ 1. Sips equation predicts a 

monolayer adsorption capacity typical of the Langmuir isotherm at high adsorbate concentrations, but 

it decreases to the Freundlich isotherm at low adsorbate concentrations. 

 

2.6.3.4 Liu isotherm model 

The Liu isotherm model is also a hybrid of the Langmuir and Freundlich isotherm models, with the 

Langmuir model's monolayer assumption and the Freundlich model's infinite adsorption assumption 

removed [172]. According to the Liu model, the adsorbent's active sites cannot have the same energy. 

As a result, the adsorbent may have active spots that the adsorbate molecules choose to occupy. But 

unlike the Freundlich isotherm model saturation of the active sites can occur. The Liu isotherm model is 

defined by the following equation. 

𝑞𝑒 =
𝑞𝑚𝑎𝑥(𝐾𝑔𝐶𝑒)𝑛𝐿

1+(𝐾𝑔𝐶𝑒)𝑛𝐿
……………….…Equation 2.13 

Here Kg is the Liu equilibrium constant (L mg−1) and nL is dimensionless exponent of the Liu equation. The 

benefit of the Liu isotherm model over the Sips isotherm model is that the exponent nL can be any 

positive number, whereas the exponent of the Sips is only allowed to be 1/nS ≤ 1. 
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2.6.3.5 Redlich–Peterson isotherm model 

Redlich–Peterson is another empirical isotherm model [173]. There are three parameters in this model 

and it is expressed as, 

𝑞𝑒 =
𝐾𝑅𝑃𝐶𝑒

1+𝑎𝑅𝑃𝐶𝑒
𝑔………………..Equation 2.14 

KRP and aRP are Redlich–Peterson constants with the units of L g−1 and (mg L−1) −g respectively, and g is 

the dimensionless Redlich–Peterson exponent which has a value in the range 0 < g ≤ 1. The model 

becomes linear when there is lower surface coverage at g=0. It takes the Langmuir isotherm form when 

g=1. 

 

2.6.3.6 Other isotherm models for adsorption 

Other models can be used to describe an adsorption mechanism, in addition to the equilibrium models 

discussed above. Table 2–7 lists the mathematical equations along with associated parameters for 

several of these adsorption equilibrium models. The terms qe, qmax, and Ce define the equilibrium 

adsorption capacity, maximum adsorption capacity, and adsorbate concentration at equilibrium 

respectively in all cases.  

 

Table 2–7: List of other reported adsorption isotherm models. 

Isotherm 

model 

Mathematical 

expression 
Associated parameters Ref. 

Hill 𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐶𝑒

𝑛𝐻

𝐾𝐻 + 𝐶𝑒
𝑛𝐻

 

KH – Hill equilibrium isotherm constant with unit 

(𝑚𝑔𝐿−1)𝑛𝐻 

nH – Dimensionless Hill exponent. 

[174] 

Khan 𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐾𝐶𝑒

(1 + 𝐾𝐾𝐶𝑒)𝑛𝐾
 

KK – Khan equilibrium isotherm constant with unit (L 

mg−1) 

nK – Dimensionless Khan  exponent 
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Isotherm 

model 

Mathematical 

expression 
Associated parameters Ref. 

Radke–

Prausnitz 
𝑞𝑒 =

𝑞𝑚𝑎𝑥𝐾𝑅𝐴𝑃𝐶𝑒

(1 + 𝐾𝑅𝐴𝑃𝐶𝑒)𝑛𝑅𝐴𝑃
 

KRAP – Radke–Prausnitz equilibrium 

isotherm constant with unit (L mg−1) 

nRP –  Dimensionless Radke–Prausnitz exponent 
[175] 

Toth 𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝑇𝐶𝑒

[1 + (𝐾𝑇𝐶𝑒)
1

𝑛𝑇⁄ ]𝑛𝑇

 

KT – Toth equilibrium isotherm constant with unit 

(L mg−1) 

nT – Dimensionless Toth exponent 

 

Since, Langmuir and Freundlich isotherm models have been the reported as the most suitable models 

for chitosan-mesoporous silica based adsorbents, the adsorption data from this work was also fitted to 

these two models with satisfactory results. 
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3 Chapter 3: Experimental Details 

 

The objective of this work was to synthesize novel magnetic magnetite (Fe3O4) nanoparticles with 

chitosan mesoporous silica coating and to evaluate their efficiency in heavy metal removal from 

water along with their recoverability via desorption. Therefore, the experimental work of this 

thesis was performed in the following steps- 

1. Synthesis of Fe3O4 MNPs via thermal decomposition method. 

2. Coating the synthesized MNPs with mesoporous silica and chitosan coating. 

3. Study the adsorption capacity and mechanism of the prepared MNPs for lead (Pb2+), 

cadmium (Cd2+), and arsenic (As3+). 

 

3.1 Raw Materials 

All the raw materials used in different stages of this thesis work is listed in the table 3–1 below. 

Table 3–1: List of chemical reagents used at different stages of experiment. 

Chemical Specification 

Synthesis of Fe3O4 MNPs 

Sodium hydroxide (NaOH) Assay ≥ 98%, Sigma-Aldrich 

Oleic acid (C18H34O2) Assay ≥ 99%, Sigma-Aldrich 

Ferric chloride (FeCl3) Anhydrous, assay ≥ 98%, Merck 

Ethanol (C2H5OH) Assay  ≥ 96%, Merck 

Hexane (C₆H₁₄) Assay ≥ 95%, Sigma-Aldrich 

Octadecane (C18H38) Assay ≥ 99%, Aldrich 

Propanol (C3H7OH) Assay  ≥ 96%, Merck 
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Chemical Specification 

Surface functionalization 

Cetrimonium bromide (CTAB) (C19H42BrN) Assay ≥ 99%, Kemaus 

Tetraethyl orthosilicate (TEOS) (SiC8H20O4) Assay ≥ 99.5%, Sigma-Aldrich 

Ammonium Nitrate (NH4NO3) Assay ≥ 99%, Sigma-Aldrich 

Chitosan Sigma-Aldrich 

Acetic acid (CH3COOH) Assay ≥ 99.8%, Supelco. 

Adsorption test  

Lead chloride (PbCl2) Assay ≥ 98%, Sigma-Aldrich 

Cadmium nitrate tetrahydrate (Cd(NO3)2. 4H2O) Assay ≥ 98%, Sigma-Aldrich 

Arsenic trioxide (As2O3) Assay ≥ 99.5%, Sigma-Aldrich 

Hydrochloric acid (HCl) Assay ≥ 37%, Sigma-Aldrich 

 

Deionized water (DIW) was used in steps where it was needed for solution making or washing. 

 

3.2 Synthesis of Fe3O4 MNPs 

 Precursor preparation- For the Fe3O4 MNPs synthesis a Fe-oleat precursor was prepared 

by mixing 4.83g NaOH pellets in 60 ml DIW and adding 37.9 ml oleic acid. Another mixture 

of 10.8g of FeCl3 dissolved in 80 ml ethanol and 140 ml hexane was also prepared. These 

two mixtures were added to a three-necked bottle and refluxed at 700C for 4 hours. 

 Precursor washing- the heated contents were cooled to the room temperature and the 

upper brownish layer of Fe-oleat was separated using a separatory funnel. The Fe-oleat 

was washed alternately with DIW and hexane to remove the inorganic salts and excess 
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oleic acid respectively. After three wash cycles the precursor was left in open air at room 

temperature for the hexane to evaporate. 

 MNPs synthesis- for the thermal decomposition synthesis 18.33 g Fe-oleate precursor 

was dissolved in 100 g octadecane with 2.89 g oleic acid by stirring at 500C for 10 minutes. 

The mixture was then heated under reflux in nitrogen atmosphere at 2000C for 1 hour 

followed by refluxing at 3150C for 10 minutes. 

 Washing of MNPs- after thermal decomposition the mixture was cooled down to room 

temperature and taken into the separatory funnel. The MNPs were precipitated from the 

organic solvent by adding excess acetone. The precipitated MNPs centrifuged out of the 

solution. Then the MNPs were washed by adding hexane and vortexing followed by 

sonication for 5 minutes. The MNPs were again precipitated from hexane by addition of 

excess acetone and then centrifuged out of the acetone hexane solution. This cycle was 

repeated for 4 times. Finally, the MNPs were preserved in hexane and dried afterwards 

as needed for further study. 

   

 

     

 

 

 

 

 

 

 

Figure 3–1: Thermal decomposition synthesis of Fe3O4 MNPs. 
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3.3 Surface functionalization of MNPs with mesoporous silica and chitosan 

 Mesoporous silica coating- 1g of the prepared MNPs were sonicated for 24 hours in the 

mixture of 5g CTAB and 1.6g NaOH in 480 ml of DIW. The sonicated mixture was heated 

to 800C while stirring at 1500 rpm. 25 ml of TEOS was added dropwise to the mixture with 

2 hours of additional stirring. The precipitate was centrifuged at 13500 rpm and washed 

three times with ethanol followed by air drying. 

 Surfactant removal- the CTAB template was removed from the particles by stirring them 

in NH4NO3 and ethanol mixture for 30 minutes followed by centrifugation and ethanol 

wash. This cycle was repeated for two times and sample was air dried. 
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Figure 3–3: Surface functionalization of Fe3O4 MNPs with mesoporous SiO2 and chitosan. 
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 Chitosan coating- chitosan solution was prepared by dissolving 5g low molecular weight 

chitosan in 400 ml of 5% (v/v) acetic acid. The solution was stirred for 72 hours. 200 mg 

of Silica coated MNPs were sonicated in 10 ml ethanol for 10 minutes and added to the 

chitosan solution. The pH of the solution was adjusted between 3.5-4.5 by addition of 

acetic acid. The mixture was stirred for 24 hours. Finally, the MNPs were centrifuged out 

of the chitosan solution and subjected to three cycles of ethanol and DIW wash and air  

dried to be used as adsorbents. 

 

3.4 Adsorption test 

 Salt solution preparation- 0.14g of PbCl2 and 0.2g of Cd(NO3)2 was dissolved in 100 ml 

DIW to prepare 1000 mg/L solutions of Pb2+ and Cd2+. These solutions were diluted to 

prepare solutions of varied concentrations ranging from 5 mg/L to 150 mg/L. 13.2mg of 

As2O3 was dissolved in 10% NaOH solution and pH was neutralized with 1N HCl. The 

solution was diluted to 500 ml with DIW to make a 20 mg/L As3+ solution which was 

diluted to prepare solutions ranging from 10 μg/L to 100 μg/L. 

 Adsorption- the adsorption test was carried out in batches with interchanging the 

variables of contact time and initial concentration. 50 mg of adsorbent was added to 100 

ml solution of varied concentrations and stirred for 30 minutes. The amount of adsorbent 

was 5 mg for the As3+ solution due to dilute concentration. Same experiment was 

conducted with a solution of 50 mg/L but with contact time varying from 5 minutes to 30 

minutes. For As3+ solution the concentration was 50 μg/L. the final concentration after 

adsorption was measured with atomic absorption spectrometer (AAS). 

 Kinetic model and isotherm model fitting- the collected data of final concentrations from 

the fixed initial concentration study was fitted to the pseudo first order and pseudo 

second order kinetic model with the help of the OriginPro software. The data from the 

fixed contact time study was fitted to the Langmuir and Freundlich isotherm models. 

 Desorption study- 50 mg dried adsorbents used in the adsorption experiment of Pb2+ and 

Cd2+ solutions were sonicated in a solution of pH 4-4.5 for 30 minutes and then separated 
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by centrifugation. The solution was subjected to AAS for measuring the Pb2+, Cd2+, and 

Fe3+ concentration. 

 

 

 

 

 

 

 

 

 

3.5 Characterizations 

3.5.1 X-ray Diffractometry (XRD) 

Rigaku SmartLab XRD machine was used to determine the structural and physical phase of the 

bare as well as the coated MNPs. A Cu x-ray source of wavelength Kα1 = 1.540598 Å was used for 

the tests. The diffraction was conducted between the Bragg angle of 100 and 800. The data was 

plotted and analyzed using OriginPro software. 

  

 

 

 

 

 

Stirring 
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concentration 

 

Adsorbent 

 
Solution collected after 

adsorbent removal 

 
Figure 3–5: Adsorption experiment. 

Figure 3–6: Rigaku SmartLab XRD machine. 
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3.5.2 Transmission Electron Microscopy (TEM) 

F200X Talos from Thermo-Fisher TEM machine was used to perform the transmission electron 

microscopy of the bare and coated MNPS to determine their morphological, structural and 

elemental aspect before and after surface coating. 

 

 

 

 

 

 

 

3.5.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Perkin-Elmer Spectrum 2 NFT-NIR Spectrometer was used to conduct FTIR between wavenumber 

400 to 4000 cm-1 of the bare and coated MNPs to observe the changes resulting from the coating 

synthesis. The FTIR spectra helps to determine whether coating was successfully synthesized over 

the MNPs.  

 

 

 

 

 

 

Figure 3–10: FTIR machine. 

Figure 3–9: TEM machine. 
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3.5.4 Physical Properties Measurement System (PPMS) 

The vibrating system magnetometer (VSM) data of the bare and coated MNPs was retrieved with 

the Dynacool PPMS system from Quantum Design Inc. The samples were tested at 300K with the 

magnetic field varying up to 5T. 9mg sample was taken for each run. The VSM data indicated the 

magnetic properties of the adsorbent and the effect of coating materials on the magnetic 

property of the Fe3O4 core. 

 

 

 

 

 

 

 

3.5.5 Atomic Absorption Spectroscopy (AAS) 

The concentration of the Pb2+, Cd2+, and As3+ solutions from the adsorption-desorption 

experiments were measured by the Shimadzu Atomic Absorption Spectrophotometer Model: AA-

7000. Determining the final concentration after adsorption study helped to fit the data to a 

proper kinetic and isotherm model and determine the adsorption mechanism consequently. 

 

 

 

 

 

Figure 3–14: AAS machine. 

Figure 3–13: Physical Properties Measurement System. 
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4 Chapter 4: Results and Discussion 

 

This chapter contains the detailed discussion of the results obtained from the FTIR, XRD, TEM, 

and VSM characterization of the bare and surface functionalized MNPs. Analysis of these result 

provided visualization of the morphological and structural phase of the magnetic core of the 

MNPs along with the confirmation of successful surface functionalization. The AAS data of the 

adsorption desorption solution was studied by fitting them to different adsorption kinetic and 

isotherm models in order to envision the adsorption mechanism and compare the results with 

reported literature. 

 

4.1 X-Ray Diffraction Analysis 

The XRD analysis of the bare MNPs after synthesis confirmed the formation of Fe3O4 via thermal 

decomposition. The subsequent XRD tests conducted on the MNPs after coating them with 

mesoporous SiO2 and chitosan showed that the Fe3O4 core was intact as the XRD data still showed 

the characteristic peaks of Fe3O4. Figures 4–1 and 4–2 below contain the XRD plot of the bare 

and coated Fe3O4 MNPs. 

 

 

 

 

 

 

 

Figure 4–1: XRD plot of the bare and coated Fe3O4 MNPs. 
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The peaks of the bare Fe3O4 MNPs were compared to the ICDD-PDF card no. 01-085-1436 [176]. 

The diffraction peaks at 2θ = 30.10 (220), 35.420 (311), 37.050 (400), 53.40 (422), 56.90 (511), 62.50 

(440) are almost a perfect match with the standard diffraction data of magnetite [177]. It is 

evident from both of the above figures that even after surface coating the positions of these 

characteristic peaks did not shift. Which is an indication of the intact magnetic core of the 

adsorbent. The coating process did not result in any structural altercations in the Fe3O4 core. The 

only change in the XRD spectra after coating process showed in figure 4–2 is the decrease in the 

peak intensity which was expected due to the coating effect. The appearance of the broad peak 

after silica coating at 2θ = 220 is the characteristic peak of mesoporous silica. Peak broadening 

indicates the presence of pores which lead to amorphous structure [178]. Since chitosan is an 

Figure 4–4: Comparative stacking of XRD plots of bare and coated Fe3O4 MNPs. 
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organic substance, the chitosan coating does not generate any new peaks in the XRD spectra. The 

only effect of the chitosan coating is further decrease in the peak intensity. 

The XRD analysis was also utilized to calculate the crystallite size which helped to estimate the 

size of the MNPs. The calculated crystallite size was later confirmed with the TEM analysis. The 

crystallite size of the bare MNPs was calculate by the Scherrer’s formula represented as 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
………………Equation 4.1 

Where, D is the mean crystallite size or diameter, k is a dimensionless factor of value 0.94, λ is 

the wavelength of x-ray which is 1.54 Å for this experiment, β is the full width half maxima 

(FWHM) measurement of the characteristic peak, and θ is the Bragg angle corresponding to the 

characteristic peak. D was calculated using the above equation for each characteristic peaks and 

average crystallite size was calculate. The results are given in table 4–1. 

 

Table 4–1: Calculation of crystallite size of Fe3O4 MNPs from FWHM. 

Peak 2θ FWHM 
Crystallite Size, 

nm 

Avg. Crystallite 

size of Fe3O4, 

nm 

1 30.2289 0.5155 16.6660 

15.9090 

2 35.58807 0.6726 12.9510 

3 43.26141 0.4365 12.9510 

4 57.2173 1.0614 18.4885 

5 62.80711 0.5256 18.4885 

  

Based on the calculated average crystallite size it was estimated that average size of the MNPs 

would be close to 16 nm. The actual size was confirmed by the TEM analysis. 
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4.2 Transmission Electron Microscopy Analysis 

TEM was conducted on the bare and mesoporous silica coated MNPs. Figure 4–3 shows the TEM 

images of bare and silica coated Fe3O4 particles at different magnifications along with the particle 

size distribution curves. The size distribution curves were constructed using the ImageJ and 

OriginPro software. 

 

 

 

 

 

 

 

 

 

 

 

 

It was concluded from the TEM images that the bare Fe3O4 had a mixture of cubic and spherical 

shape. According to Dewi et al. [19] the Fe3O4 MNPs initially take a cubic formation upon the 

immediate decomposition of Fe-oleate precursor and eventually take spherical shape with 

further refluxing. Dewi et al. achieved a complete shape transformation in spheres with 40 

minutes of refluxing. Since the refluxing time was 10 minutes in this study, the shape of the MNPs 
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Figure 4–5: TEM images of (a) and (b) bare Fe3O4 MNPs; (c) and (d) mesoporous SiO2 coated Fe3O4 MNPs 
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was in between cubic and spherical. The SiO2 coated MNPs appeared to be larger in the TEM 

image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4–7: Size distribution of bare Fe3O4 MNPs. 

Figure 4–8: Size distribution of mesoporous SiO2 coated Fe3O4 MNPs. 
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The size distribution data retrieved from the TEM images showed that monodispersity was 

achieved with the thermal decomposition synthesis in the Fe3O4 MNPs. The average size 

calculated from the size distribution is 16.9 nm which is very close to the calculated crystallite 

size from the XRD analysis. Therefore, it can be concluded that the particles were single domain 

MNPs. The average size of the SiO2 coated MNPs were larger than the bare MNPs which is 

attributed to the presence of the outer shell. 

 

 

 

 

 

 

 

 

 

The selected area electron diffraction (SAED) obtained by TEM was analyzed and the result was 

found to be in agreement with the XRD pattern, further confirming he phase of Fe3O4. 

The Energy Dispersive X-ray spectra (EDS) of the Fe3O4 MNPs confirms the presence of iron (Fe), 

oxygen (O), nitrogen (N), and carbon (C). The O and C signal is due to O and C atoms in the oleic 

acid acting as the capping agent of the MNPs. The N signal can be attributed to the residual N 

present on the surface of the MNPs as they were synthesized in a nitrogen environment. The EDS 

spectra of the mesoporous SiO2 coated MNPs exhibits an extra peak of silicon (Si). 

 

220 

311 

400 

511 

440 

Figure 4–10: SAED pattern of bare Fe3O4 MNPs. 
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Figure 4–11: EDS spectra of bare Fe3O4 MNPs. 

Figure 4–12: EDS spectra of mesoporous SiO2 coated Fe3O4 MNPs. 
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4.3 Fourier Transform Infrared Spectroscopic Analysis 

FTIR was conducted to confirm the presence of the SiO2 and chitosan coating on the MNPs. The 

first FTIR was done on the sample after the SiO2 coating process but before the removal of the 

CTAB template via ion exchange. The later FTIR tests were done after the template removal and 

after the chitosan coating procedure. Figure 4–9 illustrates the FTIR spectra of three different 

stages of the adsorbent. 

 

 

 

 

 

 

 

 

 

 

 

The FTIR spectra of all three samples were recorded between the wavenumber 450-4000 cm-1. 

All three sample spectra contained absorption peaks around 580 cm-1 which is characteristic to 

the Fe-O bond. This is an indication of the presence of the Fe3O4 core [179]. The absorption peaks 

at 3425 cm−1 and 1720 cm-1 are attributed to the vibration of the –OH group and stretching of 

C=O group of the oleic acid which is the capping agent of the MNPs [92]. The broad absorption 

band at 1092 cm−1 corresponds to Si–O–Si stretching vibration of mesoporous SiO2. The vibration 

band of the CH2 group of the CTAB template is seen in the Fe3O4-SiO2-CTAB spectra at 2760 cm-1 

OH group 

 CH
2 

Stretching of CTAB 

 

Si-O-Si 
Stretching 

 

Fe-O 
bond 

 

NH
2
  

 

CN vibration 

 

Figure 4–15: FTIR spectra of Fe3O4-SiO2-CTAB, Fe3O4-SiO2, and Fe3O4-SiO2-Chitosan MNPs. 
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and 2925 cm-1 which was absent in the below spectra of Fe3O4-SiO2. This confirmed that the 

template was successfully removed by the NH4NO3 leaching.  

The vibration of the NH2 group in chitosan at 2750 cm-1 is overlapped by the absorption band of 

the –OH group. During coating the chitosan amino groups forms imine (C=N) group. The CN group 

absorption band was observed in the Fe3O4-SiO2-Chitosan spectra at 1612 cm-1 which proves the 

successful attachment of the chitosan coating over the mesoporous SiO2 coating [180]. 

4.4 VSM Data Analysis 

The M-H curves of the bare and coated MNPs were constructed from the data received from the 

PPMS experiments. The data was then fitted to the Langevin function represented by the 

equation 2.3 mentioned in chapter 2. Figure 4–10 below shows the M-H curves of bare, SiO2 

coated, and SiO2-Chitosan coated Fe3O4 MNPs.  

 

 

 

 

 

 

 

 

 

It was evident even from the visual observation of the curves that the samples exhibited 

superparamagnetic properties, as no visible loops can be seen i.e., no magnetic remanence. The 

superparagmagtism was further confirmed by the fitting of the Langevin function on the curves. 

The saturation magnetization of each sample was also calculated from the Langevin function 

Figure 4–16: M-H curves of bare Fe3O4, SiO2 coated Fe3O4 and SiO2-Chitosan coated Fe3O4 MNPs. 
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fitting. Based on the values of the calculated adjusted linear regression coefficient (adj. R2) of the 

sample M–H curves it can be concluded that the fitting to the Langevin function was almost 

perfect in all three cases and all samples exhibited superparamagnetism. The data of the Langevin 

function fitting is summerized in table 4–2.   

Table 4–2: Result of Langevin function fitting to the VSM data. 

Sample 
Saturation Magnetization, 

Mo (emu/g) 
Adj. R2 to Langevin fitting 

Bare Fe3O4 68.48 0.99987 

SiO2 coated Fe3O4 35.32 0.99952 

Chitosan-SiO2 coated Fe3O4 28.84 0.9987 

  

The Langevin function fitted curves are illustrated in the figures 4–11, 4–12, and 4–13. It is seen 

from the VSM data that the saturation magnetization Mo of the adsorbent is 28.84 emu/g. 

Compared to Mo of other magnetic adsorbents reported by various studies, the obtained result 

is satisfactory as the adsorbents can be easily separated from solution with external magnetic 

field. A comparison between the magnetic properties of the developed adsorbent with other 

magnetic adsorbents reported by other research groups are given in table 4–3. 

Table 4–3: Comparison of magnetic properties of various reported magnetic adsorbents. 

 

Adsorbent 
Saturation Magnetization 

(emu/g) 
Reference 

Fe3O4-SiO2-Chitosan 28.84 This work 

Fe3O4@SiO2–NH2 34.0 [64] 

Fe3O4-Chitosan 40.2 [106] 

Fe3O4@PAA@TSH 33 [3] 

Fe3O4-Chitosan 27 [4] 
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Figure 4–17: Langevin function fitting to the M-H curve of bare Fe3O4 MNPs. 

 

Figure 4–20: Langevin function fitting to the M-H curve of SiO2 coated Fe3O4 MNPs. 
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The saturation magnetization of double coated adsorbents is logically lower than the single 

coated adsorbents. But the Mo is yet higher than some reported adsorbents which gave 

satisfactory performances regarding magnetic separation. 

 

4.5 Adsorption Data Analysis 

Analysis of the adsorption data received from the AAS measurements is the most important part 

of this entire study. The results from the adsorption data analysis will determine whether the 

developed MNPs can be effectively used as sustainable heavy metal adsorbents. The adsorption 

mechanism and capacity is calculated by fitting the adsorption data to the adsorption kinetic 

models and adsorption isotherm models. The data from this work was fitted to the mostly utilized 

kinetic models- pseudo first order and pseudo second order. The two most popular isotherm 

Figure 4–23: Langevin function fitting to the M-H curve of SiO2-Chitosan coated Fe3O4 MNPs. 
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models were compared to the obtained data- the Langmuir isotherm model and the Freundlich 

isotherm model.  

The adsorption data can be classified into two distinct sections. In the first section, the variable 

parameter was the contact time and the fixed parameter was the initial concentration of the 

heavy metal salt solution. The data from the first section was used for the kinetic model fitting. 

The first section experimental data is summarized in table 4–4 below. 

The adsorption capacity q is calculated by the equation 2.5. The volume of the liquid solution (V) 

was 100 mL, the mass of the added adsorbent W was 50 mg for Pb2+ and Cd2+ solutions and 5 mg 

for As3+ solution. 

Table 4–4: Adsorption data of Pb2+, Cd2+, and As3+  with variable contact time. 

Fixed parameter, initial concentration Ci- 50 mg/L (50 μg/L for As) 

Contact 

time, t 

minutes 

Final concentration, Ct 
Adsorption capacity at time t, 

qt 
Removal efficiency % 

Pb2+ 

(mg/L) 

Cd2+ 

(mg/L) 

As3+  

(μg/L) 

Pb2+ 

(mg/g) 

Cd2+ 

(mg/g) 

As3+   

(μg/g) 
Pb2+ Cd2+ As3+ 

0 50 50 50 0 0 0 0 0 0 

5 7.56 11.3 18.32 84.88 77.4 633.6 84.88 77.4 63.36 

10 3.65 7.76 12.43 92.7 84.48 751.4 92.7 84.48 75.14 

15 2.91 5.78 3.56 94.18 88.44 928.8 94.18 88.44 92.88 

20 2.36 5.32 1.96 95.28 89.36 960.8 95.28 89.36 96.08 

30 2.34 5.27 1.67 95.32 89.44 966.6 95.32 89.44 96.66 

   

The above data was plotted individually for Pb2+, Cd2+, and As3+ to observe the effect of the 

contact time on the adsorption capacity of the adsorbent. It was seen that the adsorption 

reached equilibrium in about 5 minutes in the solution of Pb2+ and Cd2+. For the As3+ solution the 

equilibrium was achieved after 15 minutes. 
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Figure 4–24: Contact time effect on the adsorption capacity of lead (Pb2+). 

 

Figure 4–27: Contact time effect on the adsorption capacity of cadmium (Cd2+). 
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4.5.1 Adsorption Kinetic Model Fitting 

The pseudo first order kinetic model and the pseudo second order kinetic model are expressed 

by the equation 2.4 and equation 2.6 respectively, discussed in the literature review.  

For the pseudo first order model fitting, the adsorption data is plotted as ln(qe-qt) vs t where qe 

is the adsorption capacity at equilibrium. The plot is then subjected to linear fitting. The adj. R2 is 

calculated to determine the degree of fit to the pseudo first order kinetic model. The intercept 

of the linear fitting gives the value of lnqe which consequently gives the value of the equilibrium 

adsorption capacity, qe. This calculated value is compared to the experimental value of qe. The 

slope of the linear fit is the value of k1t where k1 is the pseudo-first-order rate constant with the 

unit min-1. The calculated data from the first order adsorption kinetic model fitting for Pb2+, Cd2+, 

and As3+ is summarized in the table 4–5. The pseudo first order kinetic model fitting plots are 

illustrated in figures 4–17, 4–18, and 4–19.  

Figure 4–28: Contact time effect on the adsorption capacity of arsenic (As3+). 
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Table 4–5: Parameters of the pseudo first order kinetic model fitting to the adsorption data. 

Metal species Adj. R2 k1 (min-1) Calculated qe (mg/g) Experimental qe (mg/g) 

Pb2+ 0.92435 -0.0097 58.19 95.32 

Cd2+ 0.9248 -0.0083 53.69 89.44 

As3+ 0.76955 -0.0008 0.679 0.967 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4–31: Lead (Pb2+) adsorption data fitting to the pseudo first order kinetic model. 

Figure 4–32: Cadmium (Cd2+) adsorption data fitting to the pseudo first order kinetic model. 
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For the pseudo second order kinetic model fitting, the adsorption data is plotted in the form t/qt 

vs t where qt is the adsorption capacity at the equilibrium. After applying linear fitting to the plot, 

the value of the intercept and slope is recorded. The value of the slope is equal to 1/qe where qe 

is the equilibrium adsorption capacity. The intercept value is equal to 
1

𝑘2𝑞𝑒
2 and k2 (g mg-1 min-1), 

the pseudo-second-order rate constant is calculated from this value. Comparison between the 

calculated qe and the experimental qe along with the value of adj. R2 can also be an indicator for 

model fitting. The calculated data of the pseudo second order kinetic model fitting are presented 

in table 4–6 below. The fitting plots are illustrated in figures 4–20, 4–21, and 4–22. 

 

Table 4–6: Parameters of the pseudo second order kinetic model fitting to the adsorption data. 

Metal species Adj. R2 k2 (g mg-1 min-1) Calculated qe (mg/g) Experimental qe (mg/g) 

Pb2+ 0.9948 0.033 96.24 95.32 

Cd2+ 0.9989 0.025 90.66 89.44 

As3+ 0.9823 0.0005 1.01 0.967 

 

Figure 4–33: Arsenic (As3+) adsorption data fitting to the pseudo first order kinetic model. 
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Figure 4–34: Lead (Pb2+) adsorption data fitting to the pseudo second order kinetic model. 

Figure 4–35: Cadmium (Cd2+) adsorption data fitting to the pseudo second order kinetic model. 
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The adj. R2 of Pb2+, Cd2+, and As3+ adsorption data to the pseudo second order kinetic model 

fitting is closer to unity than the adj. R2 of fitting to the pseudo first order kinetic model. Based 

on the comparison of the linear regression coefficient adj. R2, it is evident that the pseudo second 

order kinetic model is a better fit for the data in all three cases. The fitting plots also show a 

better fit to the pseudo second order kinetic model visually in all cases. Moreover, the calculated 

qe from the pseudo second order kinetic model fitting is more compatible to the experimental qe 

than the calculated qe from the pseudo first order kinetic model regarding all three species. The 

better suitability of the data with the pseudo second kinetic model suggests that the nature of 

the adsorption is chemisorption [4]. This conclusion is also in agreement with the previously 

reported literature [4,73,179]. From the previous discussion it is known that chitosan adsorbs 

heavy metal ions through chelation which is a type of chemical bonding. Therefore, it can be 

concluded that the experimental data is compatible with the theory. 

 

Figure 4–36: Arsenic (As3+) adsorption data fitting to the pseudo second order kinetic model. 
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4.5.2 Adsorption Isotherm Model Fitting 

So far we have discussed the adsorption data with fixed initial solution concentration and variable 

contact time. The second section of the adsorption data is recorded interchanging the last two 

parameters. The data that is subjected to the adsorption isotherm model fitting is recorded with 

a constant contact time of 30 minutes which is the time required for achieving equilibrium. In 

this the case the initial concentration of the salt solution is varied from 10 mg/L upto 150 mg/L 

for Pb2+ and Cd2+. For As3+ adsorption the initial solution was taken to be between 10 μg/L to 150 

μg/L. The second set of adsorption data with fixed contact time of 30 minutes is summarized in 

table 4–7 below. 

Table 4–7: Adsorption data of Pb2+, Cd2+, and As3+ with variable initial solution concentration. 

Fixed parameter, Contact time t = 30 minutes 

Initial 

concentration, 

Ci 

Final concentration, Ct 
Adsorption capacity at 

equilibrium, qe 
Removal efficiency % 

Pb2+, 

Cd2+ 

(mg/L) 

As 

(μg/L) 

Pb2+ 

(mg/L) 

Cd2+ 

(mg/L) 

As3+  

(μg/L) 

Pb2+ 

(mg/g) 

Cd2+ 

(mg/g) 

As3+   

(μg/g) 
Pb2+ Cd2+ As3+ 

10 10 0.66 0.62 0.13 18.68 18.76 197.4 93.4 93.8 98.7 

20 25 0.99 0.94 0.67 38.02 38.12 486.6 95.05 95.3 97.32 

30 50 1.94 1.89 1.67 56.12 56.22 966.6 93.53 93.7 96.66 

50 75 2.34 5.27 2.05 95.32 89.44 1459 95.32 89.46 97.27 

100 100 6.19 7.65 2.28 187.62 184.7 1954.4 93.81 92.35 97.72 

150 150 20.36 14.49 3.46 259.28 271.02 2930.8 86.43 90.34 97.7 

  

The Langmuir isotherm model is expressed by the equation 2.9. the adsorption data is fitted to 

the Langmuir isotherm model by plotting 1/qe vs 1/Ce where qe and Ce are the equilibrium 

adsorption capacity and heavy metal concentration in the solution at equilibrium respectively. 
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After fitting the intercept is calculated. The value of the intercept is equal to 1/qmax where qmax is 

the maximum adsorption capacity of the adsorbent for the specific heavy metal species. The 

Langmuir equilibrium constant KL with the unit L mg−1 is calculated from the slope of the linear 

fitting since, 𝐾𝐿 =
1

𝑠𝑙𝑜𝑝𝑒×𝑞𝑚𝑎𝑥
. The value of KL is used in the calculation of the separation factor 

RL whose value indicates if the adsorption condition is favorable or unfavorable. RL is calculated 

by the equation 2.10. The calculated parameters of the Langmuir isotherm model fitting for Pb2+, 

Cd2+, and As3+ are given in table 4–8. The Langmuir fitting plots are illustrated in figures 4–23, 4–

24, and 4–25. 

Table 4–8: Parameters of the Langmuir isotherm model fitting to the adsorption data. 

Metal species Adj. R2 qmax (mg/g) KL (L mg−1) RL (g mg-1 min) 

Pb2+ 0.997 151.98 0.209 0.088 

Cd2+ 0.993 144.51 0.238 0.084 

As3+ 0.992 3.021 0.533 0.158 

 

 

 

 

 

 

 

 

 

 

 

Figure 4–39: Lead (Pb2+) adsorption data fitting to the Langmuir isotherm model. 



Results & Discussion 

66 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4–40: Cadmium (Cd2+) adsorption data fitting to the Langmuir isotherm model. 

Figure 4–41: Arsenic (As3+) adsorption data fitting to the Langmuir isotherm model. 
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It was observed that the value of RL was well within the range of 0 < RL < 1 for all three adsorbates. 

Therefore, the adsorption conditions were favorable for reversible adsorption mechanism. This 

is in agreement with the adsorption mechanism of chitosan which is reversible in nature. 

The Freundlich isotherm model is fitted to adsorption data by plotting logqe vs logCe and 

subjecting the plot to linear fitting. The slope of the linear fitting gives the value of 1/n which is 

the adsorption intensity. The value of 1/n dictates the favorable or unfavorable conditions for 

adorption. The intercept of the linear fitting has the value logKF where KF is the Freundlich 

constant with the unit mg g−1(mg L−1) −1/n. The calculated parameters of the Freundlich isotherm 

model fitting for Pb2+, Cd2+, and As3+ are given in table 4–9. The Freundlich fitting plots are 

illustrated in figures 4–26, 4–27, and 4–28. 

Table 4–9: Parameters of the Freundlich isotherm model fitting to the adsorption data. 

Metal species Adj. R2 1/n KF mg g−1(mg L−1) −1/n 

Pb2+ 0.936 0.74 35.9 

Cd2+ 0.936 1.41 37.1 

As3+ 0.934 0.8 851.1 

 

 

 

 

 

 

 

 

 

Figure 4–42: Lead (Pb2+) adsorption data fitting to the Freundlich isotherm model. 
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Figure 4–43: Cadmium (Cd2+) adsorption data fitting to the Freundlich isotherm model. 

Figure 4–44: Arsenic (As3+) adsorption data fitting to the Freundlich isotherm model. 
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It is evident from the above results that in case of all three species, the adj. R2 for the Langmuir 

fitting is greater than the adj. R2 of the Freundlich fitting. Based on the value of adj. R2 the 

Langmuir adsorption isotherm model is a more suitable match for this adsorption study. 

Moreover, the calculated values of the adsorption intensity 1/n for Pb2+, Cd2+, and As3+ derived 

from the Freundlich isotherm fitting do not fall between the favorable condition of 0.1 < 1/n <0.5. 

This is another reason for the Freundlich isotherm model not being the suitable model for this 

study. The physical significance of the Langmuir isotherm model being the suitable one verifies 

that the adsorption in this study is monolayer in nature which is similar to other reported 

adsorption study of chitosan based adsorbents [4,73]. 

Table 4–10 contains a relative comparison between the maximum adsorption capacity of the 

developed Fe3O4-SiO2-Chitosan adsorbent for Pb2+, Cd2+, and As3+ and the maximum adsorption 

capacity achieved with other types of adsorbents for the same metals. The adsorption capacity 

for Pb2+ and Cd2+ of the Fe3O4-SiO2-Chitosan adsorbent is 150.33 mg/g and 126.26 mg/g 

respectively which higher than most of the polymer modified and surfactant coated magnetic 

adsorbents. Based on the observed adsorption capacity, the developed adsorbent can be used 

as an efficient Pb2+ and Cd2+ removal agent from water.  

The observed adsorption capacity for As3+ is much lower than the Pb2+ and Cd2+. Although the 

adsorption capacity for As3+ is generally lower than heavy metals since arsenic is a metalloid. 

However, the significantly lower adsorption capacity in this study may have been caused by the 

different concentration levels of the As3+ solutions. The AAS facility where the solution 

concentrations were measured was not equipped to measure As3+ concentration above 50 μg/L. 

Therefore, the As3+ adsorption experiments were conducted with 1000 times diluted solutions 

than the Pb2+ and Cd2+ solutions. But the it was not possible to reduce the adsorbent amount by 

the same ratio due to instrumental limitations. The difference in these experiment parameters 

may have contributed to the lower adsorption capacity for As3+. Based on the observed 

performance of the developed adsorbent, it can be used as an efficient Pb2+ and Cd2+ removal 

agent from water.  
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Table 4–10: Comparison of maximum adsorption capacity of current work and other reported 
adsorbents. 

Adsorbent type 

Adsorption 

capacity, Pb2+ 

mg/g 

Adsorption 

capacity, Cd2+ 

mg/g 

Adsorption 

capacity, As3+ 

mg/g 

Ref. 

Fe3O4-SiO2-Chitosan 150.33 126.26 3.021 
This 

work 

Fe3O4@PAA@TSC MNPs 181.1 125 – [3] 

Amino-functionalized Fe3O4@SiO2 

MNPs 
76.6 – – [64] 

Polymer-modified Fe3O4 

nanoparticles 
100.66 29.9 – [63] 

Salicylic acid type chelate 

adsorbent 
86.1 57.1 – [181] 

TiO2-impregnated chitosan bead – – 2.10 [100] 

Fe3O4-chitosan-Polyethylenimine 

nanocomposite 
– – 77.6 [182] 

Synthesized surfactant coated 

Fe3O4 
42.37 42.55 – [61] 

  

4.5.3 Desorption Study 

A desorption study was conducted for the adsorbent MNPs used for the Pb2+ and Cd2+ adsorption 

experiments to explore the possibility of recovery and leaching of the magnetic core in acidic 

environment. The composition of the desorption solution is given in table 4–11. 
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Table 4–11: Concentration profile of desorption solution. 

Metal species Concentration (mg/L) 

Pb2+ 31.56 

Cd2+ 23.45 

Fe3+ 0.04 

 

The Pb2+ and Cd2+ concentration in the desorption solution was released from the adsorbent 

surface. The Fe3+ presence proves a very negligible amount of leaching in the weak acidic 

environment. Therefore, the   Fe3O4-SiO2-Chitosan nano–adsorbent can be sustainably used more 

than once without any damage to the magnetic core
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5 Chapter 5: Conclusion & Recommendation 

 

5.1 Concluding Remarks 

The objective of this work was to synthesize novel magnetic magnetite (Fe3O4) nanoparticles with 

chitosan–mesoporous silica coating and to evaluate their efficiency in heavy metal removal from 

water along with their recoverability via desorption. The goal was successfully achieved as the 

developed MNPs exhibited excellent adsorption capacity for lead and cadmium from water. The 

MNPs also showed potential for easy recovery via a simple desorption in weakly acidic medium 

keeping the integrity of the magnetic core. The arsenic adsorption capacity may have been 

altered due to the experimental parameter change.  

The overall synthesis process of the adsorbent was chosen to be the most feasible. Thermal 

decomposition procedure for the magnetic nanoparticle production was deemed to be the most 

suitable procedure for obtaining monodisperse MNPs. The magnetic properties of the coated 

and uncoated MNPs were sufficient for simple magnetic separation. The mesoporous silica and 

chitosan coating on the MNPs were formed fruitfully via an efficient and economically feasible 

method. The presence of the coating on the MNPs and the overall morphology and structure 

properties were determined using XRD, TEM, EDS, FTIR, VSM characterization techniques. The 

analysis of the AAS data from the adsorption experiment revealed critical information about the 

adsorption capacity and mechanism. 

This thesis work can be concluded with the following remarks- 

 Desired magnetic and morphological property was achieved in Fe3O4 nanoparticles via 

thermal decomposition procedure. 

 MNPs were successfully coated with mesoporous silica and chitosan.  

 Coated MNPs were successfully used as adsorbents for Pb2+, Cd2+, and As3+ from water 

with reversible adsorption. 

 The adsorption capacity of the adsorbent for Pb2+, Cd2+, and As3+ was 150.33 mg/g, 126.26 

mg/g, and 3.021 mg/g respectively. 
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 The coating was successful in preventing Fe leaching during recovery/desorption and 

oxidation of the magnetic core. 

 The analysis of the adsorption data represents the adsorption mechanism as monolayer 

chemisorption. 

 

5.2 Recommendations for Future Prospect 

This study has provided multiple pathways in heavy metal adsorption to be explored. Some 

possible routes for further research can be- 

 The developed adsorbent’s capacity in removing other heavy metals such as chromium 

(Cr), mercury (Hg), etc. can be studied. 

 The adsorption study of As3+ could be studied at more concentrated level to find out the 

reason of discrepancy between the adsorption capacity with Pb2+ and Cd2+. 

 The adsorbent can be used to remove heavy metals from mixed solutions containing more 

than one metal species, wastewater collected from local sources, or water collected from 

natural reserves to study the effect of multiple constituents on adsorption capacity and 

mechanism as well as the preferential order of adsorption. 

 Different magnetic nanoparticle synthesis procedures can be employed to study the 

difference in the magnetic and morphological properties of the adsorbent. 
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