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ABSTRACT 

The search for materials for purification of polluted water is growing daily with the 

advent of nanoparticles. This is particularly important because many populations of 

people in the developing countries lack clean water due to water pollution. Water 

pollutants such as heavy metals and polycyclic aromatic hydrocarbons (PAHs) are 

known to have adverse effects on humans and environment. This work investigated 

the potential of synthesized magnetoresponsive CNT-polysulfone infused polymeric 

nanocomposites (CNT-IPSF) in water purification against heavy metals and 

polycyclic aromatic hydrocarbons (PAHs) pollution. Adsorption mechanism was 

studied at constant initial Pb(II) ion concentrations, nanocomposite dosage, contact 

time, and pH. Carbon nanotubes (CNTs) with internal diameters in the range of 20-30 

nm were prepared via chemical vapour deposition (CVD) process. Magnetite and 

silica coated magnetite nanoparticles (NPs) prepared by solvothermal and sol gel 

methods respectively exhibited UV-Visible spectrometric spectra at about 395 nm and 

396 nm respectively. Successfully synthesized Fe3O4 nanoparticles exhibited FT-IR 

absorption bands at 460 and 521 cm
-1

 which ascribed for the vibrations of Fe-O bond. 

X-ray diffraction analysis of core shell NPs showed strongest peak at D(311) plane, 

characteristic of a cubic spinel structure. The core shell nanoparticles obtained 

displayed a thin hysteresis loop having saturation magnetization of 2.2 emu g
-1

 with 

ferrimagnetic property. Removal efficiency of the synthesized CNT-PSF/Fe3O4 

nanocomposite for Pb(II) ions and phenanthrenes was 69 % and 63 %  respectively 

compared to that for a commercially available activated carbon which recorded 54 % 

and 53 % respectively. Adsorption of Pb(II) ions and phenanthrenes followed pseudo-

second-order while Freundlich adsorption isotherm gave the best-fit for the two 

pollutants. Regeneration for Pb(II) ions of above 60 % and a gradual decrease in 

desorption efficiency for phenanthrenes of up to 50 % after three desorption cycles 

confirmed the reusability of the fabricated magnetoresponsive CNT-IPSF/Fe3O4 

nanocomposites. This study has developed a novel CNT-IPSF/Fe3O4 nanocomposite 

material with higher removal efficiency for water pollutants than commercially 

available activated carbon for use in water treatment. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

Providing access to safe sustainable drinking water has been identified as one of the 

most important grand challenges facing scientists in the 21st century. Currently, 

human society is facing a major hurdle in meeting rising demands of potable water as 

the available supplies of freshwater are on the decline (Bhattacharya et al., 2013). 

Many Kenyans especially in the rural areas have limited access to clean water. Due to 

continued population growth, it has been estimated that by the year 2025, Kenya‘s per 

capita water availability will be about two-thirds less than the current 650 cubic 

meters (Marshall, 2011).  

Water pollution is a threat to natural water resources especially in developing 

countries. Heavy metals and organic compounds represent a large class of pollutants 

responsible for the pollution of many potential drinking water sources around the 

world (Shannon et al., 2008). Acute and long-term toxicity of heavy metal ions to 

man and environment continues to raise major environmental concerns. Major heavy 

metals that are hazardous to human health include lead (Pb), mercury (Hg), cadmium 

(Cd), arsenic (As), copper (Cu), zinc (Zn) and chromium (Cr). Metals As and Cd are 

known to cause cancer, Hg causes mutations and genetic damage, while Cu, Pb and 

Hg cause brain and bone damage. Heavy metals can also accumulate in living tissues 

since they are non-biodegradable (Witek-Krowiak et al., 2011).   

The outflow of oil spills into water bodies is a chronic problem arising from 

continuous port activities (Tavakoly et al., 2014). Polycyclic aromatic hydrocarbons 

(PAHs) are one of the major groups of these organic contaminants (Haritash and 
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Kaushik, 2009) whose presence in drinking and surface water has generated much 

public health concern (Okoli et al., 2015). PAHs are semi-volatile contaminants that 

remain in the environment for long periods due to their high degree of conjugation 

and aromaticity (Mateen et al., 2015). As a result of their persistence in the 

environment, they have been classified as priority pollutants with well-established 

restrictive limits by most environmental regulatory agencies (Muir and Howard, 

2006).   

Presence of various organic and inorganic pollutants in the effluent calls for specific 

and effective treatment technique (Gupta et al., 2012). Several processes have been 

developed and used over the years to remove metal ions, such as chemical 

precipitation, reverse osmosis, electrolytic recovery, ion exchange or adsorption 

(Stafiej and Pyrzynska, 2007; Fu and Wang, 2011). Other approaches that utilize 

biological treatments such as membrane filtration, and adsorption processes have been 

applied in removal of organic compounds (Shannon et al., 2008). Current water 

purification techniques involve several technical challenges due to cost implications 

and are less effective in removal of trace pollutants from water.  

Nanotechnology has the potential to increase the effectiveness of the existing water 

treatment techniques at a more affordable price (Pendergast and Hoek, 2011). 

Nanotechnology is the design, characterization, production and applications of 

structures, devices and systems by controlling shape and size at nanometer scale (10
-9

 

m). It involves manipulation of materials at atomic, molecular and macromolecular 

scales, where properties differ significantly from those at a larger scale (Barth et al., 

2005). As a result, nanoparticles can be anchored onto a solid matrix such as activated 

carbon and/or zeolite for enhanced water treatment (Kim and Van der Bruggen, 
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2010). The adsorption capacity of adsorbent materials is enhanced by the availability 

of a high number of atoms or molecules on their surfaces (Dhingra et al., 2010).  

Magnetoresponsive (MR) materials are a class of smart materials that can form chain-

like structures when dispersed in a non-magnetic medium under an applied magnetic 

field (Felicia and Philip, 2012). When suspended in a non-magnetic liquid such as oil-

based fluids, the freely movable particles become polarized when an external 

magnetic field is applied and connect to the neighbouring particles aligning along 

them in the direction of the applied magnetic field. The pollutants become trapped in 

the voids between the particles; the resulting mass is readily removed from the water 

by magnetic means, after which the pollutant is separated from the particles simply by 

centrifugation.  

In recent years, much attention has been focused on the synthesis of uniformly sized 

magnetic nanoparticles. Among the magnetic nanoparticles, magnetite has attracted 

particular interest for several important medical applications such as drug delivery, 

cancer hyperthermia and magnetic resonance imaging (MRI) enhancement (Wu et al., 

2009). Incorporation of such magnetic nanoparticles into suitable polymeric materials 

can result into functionalized nanocomposites with suitable adsorptive properties for 

target pollutants during wastewater remediation.  

Carbon nanotubes, a member in carbon nanomaterials family, are molecular-scale 

tubes of graphitic carbon with outstanding properties. The bonding in carbon 

nanotubes is sp², with each atom bonded to three neighbouring atoms with the fourth 

electron being delocalized over the entire nanotube as the case for benzene giving the 

nanotube composites amazing mechanical properties (Moghaddam and Pakizeh, 
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2015). Their highly porous and hollow structure, relatively large specific surface areas 

and easily modified surfaces has stimulated a lot of research in the area of 

environmental remediation (Stein et al., 2009). CNTs have been exploited as sorbent 

materials due to their ability to form molecular complexes through non-covalent 

bonding (Gojny et al., 2005). Their high loading capacity due to larger surface area 

makes them perfect templates for self-assembly (Ünal and Niazi, 2013). CNTs can be 

incorporated into polymeric matrices by the layer-by-layer assembly method 

(Deshmukh et al., 2013). However, the use of polymers like polysulfone (PSF) has 

not been studied extensively yet. Therefore, this study focused on the fabrication and 

characterization of a novel magnetoresponsive CNT-IPSF/Fe3O4 nanocomposites 

consisting of multiwalled carbon nanotubes-polysulfone (CNT-PSF) polymer and 

silica-coated magnetite (SiO2·Fe3O4) nanoparticles for water purification.  

1.2 Statement of the Problem 

Water pollution is mainly caused by discharge of industrial effluent with significant 

amounts of heavy metals and oil spills into water bodies (Verstraete et al., 2009). 

Heavy metals have several effects on man such as nausea and vomiting (Cd), lung 

damage (Pb) and blood pressure (Hg). Polycyclic aromatic hydrocarbons (PAHs) are 

a major component of oil spills with serious effects on man such as cataracts 

(anthracene), liver and kidney damage (phenanthrenes), and destruction of red blood 

cells (nanphthalene).  

Cattle grazing along highway road and nearby rivers/streams have their milk 

contaminated with heavy metals and PAHs from oil spill (Trombulak and Frissell, 

2000). The recent lead poisoning by emission of toxic fumes from nearby metal 

refineries EPZ Ltd was reported on the Owino-Uhuru community in Mombasa. 
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Untreated waste water from the plant spilled into streams which residents used for 

washing and cooking. Children living nearby developed fevers and stomach problems 

and pregnant women had miscarriages and stillbirths (Kamonji, 2012).  

Major conventional methods employed in removal of these pollutants include 

membrane filtration and separation, reverse osmosis, ion exchange, and 

physical/chemical treatment. However, these are faced with several technical 

challenges such as cost, expertise and reuse that reduce their usability in removing 

low concentration contaminants from water (Shannon et al., 2008). A search for 

materials with specific properties that can significantly remove nanoscale pollutants is 

therefore a priority. The focus of this work was to develop nanomaterials and use 

them in fabricating nanocomposites with suitable properties to be used in water 

purification.  

1.3 Justification 

This study aimed at fabricating CNT-IPSF/Fe3O4 nanocomposites from CNTs and 

silica coated magnetite nanoparticles for removal of heavy metals and PAHs from 

polluted water. This is because the commercially available materials such as activated 

carbon are less efficient in removing trace levels of water pollutants. Nanomaterials 

such as carbon nanotubes have delocalized electrons that can remove PAHs through 

π-π interactions while the metal ions can be removed by ion exchange interaction on 

positively charged magnetite nanoparticles. The fabricated CNT-IPSF/Fe3O4 

nanocomposites have nanosized particles of CNTs and core shell nanoparticles 

incorporated into a matrix of standard material with drastic improvement in properties 

such as mechanical strength, toughness, electrical or thermal conductivity. These 

materials are fabricatable and readily available for use on individual level. 
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1.4 Hypothesis 

CNT-IPSF/Fe3O4 nanocomposites are efficient adsorbents in the removal of both 

heavy metals and polycyclic aromatic hydrocarbon (PAHs) pollutants from 

contaminated water 

1.5 Objectives 

1.5.1 General Objective 

To fabricate and characterize novel magnetoresponsive CNT-IPSF/Fe3O4 

nanocomposites consisting of carbon nanotube infused polysulfone (CNT-IPSF) 

polymer and silica-coated magnetite (SiO2·Fe3O4) nanoparticles and investigate their 

application in water purification. 

1.5.2 Specific Objectives 

i) To fabricate and characterize CNT-IPSF/Fe3O4 nanocomposite from CNT-

IPSF polymer and SiO2·Fe3O4 nanoparticles  

ii) To investigate the efficiency of the CNT-IPSF/Fe3O4 nanocomposites in 

the removal of Pb
2+

 ions and Phenanthrene  

iii) To investigate the feasibility for regeneration of the nanocomposite for 

reusability. 

1.6 Significance of the Study  

Kenya is a developing country with its development agenda outlined in the Vision 

2030 blue-print. The government of Kenya‘s strategy for water resources is to reduce 

wastewater pollution by improving technology on wastewater management. However, 

it still incurs costs combating waterborne diseases in many parts of the country 

(Corcoran, 2010). Development of new technologies towards new adsorbents for 
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water purification still attracts a lot of interests from industrial partners to fill the gap. 

This study aimed at developing a new nanocomposite material that has ability to 

remove both organic and inorganic water pollutants from wastewater during water 

purification. Therefore: 

i) The findings of this study adds to the existing body of scientific 

knowledge on the fabrication of polymeric composites using non-toxic 

magnetite coated with silica as a surface functionality for attachment by 

polymer. These materials have proven effective in removal of organic 

pollutants (such as polycyclic aromatic hydrocarbons) and heavy metal 

ions (such as lead (II) ions).  

ii) The fabrication, characterization and optimization of CNT-IPSF/Fe3O4 

nanocomposites is important since these smart materials will find potential 

application in both large and small scale water purification through the use 

of nanotechnology.  

iii) This research leads to preparation of a novel nanostructured adsorbent 

membrane system with higher efficiencies than locally available materials 

for the treatment of wastewater at the point of use (POU) for safe drinking 

iv) This study also advances scientific knowledge on fabricating fibrous 

materials for use in other manufacturing and industrial processes. 

1.7 Scope and Limitations of the Study  

This study fabricated CNT-IPSF/Fe3O4 nanocomposites from synthesized carbon 

nanotubes and magnetite silica nanoparticles. These materials were used to investigate 

the removal of lead (II) ions and phenanthrenes from water as they are the most toxic 

pollutants on the US Environmental Protection Agency (EPA) list of priority 



8 

 

pollutants. The study investigated the removal of lead (II) ions and phenanthrenes and 

not a whole range of heavy metals and polycyclic aromatic hydrocarbons (PAHs). 

The co-existence of heavy metals (HMs) and polycyclic aromatic hydrocarbons 

(PAHs) is very common in contaminated environments (Ma et al., 2014). Combined 

effects in organisms from co-exposure to heavy metals and PAHs have therefore been 

a subject of observational and experimental studies (Sigel et al., 2011). It is of 

paramount importance to exploit bioremediation to remove PAHs with combined 

pollution in these environments  

Lead was selected as metal pollutant because of its toxicity and affecting fundamental 

biochemical processes e.g. inhibiting actions of calcium and interacting with proteins 

(Patrick, 2006). Continued exposures can cause a toxic stress on the kidney and can 

inhibit body's ability to produce hemoglobin by interfering with several enzymatic 

steps in the heme pathway. Lead interferes with a hormonal form of vitamin D, which 

affects multiple processes in the body, including cell maturation and skeletal growth. 

Lead exposure may contribute to hypertension and may also diminish sperm 

concentrations leading to total sperm motility.  

Phenanthrene is a low molecular weight, 3-ring polyaromatic hydrocarbon (PAH), 

and a toxic pollutant pursuant to Clean Water Act (Cohen, 2000). Researchers have 

reported increased incidences of skin, lung, bladder, liver, and stomach cancers. 

Phenanthrene can affect the immune systems and also produce reproductive, 

neurologic, and developmental effects. Phenanhrene coexists with other organic 

compounds such as alkyl PAHs which are highly toxic (Andersson and Achten, 

2015). Some alkyl PAHs tend to be less volatile than parent compound PAHs while 

others tend to bioaccumulate to a greater degree. This necessitates its removal before 
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it can undergo further reactions to form complex PAHs compounds which would 

otherwise be difficult to remove.  

Acetylene/argon flow rate was limited to 8 cm
3
/min and 1 cm

3
/min respectively. 

Synthesis of carbon nanotubes (CNTs) was done by CVD within working temperature 

range of 600-700 °C suitable for multiwalled CNTs. The efficiency of the CNT-

IPSF/Fe3O4 nanocomposites in removal of Pb(II) ions and phenanthrenes was only 

compared to that of other Fe3O4 based adsorbents. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

This chapter underscores useful properties of specific nanomaterials used in 

fabricating CNT-IPSF/Fe3O4 nanocomposites. It examines the synthetic methods for 

carbon nanotubes and magnetic iron oxides as components of the nanocomposite. 

Various functionalization techniques are discussed in relation to improving their 

properties. This is followed by a description of working principles of the relevant 

equipment employed. It concludes with a summary of key knowledge issues, 

controversies in literature and how the research gaps were addressed by the research 

study.  

2.2 Fabrication of Nanocomposites 

Polymer matrix based nanocomposites have generated a significant attention in the 

area of nanotechnology, due to decrease of particle dimension to nanoscale. 

Nanocomposites are a class of materials in which one or more phases with nanoscale 

dimensions (0-D, 1-D, and 2-D) are embedded in a metal, ceramic, or polymer matrix 

(Kuchibhatla et al., 2007). Addition of the nanoscale second phase creates a synergy 

between the various constituents, thus achieving design expectations. The matrix 

material and interactions between the matrix and the second phase determines the 

properties of nanocomposites. The second phase (usually a few percent by weight, 

wt%), which is dispersed within the matrix, has nanoscale dimensions. The interface-

to-volume ratio is significantly higher than in conventional composites due to 

nanoscale size of the reinforcing phase (Zhang et al., 2010). This reduces the volume 

fraction of the second phase without degradaing the desired properties. 
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There are three categories of nanoscale reinforcing phase, namely, nanoparticles (0-

D), nanotubes (1-D), and nanoplates (2-D). Particle size and distribution plays a great 

role in the case of nanoparticles. The type of nanoparticles added alters mechanical, 

electrical, optical, and thermal properties of polymer nanocomposites. The smaller 

size of nanoparticles is responsible for composites‘ reinforcement through improved 

toughness and strength (Fu et al., 2008). However, agglomeration of nanoparticles 

should be prevented at all costs as small levels of agglomeration decrease the strain-

to-failure by several tens of percent.  

The nanoparticles should be as small as possible while the index of refraction should 

remain as similar as possible to the matrix in order to achieve transparency. Excellent 

use of nanoparticles in polymer nanocomposites through controlled refraction index 

can be achieved by tailoring the volume fraction of nanoparticles (Althues et al., 

2007). This behavior has been shown in polyethylene polymer films filled with silver 

nanoparticles. The addition of nanoparticles of silica to polyimide has been used to 

control the transmittance in these nanocomposites.  

Studies on the current wastewater treatment technologies have shown limitations in 

providing adequate water quality for human needs (Malato et al., 2009). More 

effective, lower cost, robust methods to decontaminate water from source to point-of-

use, without further endangering the environment or human health are needed. 

Although membrane processes can be applied in small-scale water treatment systems, 

they can become clogged in the event that such water is not initially filtered 

(Gadipelly et al., 2014). Maintenance can be generally expensive due to regular 

replacement of these membranes as may be required.  
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Modern conventional water treatment plants are mainly characterized by a high 

degree of mechanization and automation. Improved water treatment techniques are 

vital for effective removal of emerging contaminants. Appropriate, relevant and 

sustainable technology which is economically friendly needs to be developed in 

regard to sustainable water technologies (Epstein and Buhovac, 2014). 

Implementation of such technology needs the cooperation from governments and 

stakeholders in order to harness any meaningful benefits. 

2.3 Nanomaterials 

In the past decade, the study of nanomaterials has received particular interest from 

various researchers due to their exceptional features and properties (Callister and 

Rethwisch, 2012). Nanomaterials‘ volume influences the number of atoms present on 

nanomaterial surface, i.e. an excitation of surface atoms results into a blue shift in 

optical absorption spectra, with a higher number of atoms being reduced. 

Nanomaterials exhibit very important properties based on the nanoparticles which 

they are composed of (Sanchez et al., 2011). Unique property of these nanomaterials 

is that most of the atoms have high chemical activity and adsorption capacity to many 

metal ions on the surface of the nanomaterials (Ray, 2010). The surface atoms are 

unsaturated and are thus subject to combination with other element ions by static 

electricity. This leads to attachment of lighter metal ions and charged organic 

molecules onto the nanometerials surface. Although there are many classes of 

nanomaterials (NMs) (Figure 2.1), main focus was on carbon nanomaterials, 

nanoparticles and polymeric nanocomposite formation due to their relevance to this 

study. 
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Figure 2. 1 Classification of nanomaterials (Berube et al., 2011) 

2.3.1 Carbonaceous Nanomaterials (CNMs) 

Carbon nanotubes are made of hollow graphitic layers of graphene sheets which are 

of two types: the single walled carbon nanotubes (SWNTs) and the multiwalled 

carbon nanotubes, (MWCNTs) (Figure 2.2) (Trojanowicz, 2006). The lengths and 

diameters of SWCNTs and MWCNTs are in the orders of several micrometers and 

nanometers respectively.  
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Figure 2. 2 Illustrations of (a) SWCNTs and (b) MWCNTs (Trojanowicz, 2006) 

Carbon nanotubes (CNTs) have been proved as better adsorbents than activated 

carbon for removal of many heavy metals (Alslaibi et al., 2013). Due to the multilayer 

nature of MWCNTs, the outer walls shield the inner carbon nanotubes from chemical 

interactions with outside substances (Aliofkhazraei et al., 2016). Under high 

compressive forces, MWCNTs can bend, twist, and finally buckle without significant 

damage. They can withstand high temperatures (750 − 2,800 °C) as a result of their 

strong atomic bonds. In fact, carbon nanotubes may possess many pores which act as 

hosts to incoming pollutant molecules.  

The structure of carbonaceous materials consists of well-defined energy or band gaps 

separating the valence and conduction bands (Wei et al., 2009). The adsorption of 

incoming molecules into the carbonaceous materials results in their high aspect ratios. 

Furthermore, creation of a large number of inter-tubular spaces acts as suitable sites 

for adsorption. This leads to high mass transfer due to strong solute-sorbent 

interactions leading to fast adsorptions. The release of such adsorbates by solvent 

washing has the advantage of its relative simplicity with no effect of diffusion.  
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Strong capillary forces in nanotubes may allow for interactions between CNTs and 

target pollutants through either van der Waals attractive forces or dipole−induced-

dipole interactions (Zare et al., 2015) and can facilitate adsorbents orientation for the 

sorbate molecules. The CNTs removes many of the polar pollutants due to the pi-pi 

(π-π) interactions, hydrogen bonding, covalent bonding, and electrostatic interactions. 

The 𝛑 electron rich CNT surface allows 𝛑-𝛑 interactions with organic molecules 

having C=C bonds or benzene rings, such as polycyclic aromatic hydrocarbons 

(PAHs). Organic compounds which have -COOH, -OH, -NH2 functional groups could 

also form hydrogen bond with the graphitic CNT surface (Peng et al., 2012). The 

hydrogen bonds of the interfacial organic molecules form between the first two layers 

of the double-layer structure and also within each layer. This hydrogen-bond network 

is confined within the double layer, which means that no ―dangling hydrogen bonds‖ 

appear on the surface of the double-layer structure. This formation of hydrogen bonds 

stabilizes the double-layer structure and makes its surface hydrophobic hence 

graphene surface is perfectly wettable on the atomic scale and becomes hydrophobic 

once it is covered by this double layer of organic molecules (Akaishi et al., 2017). 

2.3.2 Synthesis of Carbon Nanotubes (CNTs)  

There exist three major categories of techniques for synthesizing carbon nanotubes: 

the laser ablation, catalytic arc discharge, and CVD (Harris, 2009). A number of 

carbon sources such as acetylene, ethylene, propylene, methane, benzene, toluene etc. 

or other carbon feedstock are heated to higher temperatures in argon atmosphere in 

presence of a catalyst. The catalyst material usually in solid form is placed on ceramic 

crucibles inside the furnace before heating. Decomposed carbon species dissolve in 

the metal nanoparticles until supersaturation is reached followed by carbon 

precipitation.  
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Chemical vapour deposition CVD method allows synthesis of CNTs giving a variety 

of forms, such as powder, thin or thick films aligned or entangled straight or coiled 

nanotubes at predefined sites on a substrate (Szabó et al., 2010). Chemical vapour 

deposition has better control over growth parameters than other synthesis methods. 

Carbon source, catalyst and growth temperature are the three main parameters for 

CNTs synthesis in the CVD. Multiwalled carbon nanotubes (MWCNTs) are formed at 

low-temperature (600–900 °C) while single walled carbon nanotues (SWCNTs) form 

at higher temperature (900–1,200 °C). Transition metals such as Fe, Co, Ni are the 

most commonly used catalysts for CNTs growth. Argon is used to provide the inert 

atmosphere. 

The main impurities in CNTs synthesis is the nontubular carbons (NTCs) which form 

alongside the desired CNTs (Fan et al., 2006). Several oxidation purification methods 

such as acid treatment are employed to remove the impure NTCs. More importantly, 

these procedures generate oxygen-containing functional groups, for example OH, 

C=O, and COOH, which increase the polarity, hydrophilicity, and ion-exchange 

capability of the CNTs. However, CNT fragmentation limits any given acid-oxidation 

procedure. Dispersion of the CNTs agglomerates using high ultrasonic power 

contributes towards undesired fragmentation. 

2.3.3 Functionalization of CNTs 

Many nanomaterials with distinct external functionalization features are desirable due 

to enhancement of their surface properties for excellent adsorption studies 

(Gorjizadeh and Kawazoe, 2010). Attachment of functional groups onto the 

nanomaterials induces unique characteristics to the adsorbents such as high selectivity 

and rapid desorption (Khajeh et al., 2013). The interactions of nanomaterial‘s surface 
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with the analytes of interest through attachment of various moieties lead to improved 

hydrophilicity or polarity of adsorbent. Amino and oxygen groups are known to 

coordinate to transition metals via electrostatic interactions. Velickovic et al. (2013) 

functionalized MWCNT with ethylenediamine by amide bond formation via the 

carboxyl groups on the oxidized CNT surface (Figure 2.3) and quantified Cd(II) 

uptake from water samples (Veličković et al., 2013).  

Figure 2. 3 CNTs functionalization process (Spitalsky et al., 2010) 

The oxidation of CNTs can introduce functional groups such as hydroxyl, carboxyl, 

and carbonyl groups on the CNTs surface (Abuilaiwi et al., 2010). Examples of such 

oxidizing agents are nitric acid, hydrogen peroxide, potassium permanganate e.t.c. 

The oxidation of CNTs leads to their increased surface area through removal of 

impurities and the attachment of oxygen-containing functional groups. During such 

oxidation processes, the end tips open up creating more surface defects which makes 

such point to be active sites for further reactions (Musameh et al., 2011). The creation 

of active sites leads to formation of surface charge which is determined by the pH and 

ionic strength of the solution (Xu et al., 2005). In fact, the determination of pH at 

point of zero charge (pHPZC) provides information on whether a nanomaterial will 

adsorb at lower or higher pH than the pHPZC.  
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2.4 Nanoparticles (NPs) 

The nature of nanoparticles largely depend on their independent compositions and 

dependent surface structures (Sun et al., 2012). The physical and chemical properties 

of nanoparticles usually deviate from those in their bulk form due to a decrease in 

their particle sizes. Furthermore, many of the atoms exist on or near their surfaces 

(Kucki et al., 2013).  

2.4.1 Magnetic Nanoparticles 

Properties of magnetic nanopartcles are determined by many factors such as the 

chemical composition, the type of the crystal lattice, the particle size and shape, the 

morphology (for structurally non-homogeneous particles), the interaction of the 

particle with the surrounding matrix, and the neighboring particles (Baaziz et al., 

2014). By manipulating nanoparticle size, shape, composition and structure, the 

magnetic characteristics of the material can greatly be controlled. The use of iron 

oxide MNPs has found extensive applications in a variety of fields. Both forms of iron 

oxide nanoparticles, Fe3O4 (magnetite) and Fe2O3 (maghemite), have 

superparamagnetic properties (Qu et al., 2013). Such nanoparticles easily respond to a 

magnetic field, but after the field is removed no magnetic property remains due to 

negligible remanence and coercivity.  

Such property is suitable in many separation applications in which there is no 

possibility of agglomeration. Providing shell around magnetic nanoparticles protects 

them against degradation (Lu et al., 2007). Magnetic separation is achieved through 

mixing particles with affinity to target species within the heterogeneous solution. 

External magnetic fields are then applied to separate the tagged particles from the 

solution.  
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2.4.2 Nanoparticles as Adsorbents 

Nanoparticles with sizes of between 1−100 nm find key applications in many research 

fields such as chemistry and material sciences (Mahmoudi et al., 2011). The use of 

metal and metal oxide nanoparticles as conventional sorbents in separation techniques 

has resulted in excellent morphological properties for adsorption purposes (Ren et al., 

2011). The high surface area of magnetic nanoparticles makes them suitable sorbents 

in separations using applied magnetic field (Ghosh and Paria, 2011). However, it 

should be pointed out that pure inorganic nanoparticles (such as Fe3O4 and Fe2O3) can 

easily form large aggregates, which may alter their magnetic properties. Modification 

of nanoparticle surface via organic chelating groups greatly minimizes aggregate 

formation (Li et al., 2011). 

2.5 Synthesis of Iron Oxides Nanoparticles 

During the last few years, a large portion of the published articles have described 

efficient routes towards attaining shape-controlled, highly stable, and narrow size 

distribution magnetic nanoparticles (MNPs) (Khandhar et al., 2012). Magnetite 

(Fe3O4) or its oxidized form maghemite (γ-Fe2O3) are by far the most commonly 

employed nanoparticles that possess Fe
3+

 cations occupying tetrahedral sites and 

octahedral sites of a cubic inverse spinal structure in an ‗fcc‘ closed packing (Umut, 

2013). In this section, a number of synthetic methods and their mechanisms are 

discussed.  

2.5.1 Solvothermal Method 

A solvothermal process is a chemical reaction (or a transformation) between 

precursor(s) in a solvent (in a close system) at a temperature higher than the boiling 

temperature of this solvent and under high pressure (Figure 2.4). The solvothermal 
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method is almost identical to the hydrothermal method except that the solvent used 

here is non-aqueous. The temperature can be elevated much higher than that in 

hydrothermal method. The solvothermal method normally has better control than 

hydrothermal method in terms of the size and shape distributions, and the crystallinity 

of the nanoparticles.   

 

Figure 2. 4 Set-up for solvothermal process 

A typical synthesis procedure involves hydrolysis of Fe
3+

 salt followed by addition of 

ethylene glycol to form Fe(OH)2 and finally reacting the Fe(OH)2 formed with 

Fe(OH)3 to form Fe3O4 as shown by equations 2.1 - 2.3 (Tian et al., 2011); 

                     …………………………………….. .2.1 

                                         ……. 2.2 

                             ……………………… 2.3 

The Fe3O4 fine particles prepared had a better crystallinity and highly uniform sizes. 

The advantage of this method is that the size of the synthesized magnetite 
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nanoparticles can be controlled easily through adjusting reaction temperature in the 

ethylene glycol.  

2.5.2 Sol Gel Process  

Sol-gel process is a wet chemical process for the synthesis of colloidal dispersion of 

inorganic and organic inorganic hybrid materials (Brinker and Scherer, 2013). In the 

sol-gel method, sols are formed by the addition of organic molecules (OMs) to Fe(III) 

ions colloidal dispersions. The Fe3O4 is finally formed by some thermal treatment of 

the concentrated solution (gel) obtained. A simple scheme of sol-gel method for iron 

oxides synthesis is shown in figure 2.5.  

 

Figure 2. 5 Flow diagram of the sol gel process 

The precursors can be hydrolyzed by an acid or base besides using water as solvent. 

The formation of a polymeric form of the gel is induced by acid catalysis at room 

temperatures. The final crystalline state of the product is obtained by further heat 

treatment (Equations 2.4 - 2.5);  
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→                   

   …………………………. 2.4 

          
         
→        

           

               

→                  …………………….. 2.5 

The synthesis of metal oxides by sol-gel synthesis has proven extremely versatile 

since it allows the formation of a large variety of metal oxides at relatively low 

temperatures. The main advantages of sol-gel process are (i) pure, monodispersed 

materials with a predetermined structure are obtained, (ii) the particle size and its 

microstructure are well controlled, and (iii) the ability of the embed molecules to 

maintain their stability and properties within the sol-gel matrix. 

However, this method leads to generation of a 3-D oxide networks which limits its 

efficiency during the formation of independent, disconnected nano sized particles 

(Ochanda et al., 2009).  

2.5.3 Co-Precipitation  

Co-precipitation is the formation of precipitates at higher temperatures through 

addition of an alkali e.g. ammonium hydroxide to a mixture of soluble Fe
2+

 and Fe
3+

 

ions salts. Iron oxides (Fe3O4 or γ-Fe2O3) are usually prepared by addition of alkali to 

iron salt solutions and keeping the suspensions for ageing. The hydroxylation of the 

ferrous and ferric ions under anaerobic conditions at pH > 8 leads to the formation of 

black precipitates of the Fe3O4 MNPs (Jolivet et al., 2004). The main reactions taking 

place in the formation of black Fe3O4 MNPs is outlined in equations 2.6 - 2.9;   

                   ………………………….2.6 

                 …………………………2.7 
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                  ………………………….2.8 

                          …………...2.9 

The above reactions take place very fast and the black crystals form immediately 

upon addition of the FeOOH. It is required that the whole process takes place in the 

absence of air/oxygen to prevent the synthesized crystals from oxidation into ferric 

hydroxide (γ-Fe2O3). In order to produce good, uniform and monodispersed 

nanoparticles, it is necessary to avoid nucleation during growth process (Ziegler and 

Eychm ller, 2011). 

Co-precipitation process takes advantage of the large amount of nanoparticles 

synthesized at the end of the process. This technique is the simplest and most efficient 

chemical pathway to obtain iron oxide nanoparticles despite the fact that the control 

of particle size is limited since kinetic factors are controlling the growth of the crystal. 

The low-temperatures applied in co-precipitation method together with well 

controlled nanoparticle sizes gives this method an added advantage against other 

conventional powder synthesis techniques (Nidhin et al., 2008). This process leads to 

production of  ultrafine particles with high-purity (Chen et al., 2005).  

Magnetite nanoparticles are known to have higher surface to volume ratios leading to 

high surface energies. This results in minimization of their surface energies through 

particle aggregation. Moreover, magnetite core nanoparticles are susceptible to loss of 

some magnetism through oxidation. In many cases, such side reactions are avoided by 

providing inert shell on the core nanoparticles to maintain the stability of the 

synthesized magnetic iron oxide NPs. Silica coating has shown success in providing 

such protective layer around the nanoparticles in addition to further functionalization 
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for the core shell nanoparticles (Wu et al., 2009). The other problem of nanoparticles 

is aggregation which normally affects dispersibility of the nanoparticles. Surfactants 

such as oleic acid employs the strong chemical bond between the carboxylic acid in 

oleic acid and the amorphous layer of the iron oxide nanoparticles to stabilize the 

nanoparticles (Wu et al., 2004).  

2.5.4 Thermal Decomposition 

Thermal decomposition, or thermolysis, is a process by which a compound 

chemically decomposes by breakdown of chemical bonds in its structure. Much 

success in synthesizing Fe3O4 nanoparticle with controlled size has only been 

achieved through thermal decomposition. The decomposition of Fe(acac)3 (acac-

acetylacetonate), or Fe(CO)5 followed by oxidation can lead to high-quality 

monodispersed iron oxide NPs at relatively higher temperatures. Some attempts have 

been made towards replacing Fe(CO)5 with iron acetylacetonate [Fe(acac)3] since 

Fe(CO)5 is very expensive and toxic. The production of Fe3O4 nanoparticles produced 

in this case were of narrow size distribution (Sun et al., 2004). The synthesis of 

nanoparticles with narrow diameter distribution, high saturation magnetic moment 

and magnetic stability using non-toxic chemicals has been a challenging task which is 

possible with thermal decomposition method.   

2.5.5 Microemulsion  

Microemulsion method involves dispersion of two immiscible phases especially a 

hydrocarbon and water in the presence of a surfactant (McClements, 2012). At the 

interface between the oil and water, the hydrophobic and the hydrophilic tails of the 

surfactant molecules dissolve in the oil phase and aqueous phase respectively.  Some 

of the surfactants employed in this process are sodium lauryl sulfate, triton X, and 
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polyethylene glycol (Vidal et al., 2006). The exchange of reactants between the 

phases is facilitated by the dispersion of water/oil droplets in a continuous phase 

(Dong et al., 2002). There are three specific classes of droplet type microemulsions: 

oil-in-water (o/w, meaning spherical oil droplets dispersed in water), water-in-oil 

(w/o, i.e. spherical water droplets dispersed in oil) and water-in-supercritical carbon 

dioxide (w/sc-CO2 which stands for water droplets dispersed in supercritical carbon 

dioxide). Many metal oxide nanoparticles like SiO2, GeO2, TiO2 and Fe2O3 have been 

synthesized using the microemulsion route (Figure 2.6).  

Figure 2. 6 Flow diagram for microemulsion process 

Microemulsion has been proved as an efficient route for nanoparticles synthesis. 

Hexagonal nanostructured hematite has been synthesized by mixing FeCl3 and 

NH4OH overnight in microemulsion systems in order to achieve equilibrium. 

However, expensive oils and surfactants coupled with low yield, and difficult in 

removal of product from the emulsion are some of the disadvantages of this method 

(Tavakoli et al., 2007). The aggregation of the produced NPs can be eliminated 

through several washing processes and further stabilization treatments.  
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2.5.6 Hydrothermal Synthesis 

Hydrothermal synthesis is a method of crystallizing substance in a sealed container 

(autoclave) from high temperature aqueous solution (130 to 250 °C) at high vapour 

pressure (0.3 to 4 MPa) (Ahmad and Phul, 2015). At elevated temperatures, reactants 

dissolve forming fluids with different physico-chemical properties. A simple 

hydrothermal route for hematite synthesis involves reaction of ammonium ferrous 

sulfate with hydrazine hydrate in a Teflon lined autoclave of 200 ml capacity at pH of 

3-5 as shown in equation 2.10;   

                
      
→                      

     
→              … 2.10 

The simplicity and versatility coupled with the possibility of synthesized 

nanoparticles exhibiting good morphology and percent yield are some of the 

advantages of this method (Lu et al., 2007). Such process leads to formation of 

nanoparticles with diameters of 27 nm and a saturation magnetization of 20 emu g
-1

 at 

room temperature. 

2.5.7 Sonochemical Synthesis  

This is a chemical reaction driven by intense ultrasonic waves, which are strong 

enough to cause dissolution, oxidation and hydrolysis. Ultrasonic irradiation of 

aqueous liquids generates free H
+ 

and OH
- 
radicals. These radicals can recombine to 

produce H2 and H2O2. These resultant strong oxidants and reductants in turn are 

utilized during various sonochemical reactions (Equations 2.11 – 2.14) in aqueous 

solutions (Bang and Suslick, 2010);  

           …………………………… 2.11 

        ………………………………... 2.12 
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            …………………………. 2.13 

               
          

  …………………. 2.14 

                                               
   (Equation 2.15 – 16); 

                     ……………….. 2.15 

                          ……….2.16 

The set-up for sonochemical experiments is shown in figure 2.7. 

 

Figure 2. 7 Set-up for Sonochemical process 

Vijayakumar et al. (2000) reported a sonochemical synthetic route for preparing the 

pure nanometer-size Fe3O4 powder with particle size of 10 nm (Vijayakumar et al., 

2000). The prepared Fe3O4 NPs had very low magnetization value of 1.25 emug
-1 

at 

room temperature revealing their superparamagnetic property. Wu et al. (2008) has 

recently developed a sonochemical synthetic method for preparing amorphous 

nanoscopic iron oxide by sonolysis of Fe(acac)3 under Argon. This process produced 

nanoparticles with high magnetization values (Wu et al., 2008). 
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Although these methods have their successes, they have low control over particle 

shape and sizes. Furthermore, the synthesized nanoparticles suffer from aggregation 

and oxidation. In the following section, various methods for functionalizing iron 

oxide NPs are discussed.  

2.6 Functionalization of Iron Oxides Nanoparticles  

2.6.1 Silica Coated Nanoparticles  

Coating magnetic nanoparticles with silica via sol-gel approach has shown progress in 

the synthesis of magnetic nanoparticles. Silica is a material that is widely used in 

many sample preparations due its chemical inertness which protects the magnetic core 

from leaching in acidic environment. Silica is also capable of forming abundant 

silanol groups on its surfaces making it hydrophilic, a necessity in further 

modifications (Zhang and Zhao, 2009). Finally, the modified nanoparticles are able to 

provide more adsorptive sites for rapid and quantitative adsorption of Cd
2+

, Cu
2+

, 

Hg
2+

, and Pb
2+

 ions. The silica particles are used to synthesize the core shell 

nanoparticles using modified Stöber approach (Figure 2.8). The amount of silica 

content added and the reaction process determines the thickness of the shell on the 

core particles.  
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Figure 2. 8 Formation of Core shell NPs 

In this study, preparation of magnetic nanoparticles was followed by silica coating 

around the magnetic nanoparticles by hydrolysis and condensation of tetraethyl 

orthosilicate (TEOS). 

2.6.2 Surfactants Coated Nanoparticles  

Surfactants are amphiphilic molecules composed of a hydrophilic or polar moiety 

known as head and a hydrophobic or nonpolar moiety known as tail. The surfactant 

molecules form aggregates known as micelles in water. The hydrophillic ends of a 

micelle point into the interior of water while the hydrophobic end remains on the 

surface (Figure 2.9).  

 

Figure 2. 9 Illustration of surfactant action 
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The hydrophobic effect and repulsive force are the main forces associated with 

surfactants (Oh and Park, 2011). Adsorption onto surfactant surfaces or interfaces 

significantly improves their surface or interfacial free energy. Surfactants such as 

oleic acid (CH3(CH2)7CH=CH(CH2)7CO2H) forms a bulk protective monolayer and 

highly uniform particles during synthesis of ferrite nanoparticle. Water-soluble Fe3O4 

nanoparticles surrounded by polyethylene glycol (PEG) have also been synthesized in 

aqueous medium (Mukhopadhyay et al., 2011).  

2.7 Formation of Nanocomposites 

The performance of membrane systems is largely decided by the membrane material 

(Gan et al., 2006). Improved mechanical and thermal stability of the membrane can be 

realized through incorporation of functional nanomaterials into their structures. 

Formation of non-covalent interactions by the CNTs with many molecules has opened 

more research in the utility of such orientations in complexes. In particular, nano-

sized inorganic material-blended composite membranes are attractive because of their 

enhanced properties, such as high selectivity, higher hydrophilicity, and enhanced 

fouling resistance(Karşı, 2014).  

Dispersion of CNTs in a polymer solution could be very difficult to achieve due to the 

strong van der Waals interactions between them (Han and Fina, 2011). However, the 

homogenous dispersion can be realized by various CNTs functionalization schemes. 

Covalent functionalization of CNTs by strong acids inevitably generates defects on 

the walls of CNTs which degrades its electrical properties (Banerjee et al., 2005). 

Non-covalent functionalization of CNTs using polysulfone polymer overcomes these 

limitations. Polysulfone molecules are planar conjugates with sp
2 

hybridized 

structures and they can disperse CNTs easily through π-π interactions.  
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Polysulfones are members of thermoplastic polymers known for their toughness and 

stability at high temperatures (Mallick, 2007). They contain the sub-unit aryl-SO2-

aryl, the defining feature of which is the sulfone group (Figure. 2.10). Polysulfone 

allows easy design and preparation of membranes, with reproducible properties and 

controllable size of pores down to 40 nanometers. However, it has low resistance to 

some solvents and undergoes weathering; which can be offset by adding other 

materials into the polymer. 

 

Figure 2. 10 Polysulfone polymer 

Incorporation of inorganic nanoparticles into polymeric system can enhance 

mechanical and thermal stability of polymeric membranes, reducing the negative 

impact of compaction and heat on membrane permeability. Silver nanoparticles have 

been doped or grafted on surface of polymeric membranes to inhibit bacterial 

attachment and biofilm formation (Hajipour et al., 2012). Addition of oxidized 

MWNT at low weight percentage (up to 1.5 wt. %) also increases the hydrophilicity 

and permeability of polysulfone membranes (Tang et al., 2009). The strong 

adsorption and magnetic separation are the advantages of such CNTs-magnetite 

nanocomposites.  
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2.8 Analytical Techniques 

2.8.1 Scanning Electron Microscopy (SEM) 

A scanning electron microscope (SEM) is a type of electron microscope that produces 

images of a sample by scanning over it with a high energy focused beam of electrons 

(Goldstein et al., 2012). The electrons interact with electrons in the sample, producing 

secondary electrons, back-scattered electrons, and characteristic X-rays that can be 

detected and that contain information about the sample's surface topography and 

composition (Figure 2.11). The electron beam is generally scanned in a raster scan 

pattern, and the beam's position is combined with the detected signal to produce an 

image. The electron beam can be focused to a spot approximately 1 nanometer in 

diameter, and microscopes are able to resolve details ranging from 1–20 nm in size. 

To avoid accumulating charge on the surface, samples must be electrically 

conductive; but nonconducting samples are often coated with an ultrathin coating of 

metal.  

The types of signals produced by a SEM include secondary electrons, back-scattered 

electrons (BSE), characteristic X-rays, light (cathodoluminescence), specimen current 

and transmitted electrons. The signals result from interactions of the electron beam 

with atoms at or near the surface of the sample. In the most common or standard 

detection mode of secondary electron imaging (SEI), the SEM can produce very high-

resolution images of a sample surface, revealing details less than 1 nm in size (Figure 

2.11). 
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Figure 2. 11 Schematic Diagram of a SEM 

Due to the very narrow electron beam, SEM micrographs have a large depth of field 

yielding a characteristic three-dimensional appearance useful for understanding the 

surface structure of a sample.  

A wide range of magnifications is possible, from about 10 times to more than 500,000 

times. Back-scattered electrons (BSE) are beam electrons that are reflected from the 

sample by elastic scattering. BSE are often used in analytical SEM along with the 

spectra made from the characteristic X-rays, because the intensity of the BSE signal is 

strongly related to the atomic number (Z) of the specimen. BSE images can provide 

information about the distribution of different elements in the sample. For the same 

reason, BSE imaging can image colloidal gold immuno-labels of 5 or 10 nm diameter, 

which would otherwise be difficult or impossible to detect in secondary electron 

images in biological specimens. Characteristic X-rays are emitted when the electron 

beam removes an inner shell electron from the sample, causing a higher-energy 

electron to fill the shell and release energy. These characteristic X -rays are used to 
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identify the composition and measure the abundance of elements in the sample 

(Grigorian et al., 2008). 

The electron beam-specimen interaction equally generates x-ray photons. These 

characteristic x-rays are caused by the ionization of inner shell electrons when the 

electron beam energy exceeds critical ionization energy. The relaxation of outer shell 

electrons into vacancy generated by ejected inner shell electron (usually K shell) 

yields characteristic x-rays, specific to each element. Energy-dispersive x-ray 

spectroscopy measures the x-ray intensity as a function of energy whereas wavelength 

dispersive x-ray spectroscopy measures x-ray intensity as a function of wavelength 

dispersion based on Bragg‟s diffraction. 

2.8.2 Transmission Electron Microscopy 

In a TEM analysis, an electron beam interacts with the sample to form a photographic 

image (Goldstein et al., 2012). TEM transmits the beam of electrons through a thin 

sample onto a screen or a camera/detector. It has a large number of lenses. The 

condenser lenses (2 - 4 depending on the microscope) are responsible for the amount 

of illumination that reaches the sample and control beam intensity or brightness. The 

objective lens focuses the beam of electrons onto the sample and applies a small 

amount of magnification. The intermediate and projector lenses magnify the beam and 

project it onto the camera (CCD or film) or screen to form an image. 

It takes only a few seconds to obtain a micrograph (microscope image). The image is 

a result of the projected beam intensity: Transmitted electrons are detected as light 

areas in the micrograph; darker areas occur where electrons have been scattered or 

absorbed by the sample, thus reducing the number of electrons reaching the camera or 

screen. Figure 2.12 shows schematic diagram of a TEM. 
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Figure 2. 12 Schematic illustration of a TEM (Ding et al., 2011) 

The primary electron beam can also be deflected with no loss in energy resulting in 

elastically scattered electrons. Elastically scattered electrons are transmitted obliquely 

relative to the primary beam through a sample and can be used in the generation of 

electron diffraction patterns (diffraction contrast) since they adhere to Bragg‘s law of 

diffraction. The interaction of the primary electron beam with matter similarly results 

in inelastically scattered electrons which are transmitted obliquely through the sample 

with loss in energy. Electron energy loss value is element specific and unique to 

bonding or coordination environment hence important in elemental analysis.  

Transmission and absorption of primary electrons by the sample occur as thicker and 

bright regions for heavy and light elements respectively in the bright field image 

mode. The image takes a two-dimensional projection on a phosphor screen whereby 
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the crystal structure can similarly be mapped using high resolution transmission 

electron microscopy (HRTEM).  

2.8.3 Crystallography 

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for 

phase identification of a crystalline material and can provide information on unit cell 

dimensions (Suryanarayana and Norton, 2013). The analyzed material is finely 

ground, homogenized, and average bulk composition is determined. X-ray diffraction 

is now a common technique for the study of crystal structures and atomic spacing.  

X-ray diffraction is based on constructive interference of monochromatic X-rays and 

a crystalline sample (Suryanarayana and Norton, 2013). X-rays are generated in a 

cathode ray tube by heating a filament to produce electrons, accelerating the electrons 

toward a target by applying a voltage, and bombarding the target material with 

electrons. When electrons have sufficient energy to dislodge inner shell electrons of 

the target material, characteristic X-ray spectra are produced. These spectra consist of 

several components, the most common being Kα and Kβ. Kα consists, in part, of Kα1 

and Kα2. Kα1 has a slightly shorter wavelength and twice the intensity as Kα2. The 

specific wavelengths are characteristic of the target material (Cu, Fe, Mo, Cr). 

Filtering, by foils or crystal monochrometers, is required to produce monochromatic 

X-rays needed for diffraction. Kα1and Kα2 are sufficiently close in wavelength such 

that a weighted average of the two is used. Copper is the most common target material 

for single-crystal diffraction, with CuKα radiation = 1.5418Å. The interaction of the 

incident rays with the sample produces constructive interference (and a diffracted ray) 

when conditions satisfy Bragg‘s Law (Equation 2.17);  

nλ = 2d sin θ …………………………………….. 2.17 
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where d is the inter-lattice spacing and θ is the incident angle (Figure 2.13).  

This law relates the wavelength of electromagnetic radiation to the diffraction angle 

and the lattice spacing in a crystalline sample. By scanning the sample through a 

range of 2θ angles, all possible diffraction directions of the lattice should be attained 

(Figure 2.13). 

 

Figure 2. 13 Diffraction of X-ray 

Conversion of the diffraction peaks to d-spacings allows identification of the mineral 

by comparison of d-spacings with standard reference patterns because each mineral 

has a set of unique d-spacings. The identification of a given crystal structure is usually 

done by correlating the diffraction pattern obtained with known standard diffraction 

files i.e. Joint Committee on Powder Diffraction Standards (JCPDS). The Scherrer 

equation (Equation 2.18) is important in the estimation of crystallite thickness 

(Chipera and Bish, 2002);  

t = 
    

        
  .…………………………………………… 2.18 
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where t, λ, θ and  B are the crystallite thickness, wavelength of the x-rays, Bragg angle 

and Full-Width at Half-Maximum respectively of the peak (radians). 

2.8.4 Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) analysis is an analytical testing 

technique used to identify organic and some inorganic materials through the 

application of infrared radiation (Kumar et al., 2015). This technique measures the 

absorption of infrared radiation by the sample material versus wavelength. When a 

material is irradiated with infrared radiation, absorbed IR radiation usually excites 

molecules into a higher vibrational state. The wavelength of light absorbed by a 

particular molecule is a function of the energy difference between the at-rest and 

excited vibrational states. The wavelengths that are absorbed by the sample are 

characteristic of its composition and structure. The patterns of absorption bands at the 

various wavelengths throughout the infrared region (or the FTIR spectrum) are unique 

to each material. Once the spectrum is produced, computer searches of reference 

libraries assist in the material's identification. A schematic diagram of an FT-IR is 

shown in figure 2.14. 
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Figure 2. 14 Schematic diagram of an FT-IR Spectrometer (Griffiths and Haseth, 

2007) 

The FTIR spectra are usually presented as plots of intensity versus wavenumber (in 

cm
-1

). Wavenumber is the reciprocal of the wavelength. The intensity can be plotted 

as the percentage of light transmittance or absorbance at each wavenumber. A 

molecular vibration occurs when atoms in a molecule are in periodic motion while the 

molecule as a whole has constant translational and rotational motion (Wilson et al., 

2012). This vibration is excited when the molecule absorbs a quantum of energy, E, 

corresponding to the vibration's frequency, ν, according to the relation E = hν (where 

h is Planck's constant). A fundamental vibration is excited when one such quantum of 

energy is absorbed by the molecule in its ground state. When two quanta are absorbed 

the first overtone is excited, and so on to higher overtones. The vibrational states of a 

molecule can be probed in a variety of ways. The most direct way is through infrared 

spectroscopy, as vibrational transitions typically require an amount of energy that 

corresponds to the infrared region of the spectrum.  

http://en.wikipedia.org/wiki/Atoms
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Periodic_function
http://en.wikipedia.org/wiki/Planck_constant
http://en.wikipedia.org/wiki/Ground_state
http://en.wikipedia.org/wiki/Overtone
http://en.wikipedia.org/wiki/Infrared_spectroscopy
http://en.wikipedia.org/wiki/Infrared_spectroscopy
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2.8.5 Ultra-Violet/Visible Spectroscopy 

This technique involves the excitation of π-electrons or non-bonding electrons in 

molecules by ultraviolet or visible light energy to higher anti-bonding molecular 

orbitals (Mark, 2001). The longer the wavelength of light electrons can absorb, the 

more easily the electrons are excited. When light is absorbed by a material, valence 

(outer) electrons are promoted from their normal (ground) states to higher energy 

(excited) states. Electromagnetic radiation is passed through the sample which is held 

in a small square-section cell of usually 1 cm wide internally (Figure 2.15). Radiation 

across the whole of the ultraviolet/visible range is scanned over a period of 

approximately 30 seconds, and radiation of the same frequency and intensity is 

simultaneously passed through a reference cell containing only the solvent. Photocells 

then detect the radiation transmitted and the spectrometer records the absorption by 

comparing the difference between the intensity of the radiation passing through the 

sample and the reference cells (Figure 2.15). 

 

Figure 2. 15 Schematic diagram of UV-Visible spectrometer 

The spectrum is produced by comparing the currents generated by the sample and the 

reference beams. The wavelength at which maximum absorption occurs is given the 
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symbol λmax which is frequently sufficient to identify a substance, although 

identification is not the most common use of this technique.  

The energies of the orbitals involved in electronic transitions are fixed, with sharp 

absorption peaks in ultraviolet/visible spectroscopy. However, broad absorption peaks 

are seen because a number of vibrational energy levels are available at each electronic 

energy level, and transitions can occur to and from the different vibrational levels 

which results in peak broadening. Comparison of the spectra of different compounds 

and relative strength of light absorbing molecules (chromophores) is made using a 

corrected absorption value.  

2.8.6 Atomic Absorption Spectroscopy 

The concentration of elements in a sample is quantitatively determined by an atomic 

absorption spectroscopy (Ghaedi et al., 2008). This technique is based on the 

principle of light absorption by elements in gaseous state at very specific wavelengths 

(Figure 2.16). The sample can be in many forms such as aqueous, organic solution 

and even solid provided it is soluble. The solution of the analyte is drawn into the 

AAS flame in order to be ionized into gaseous phase. Standards of the element are run 

to obtain the calibration curve which is used to determine the concentration of the 

sample analyte. 
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Figure 2. 16 Flow diagram for AAS analysis 

Absorption of a defined quantity of energy (radiation of a given wavelength) enables 

the promotion of the electrons in the atomizer to higher orbitals (excited state). A 

particular electron transition in a particular element is related to a certain wavelength. 

The width of an absorption line for each wavelength of an element is in the order of a 

few picometers (pm) while each wavelength corresponds to only one element. The 

detector measures radiation flux for a sample in units of absorbance which is related 

to analyte concentration or mass from the Beer-Lambert Law (Equation 2.19);  

      ………………………………………………….2.19 

where A-absorbance; Ɛ-molar absorptivity, l = length of tube (1cm); c = concentration 

of solution in moldm
-3

. The Beer–Lambert‘s law relates the light attenuation to the 

properties of the material through which light is travelling. 

https://en.wikipedia.org/wiki/Wavelength
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2.8.7 Superconducting Quantum Interference Device (SQUID)  

The quantum design SQUID uses a magnetic property measurement system (MPMS) 

to monitor very small changes in magnetic flux and determine magnetic properties of 

a sample (Kleiner et al., 2004). In particular, it is the only method which allows 

directly determination of overall magnetic moment of a sample in absolute units. The 

superconducting quantum interference device (SQUID) consists of two 

superconductors separated by thin insulating layers to form two parallel Josephson 

junctions.  

When the sample is moved up and down it produces an alternating magnetic flux in 

the pick-up coil .The magnetic signal of the sample is obtained via a superconducting 

pick-up coil with four windings. This coil is, together with a SQUID antenna, part of a 

whole superconducting circuit transferring the magnetic flux from the sample to an rf 

SQUID device which is located away from the sample in the liquid helium bath. This 

device acts as a magnetic flux-to-voltage converter. This voltage is then amplified and 

read out by the magnetometer‘s electronics (Figure 2.17). 

 

Figure 2. 17 Flow chart for SQUID 
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The instrument has maximum sensitivity in the range of 10
-9

 emu with data being 

collected between H = O to ±50 kOe and T = 1.7 K - 400 K. It involves samples of 

sizes 20 to 40 mg or even less if the material is strongly magnetic (Nagl and Wolfbeis, 

2008).  

As magnetic flux is increased, the screening current also increases, but when the 

magnetic flux reaches half a quantum, the junctions become momentarily resistive. 

The screening current changes sign when the applied flux reaches half of a flux 

quantum. At exactly one flux quantum, the screening current goes to zero.  

A plot of magnetic induction (B) as a function of the magnetic field strength (H) 

forms a hysteresis loop (Figure 2.18). The first quadrant shows the changes in 

behaviour as the magnetization of the material proceeds. The magnetic moments are 

oriented parallel to this field as an external magnetic field of strength H is applied. 

The magnetization is said to be saturated when all magnetic moments are oriented. 

The second quadrant shows the demagnetization curve of the hysteresis loop. The 

most important magnetic properties of a material such as remanence (Br) and 

coercivity (Hc) are represented by the shape of the demagnetization curve. The 

behavior of the magnetization curves in the first two quadrants resembles those in the 

third and fourth quadrant though in the opposite direction.  
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Figure 2. 18 Hysteresis loop for a magnetic material (Carrey et al., 2011) 

Materials can be classified as diamagnetic, paramagnetic, ferromagnetic or 

ferromagnetic based on their behavior in magnetic field (Akbarzadeh et al., 2012). 

Diamagnetic materials have fully filled orbital shells with no unpaired electrons. 

Application of an applied magnetic field to such electronic orientations results in no 

net magnetic moments. On the other hand, paramagnetic materials have their orbitals 

partially filled with electrons leading to an unpaired electronic system. When 

magnetic field is applied to such electronic system, the unpaired electrons align 

themselves in the direction of the applied field producing a net magnetic moment. 

Ferrimagnetic and antiferromagnetic materials have incompletely filled 3d subshell 

whose electrons produce spin magnetic moments through spin alignment. Reversal of 

electron spins in adjacent cations due to anti-parallel spin alignments characterizes the 

ferrimagnetic materials. In ferrimagnetic and antiferromagnetic materials, remanence 

(MR) does not fall in the origin since such materials retain some magnetization after 

applied magnetic field is removed. Since ferromagnetic material can reach saturation 

at laboratory applied fields, they have hysteresis loops that are sigmoidal and flat-



46 

 

topped. Superparamagnetism is a type magnetism found in small nanoparticles of 

ferrimagnetic or ferromagnetic materials. Materials are said to be in 

superparamagnetic state when their magnetization appears to be zero upon removal of 

an external magnetic field. In this state, the nanoparticles can be magnetized by an 

external magnetic field.  

The development of water treatment technologies have been driven by discovery of 

new rarer contaminants, the promulgation of new water quality standards, and cost 

(Najm and Trussell, 1999). A number of methods such as coagulation, filtration with 

coagulation, precipitation, ozonation, adsorption, ion exchange, reverse osmosis and 

advanced oxidation processes have been used for the removal of water pollutants from 

polluted water and wastewater (Gupta et al., 2012). However, these methods have 

been found to be limited as they often involve high capital and operational costs. 

Among the possible techniques for water treatments, the adsorption process by solid 

adsorbents shows potential as one of the most efficient methods for removal of water 

contaminants in wastewater treatment. 

In recent years, the search for low-cost adsorbents with pollutant-binding capacities 

has intensified. Natural adsorbents made from agricultural wastes and industrial 

wastes have been utilized due to their low-cost adsorbents. However, the adsorption 

capacities of such low-cost adsorbents are much lower and such adsorbents have 

much smaller surface areas (Babel and Kurniawan, 2003). Engineered adsorbents 

exhibit highest adsorption capacities and surface areas since they are produced under 

strict quality control.  

Functionalized CNTs are able to adsorb a multiplicity of water pollutants mainly by 

weak intermolecular interactions (van der Waals forces) and ion exchange 
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mechanisms (Goyal et al., 2011). These attraction forces can be superimposed by π-

πinteractions in the case of aromatic adsorbates or by electrostatic interactions 

between surface oxide groups and ionic adsorbates. Polymeric adsorbents can be 

beneficially applied for recycling of valuable chemicals from process wastewaters.  

Polymers such as polysulfone have been suggested as suitable matrices for CNTs 

(Wang et al., 2007). The addition of iron oxides nanoparticles to polymeric 

membranes has been shown to increase membrane surface hydrophilicity, water 

permeability, or fouling resistance. This study has developed a well-designed 

chemical modification for CNT-IPSF polymeric shells by functionalizing with iron 

oxides magnetic nanoparticles during fabrication of CNT-IPSF/Fe3O4 

nanocomposites. The nanocomposites were characterized for specific adsorptive 

properties and its efficiency in removal of lead (ii) ions and phenanthrenes from 

contaminated waters was compared to that of activated carbon in the market to 

ascertain its suitability.   
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Research Design 

This study involved fabrication and characterization of CNT-IPSF/Fe3O4 

nanocomposites from synthesized carbon nanotubes (CNTs), magnetite NPs and core 

shell NPs. This is followed by determining efficiency of fabricated CNT-IPSF/Fe3O4 

nanocomposites in removal of lead and phenanthrene from polluted water samples 

and the findings compared to that of commercial activated carbon. Experimental 

methods of sample analysis using specific equipment are discussed. 

3.2 Synthesis and Characterization of Nanomaterials 

3.2.1 Carbon Nanotubes (CNTs)  

The CNTs were synthesized by thermal catalytic chemical vapour deposition 

(CCVD), using a chemical vapour deposition (CVD) reactor at temperatures of 600–

700 °C, a range that supports synthesis of MWCNTs (Yan et al., 2008). 

Approximately 0.1 g iron powder on ceramic boat was placed in modified glass tube 

as bed reactor for Lindberg tube furnace (Model TF55035C-1). Iron catalyst was 

chosen due to high carbon diffusion rate in the metal and wide temperature window 

(600−1500 °C) of CVD for a range of carbon precursors. Ceramic boats were used as 

support for both iron catalyst and also CNTs formed because they can withstand high 

temperatures (Grigorian et al., 2008).  

The process involved passing acetylene/argon through flow rate meters at optimal 

flow rate of 8 cm
3
/min and 1 cm

3
/min respectively through a tubular reactor (Figure 

3.1) for 30 minutes. At this flow rate, argon could carry enough of the acetylene gas 
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(source of CNTs) into the reactor. Besides this rate, the CNTs source has enough time 

for decomposition and deposition on the catalyst.   

 

Figure 3. 1 A set-up for chemical vapour deposition process 

The CNTs were allowed to grow in the presence of catalyst by bottom-up method and 

then collected upon cooling the system to room temperature. The CNTs were soaked 

in concentrated nitric acid at room temperature for 12 hours in order to dissolve iron 

catalyst particles. They were filtered through 0.45µm ceramic filter and washed with 

deionized water until neutral pH was achieved. Sonication of CNTs was done for 30 

minutes to disperse the CNTs followed by centrifugation (Blanch, 2010). 

CNTs were dried at 450 °C for 60 minutes before subsequent experimental use to 

remove amorphous carbon as well as allow creation of pore-structures during the 

activation process thus improving the structure. Synthesized CNTs were characterized 

by SEM, TEM and EDX for their morphology, size and elemental composition 

respectively. 

3.2.2 Magnetite Nanoparticles  

Magnetic magnetite particles (MMP) were prepared via solvothermal reaction 

according to the method previously reported (Wakeman and Williams, 2002). The 
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material used included approximately 2.7 g FeCl3·6H2O, 80 mL ethylene glycol, 7.2 g 

sodium acetate and 2 ml polyethylene glycol which were added into an 80 mL 

capacity modified stainless-steel autoclave, at optimal 200 °C for 8 hours. The MMP 

were washed with deionized water to neutral pH, and dried at room temperature in a 

vacuum oven. Black MMPs formed were characterized using UV-Vis, FTIR and SEM 

techniques. 

3.2.3 Functionalization of Magnetite Nanoparticles  

Magnetite nanoparticles were coated by silica through sol-gel process (Deng et al., 

2008), where about 0.1 g of the MMP were dispersed in presence of ethanol, followed 

by 25 mL deionized water and 2.0 ml aqueous ammonia. The silica coating was done 

by adding tetraethyl orthosilicate (TEOS) and mixture was stirred for optimal 12 

hours at room temperature. The MMP-SM were then washed with water to neutral 

pH, and dried on glass plate at 60 °C for 2 hours in a vacuum oven to eliminate its 

oxidation in air. Analytical techniques such as UV-VIS, FTIR, SEM, XRD and 

SQUID-MPMS were employed to characterize the silica-coated magnetite 

nanoparticles based on absorption maxima, functional groups, morphology, particle 

structure and size, and magnetic property respectively. 

3.2.4 Fabrication and Characterization of CNT-IPSF/Fe3O4 Nanocomposites 

CNT-IPSF polymer solution was prepared by phase inversion method (Gohil and Ray, 

2009) with modification through blending synthesized CNTs with polysulfone (PSF) 

polymer as follows. A bout 0.1 g CNTs were mixed with 10 ml N, N-

dimethylformamide (DMF) with constant stirring while 5 g of PSF was also mixed 

separately with 50 ml DMF with stirring to make its solution at 50 °C. The two 

solutions were mixed in a shaking water bath at 50 °C to make CNT-PSF solution.  
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About 0.3 g of Fe3O4.SiO2 nanoparticles were added to CNT-PSF polymer solutions 

and the mixture ultrasonicated for 1 hour. The CNT-IPSF/Fe3O4 polymer solutions 

were immediately cast onto a glass plate with the aid of an aspirator. The solution was 

stirred with 1 % (w/v) aqueous polyvinyl alcohol (PVA), 1 % maleic acid solution 

and the nanocomposites were then heated at 60 °C for 30 minutes followed by 

overnight drying in ambient air. The structure of the nanocomposites was 

characterized by SEM, and EDX techniques. During the SEM analysis, the 

nanocomposite was protected from destruction during the imaging process (Nehl et 

al., 2006).  

3.3 Efficiency of CNT-IPSF/Fe3O4 Nanocomposites on Removal of Pb(II) ions  

3.3.1 Preparation of Standards and Sample Solutions 

All chemicals used were of analytical-reagent grade, unless otherwise specified and 

were purchased from Sigma Aldrich Co. Ltd. The Pb(NO3)2 stock reagent (331.208 

g/mol) was dissolved in distilled water to obtain 1000 mg/L stock solution. Standard 

solutions at concentrations of 1, 2, 4, 6 and 8 mg/L Pb(II) ions were obtained by 

diluting portions of the stock solution. The calibration curve for Pb(II) ions was 

determined by running the standards on flame atomic absorption spectrometry 

(Unicam Solar 32). To adjust the pH, 0.1 mol/L HNO3 (69 % A.R) and 0.1 mol/L 

NaOH (≥ 98 %) solutions were used. The effect of similar heavy metal ions (Zn
2+

, 

Cu
2+

, and Cd
2+

) and anionic ligands (NO3
-
, NH3 and EDTA) on adsorption was 

studied. Desorption studies were done using desorption solutions of 0.1M HNO3. 

About ten nanocomposite samples were analyzed in each case with the batch tests 

done in triplicates. Blanks were also run alongside sample solutions to eliminate 

errors in metal ions concentration obtained.  
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The adsorption capacity of adsorbent, qe (mg/g) was calculated using equation 3.1;  

   [               ……………………………… 3.1 

where V - volume of aqueous solution in litres and W - weight of nanocomposites 

used in grams 

3.3.2 Optimization of Adsorption Parameters 

3.3.2.1 Determination of pHpzc 

Determination of point of zero charge is important since the fabricated nanocomposite 

may contain some functional groups. It was therefore necessary to investigate the pH 

at which such groups have no effect on adsorption process. Solid addition method was 

used to determine the pHPZC (Adelodun et al., 2014). About 1 M of nitric and 

hydrochloric acid solutions was shaken in six 25 ml flasks with pH of 2-12. This was 

followed by adding 0.05 g of the nanocomposites to each of the 25 ml solutions on a 

shaker (120 rpm) for 24 hours. Final pH values of the solutions were determined after 

5 minutes of settling. The initial pH values were plotted against the final pH values in 

order to determine the pHPZC along the horizontal axis.  

3.3.2.2 Effect of Adsorbent Dosage on Pb(II) ions Adsorption 

About 50 ml aliquot solutions having 2 mg/L and 4 mg/L of the Pb
2+ 

ions solutions 

were placed in two sets of conical flasks. Each of the nanocomposite masses (0.02, 

0.04, 0.06, 0.08, 0.1 and 0.12 g) was added to each set of stoppered conical flasks and 

agitated (120 rpm) for 60 minutes. Upon settling, the mixtures were filtered and the 

Pb(II) ions concentrations were determined by an air acetylene flame atomic 

absorption spectrophotometer.  
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3.3.2.3 Effect of Contact Time on Pb(II) ions Adsorption 

 The influence of time on the interaction of the adsorbent with the Pb(II) ions was 

performed at optimum pH. The adsorption studies were carried out by adding 0.05 g 

of nanocomposites into two sets of 50 ml conical flasks each containing 2 mg/L and 4 

mg/L Pb(II) ions solutions before shaking. This was followed by varying contact 

times for adsorption at 10, 20, 30, 60 90, 120 and 240 minutes of agitation and 15 

minutes of centrifugation. The concentrations of the Pb(II) ions in the supernatants 

were then measured by an air acetylene flame atomic absorption spectrophotometer.  

3.3.2.4 Effect of pH on Pb(II) ions Adsorption 

Two sets of 50 ml aliquots standards (2 mg/L and 4 mg/L) of Pb(II) solutions were 

prepared at different pH values (1, 2, 3, 4, 5, 6 and 7). The pH was then adjusted (by 

addition of 0.1M HCl or NaOH) regularly to avoid formation of hydroxides by target 

cations through precipitation. About 0.05 g of the nanocomposites was put into each 

of the flasks (stoppered 100 mL flasks) and agitated using a suitable shaker (120 rpm) 

for 60 minutes (optimum contact time) at 25 °C. The suspensions were filtered and 

the concentration of Pb
2+ 

ions was determined using air acetylene atomic absorption 

spectrophotometer.  

3.3.3 Kinetics Model for Pb(II) ions Adsorption  

The nanocomposites interacted with Pb(II) ions as a function of time at optimum pH 

5. The adsorption studies were carried out by adding 0.05 g each of CNT-IPSF/Fe3O4 

nanocomposites into 50 ml conical flasks containing 2 mg/L Pb(II) ions solutions. 

The mixtures were shaken for different contact times from 10 to 250 minutes 

followed by centrifugation for 15 minutes. The Pb(II) ions concentrations in the 
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supernatants were determined after 10, 20, 30, 60 90, 120, 180 and 250 minutes of 

agitation by air acetylene flame atomic absorption spectrophotometer.  

In the control experiments, 0.05 g of standard adsorbent of activated carbon was 

placed into plastic bottles with 50 ml of 2 mg/L of Pb(II) solutions at pH 5 and time 

intervals of 10-250 minutes. The mixtures were treated in similar way and the residual 

Pb(II) ions determined by AAS. The adsorption data obtained were fitted to 

adsorption kinetic models. 

3.3.4 Isotherms Model for Pb(II) ions Adsorption  

The initial concentrations of the Pb(II) ions ranged between 2 and 12 mg/L. A 0.05 g 

of the CNT-IPSF/Fe3O4 nanocomposites was shaken with Pb(II) ions standards at pH 

5 for 60 minutes (optimized contact time) at 25 °C on a rotatory shaker to ensure 

removal equilibrium was reached. The removal of the adsorbent was done after 10 

minutes of centrifugation followed by determination of Pb
2+

 ions concentrations by 

AAS.  

For control experiments, 0.05 g of standard adsorbent of activated carbon was put into 

plastic bottles with 50 ml of 2, 4, 6, 8, 10 and 12 mg/L of Pb(II) solutions at 25 °C 

and pH 5, and mixture shaken for 60 minutes of contact time. The mixtures were 

treated in similar way and residual Pb(II) determined by AAS. The adsorption data 

obtained were fitted to adsorption isotherms models.  

3.3.5 Effect of Counter ions on Pb(II) ions Adsorption 

3.3.5.1 Effect of Cations  

A 0.05 g of CNT-IPSF/Fe3O4 nanocomposites were agitated with 2 mg/L Pb(II) ions 

initially without other cations and the Pb(II) ions concentrations adsorbed were 
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determined. A further experiment involved agitating 0.05 g of the nanocomposites 

with 50 ml batch solution containing optimal 2 mg/L of similar divalent cations 

(Pb(II), Zn(II), Cu(II), and Cd(II) ions). The uptake of these metal ions by the 

nanocomposites was then determined. 

Control experiment involved agitating 0.05 g of CNT-IPSF/Fe3O4 and activated 

carbon adsorbents separately with optimal 2 mg/L containing Pb(II), Zn(II), Cu(II) 

and Cd(II) ions. The removal efficiency (%) of the adsorbents for the cations was 

determined.  

3.3.5.2 Effect of Anions/Ligands 

The effect of anions and ligands were studied by agitating 0.05 g nanocomposites 

with 2 mg/L Pb(II) ions solutions initially without NO3
−
, NH3 and EDTA and later 

spiked with concentrations 2.0 and 4.0 mg/L of NO3
−
, NH3 and EDTA. Blank samples 

without similar anion/ligands were used. The Pb(II) ions in each case were 

determined. 

Control experiments involved putting 0.05 g CNT-IPSF/Fe3O4 nanocomposites and 

activated carbon adsorbents into plastic bottles with each 2 mg/L of Pb(II) ions 

solution spiked with 2 mg/L of NO3
−
, NH3, EDTA. The removal efficiency (%) of the 

Pb(II) ions by adsorbents was determined. The pH was controlled by adding 0.1M 

HCl or NaOH solutions 
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3.4 Efficiency of CNT-IPSF/Fe3O4 Nanocomposites on Removal of 

Phenanthrenes 

3.4.1 Preparation of Standards and Sample Solutions 

All chemicals used methanol (99.8 %) and phenanthrenes (99 %) were of analytical 

grade purchased from Aldrich Sigma Co. Ltd. Working solutions from phenanthrenes 

(1000 µg/L) were prepared by further dilutions in methanol. A set of standards of 

phenanthrene solutions at the concentration of 5-100 µg l
-1 

was made in methanol and 

were stored at room temperature (26 ± 2 °C). Phenanthrene concentrations were 

obtained using UV–visible Spectrocopy (Specord R-200 Plus) from absorbance of 

phenanthrenes at 293 nm as per literature (Mateen et al., 2015). Percentage (%) 

phenanthrenes removal by the nanocomposites was then calculated.  

3.4.2 Optimization of Adsorption Parameters 

3.4.2.1 Effect of Adsorbent Dose on Phenanthrenes Adsorption 

Approximately 20 ml aliquot solutions having initial concentration of 15 and 20 µg/L 

of the phenanthrene solutions was placed in conical flasks. Each of the masses (2, 4, 

6, 8, 10, and 20 mg) of the nanocomposites was added to each set of the conical flasks 

and agitated (120 rpm) for 60 minutes. The mixtures were filtered followed by 

determination of phenanthrene concentrations by UV–Visible Spectrophotometer.  

3.4.2.2 Effect of Contact Time on Phenanthrenes Adsorption 

The adsorption studies were carried out by adding 6 mg of nanocomposites into 

conical flasks each containing 20 ml of 15 and 20 µg/L phenanthrene solutions. Each 

set of the mixtures were agitated and aliquots of the filtrates from the conical flasks 

drawn after 5, 10, 20, 30, 40 and 60 minutes of agitation time. Amounts of 

phenanthrenes in the aliquots were quantified with UV–Vis Spectrophotometer.  
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3.4.2.3 Effect of pH on Phenanthrenes Adsorption 

Approximately 20 ml aliquots of 15 and 20 µg/L phenanthrene solutions in conical 

flasks were prepared at different pH values 1, 4, 7, 8 and 12. Nitric acid and sodium 

hydroxide solutions (0.1 M) were used to set the pH of the solutions before adsorption 

commenced. About 6 mg of the nanocomposites was added to each flask and agitated 

in a shaker (120 rpm) for 60 minutes at 25 °C. The suspensions were filtered and the 

concentration of phenanthrene was determined using UV–Vis Spectrophotometer.  

3.4.3 Kinetics Model for Phenanthrenes Adsorption  

The adsorption kinetics was carried out in continuously stirred conical flasks each 

containing 6 mg of nanocomposites in 20 ml of 20 µg/L phenanthrenes solutions at 25 

°C. Ten experiments involved the use of two 20 ml portions of 20 µg/L of 

phenanthrenes solutions in which one portion was treated with 6 mg of 

nanocomposites while the other portion was treated with 6 mg activated carbon 

standard adsorbent (control) at different adsorptions times of 5, 10, 20, 30, 40 and 60 

minutes and analyzed for residual phenanthrenes concentration by UV-Vis 

spectrometry. The adsorption data obtained were fitted to adsorption kinetic models. 

3.4.4 Isotherms Model for Phenanthrenes Adsorption  

Approximately 6 mg of the CNT-IPSF/Fe3O4 nanocomposites was shaken with 20 ml 

of phenanthrenes standards at pH 5 for 60 minutes (optimized contact time) at 25 °C 

on a rotatory shaker in order to attain equilibrium. The mixtures were centrifuged for 

10 minutes to allow distinct separations to occur. The phenanthrenes concentrations 

were determined by UV-Vis spectrophotometer.  

In the control experiments, 6 mg of standard adsorbent of activated carbon was put 

into plastic bottles with 20 ml of 1, 2, 4, 6, 8 and 10 µg/L of phenanthrenes solutions 
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at 25 °C and pH 5, and mixture shaken for 60 minutes of contact time. The mixtures 

were treated in similar way and residual phenanthrenes determined by UV-Vis 

spectrophotometer. The adsorption data obtained were fitted to adsorption isotherms 

models. 

3.4.5 Effect of PAHs on Phenanthrenes Adsorption 

Effect of PAHs was studied by agitating 6 mg CNT-IPSF/Fe3O4 nanocomposites in 20 

ml portions of 20 µg/L phenanthrenes solutions initially without the selected PAHs 

(naphthalene and anthracene) and later each spiked with 20 µg/L PAHs 

concentrations. Blank samples without the selected PAHs were used.  

Control experiments involved agitating 6 mg of CNT-IPSF/Fe3O4 nanocomposites 

and standard activated carbon adsorbents in ten conical flasks with each 20 ml batch 

solutions containing 20 µg/L mixtures of phenanthrenes, naphthalene and anthracene 

solutions. The removal efficiency (%) of the adsorbents for the PAHs was determined. 

Removal efficiency of the fabricated nanocomposites was compared to other Fe3O4 

based adsorbents to determine its suitability in applications.  

3.5 Application of CNT-IPSF/Fe3O4 Nanocomposites in Wastewater Treatment  

3.5.1 Wastewater Sampling 

Water samples of about one litre capacity containing industrial effluents were 

collected from Nairobi river using a standard sampling technique (Patnaik, 2010). 

Care was taken to avoid contamination of the sample during sampling, handling and 

transport to the laboratory by using polyethylene bags for lead ions and glass 

containers for phenanthrenes as leaching and adsorption are minimal. Sample 

preparation protocol was followed. The samples were immediately cooled (on ice) 

before further analysis. 
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3.5.2 Removal of Pb(II) ions and Phenanthrenes from Wastewater 

Water samples were filtered and portions of it analyzed to obtain initial concentrations 

of Pb(II) ions and phenanthrenes using AAS and UV-Vis spectrophotometer 

respectively. The rest of water samples were stored at 4 °C in a refrigerator for further 

analysis. 50 mL each of the wastewater samples whose pH had been adjusted to 5 was 

gently agitated with 0.05 g of nanocomposites on a rotatory shaker (120 rpm) for 1 

hour at 25 °C. The mixtures were filtered through No. 1 paper filter and the 

nanocomposites washed three times using 0.1M HNO3 and methanol for the two 

techniques respectively before determining the final concentrations. Control 

experiments used 0.05 g commercial activated carbon on 50 ml wastewater samples 

and agitated at fixed temperature 25 °C for one hour and at 120 rpm. The standard 

adsorbent was washed three times before determining residual Pb(II) ions and 

phenanthrenes in the resultant filtrates. Comparison of their percentage (%) removal 

efficiencies was done to establish if the nanocomposites prepared was more efficient 

than the standard adsorbent employed.  

3.6 Desorption Studies on CNT-IPSF/Fe3O4 Nanocomposites  

3.6.1 Desorption Studies Using Pb(II) ions 

The strength of the adsorption process was determined by desorption studies while 

reusability of the nanocomposites was investigated against regeneration experiments. 

Each of the 0.05 g nanocomposites was continuously stirred with 50 ml of 2 mg/L 

Pb(II) solutions in plastic bottles to allow adsorption to take place. After filtration, 

each nanocomposite with Pb(II) ions load was transferred to each conical flask 

containing 50 ml desorption solvents of H2O, 0.1 M HNO3, and 0.1 M EDTA. The 
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mixtures were shaken at 120 rpm for 18 hours followed by determination of the 

concentration of Pb(II) ions after desorption.  

The experiment was repeated using 0.05 g of commercial activated carbon adsorbent 

into each of the plastic bottles (pools) containing 2 mg/L Pb(II) ions solution and 

treated in the same manner as for the nanocomposites and the Pb(II) ions in filtrates 

was determined.  

3.6.2 Desorption Studies Using Phenanthrene 

Each of the 6 mg nanocomposites was continuously stirred with 20 ml of 20 µg/L 

phenanthrene solutions in conical flasks to allow adsorption to take place. Upon 

filtration, each adsorbent with phenanthrenes load was transferred to each conical 

flask containing 20 ml desorption solvents of methanol, n-hexane and acetone. The 

mixtures were shaken at 120 rpm for 18 hours followed by determination of the 

concentration of phenanthrenes after desorption.  

Control experiments involved putting 6 mg of commercial activated carbon adsorbent 

into each of the conical flasks (pools) containing 20 µg/L phenanthrene solutions, 

agitating at 120 rpm for 18 hours. The phenanthrene in filtrates after washing spent 

adsorbent with methanol, n-hexane and acetone was determined by UV-Vis 

spectrometer.  

3.7 Regeneration Studies on CNT-IPSF/Fe3O4 Nanocomposites  

3.7.1 Regeneration of CNT-IPSF/Fe3O4 Nanocomposites Using Pb(II) ions 

Adsorption experiments were carried out on the CNT-IPSF/Fe3O4 nanocomposites by 

agitating 0.05 g of prepared nanocomposites with Pb
2+

 ions at varying initial 

concentrations (1, 2. 4, 6, 8 and 10 mg/L). After adsorption process, the 
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concentrations of Pb(II) ions adsorbed onto the nanocomposites and residual Pb(II) 

ions in filtrates were determined to find out if there was any significant adsorption by 

the nanocomposites. Desorption studies were performed by shaking the resultant Pb-

loaded adsorbent with 20 mL of 0.10 M HNO3 in water shaker bath for 1 hour, the 

Pb(II) ions were separated magnetically and the nanocomposite was dried. The dried 

nanocomposites were added to fresh Pb(II) ions solutions followed by agitating the 

mixture mechanical shaker, and the spent adsorbent was separated from the solution. 

The Pb-loaded adsorbent was mixed with 20 mL of 0.10 M HNO3, shaken and 

separated from the mixture. This desorption adsorption process at each concentration 

was repeated three times to investigate reusability of nanocomposites from % 

desorption efficiencies after third cycle. 

3.7.2 Regeneration of CNT-IPSF/Fe3O4 Nanocomposites Using Phenanthrene 

To investigate the reusability of the adsorbent, desorption and adsorption studies on 

the CNT-IPSF/Fe3O4 nanocomposites were carried out. After adsorption process 

desorption studies were performed by mixing resultant phenanthrene-loaded 

adsorbent with 20 mL of acetone in water shaker bath for 1 hour, filtered and the 

phenanthrenes desorbed was determined. The spent adsorbent was dried and agitated 

with fresh 20 ml of 20 µg/L phenanthrenes solution to allow adsorption to take place. 

The spent nanocomposite was shaken in fresh 20 ml acetone (1hour) and separated 

from the solution followed by drying and determination of phenanthrenes desorbed. 

The process was repeated three times to determine desorption efficiencies of the first 

three desorption adsorption cycles for possible reuse of the adsorbent. 
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3.8. Experimental Methods of Analysis 

3.8.1 Samples Preparation for SEM and TEM characterization 

The specimen was cut to size using a rotating saw with diamond-impregnated fine 

blades. The sizes ranged from a few centimeters in a normal SEM and a few 

millimeters for TEM. The surfaces were polished to get a flat face by gluing it 

externally on a metallic mount. This was followed by grinding the surface on abrasive 

paper. One portion was characterized by TEM (Jeol 200kV FEGTEM Model: 2100F) 

The remaining portion of specimen was etched using a suitable chemical etchant 

ethanol. The specimen was rinsed thoroughly in a non-reactive solvent (e.g., acetone) 

to prevent further corrosion. Specimens were sputter coated using pure carbon as it 

gives an almost undetectable signal. The samples were thinned to create foils of 0.1 to 

10m m in thickness. Samples were then analyzed by SEM (JOEL JSM 6480LV) for 

morphology (Pathan et al., 2010). 

3.8.2 Samples Preparation for XRD 

XRD applications required samples with small particle sizes between a couple of 

micron to a maximum of 100 micron to achieve a representative sample. Samples 

were ground to reduce particle/crystallite size. The fine powder was mixed with a 

binder and pressed into the steel ring to get a mechanical stable sample. The sample 

was mounted and fed into XRD (Shimadzu XRD-6000) which used X-ray to 

characterize crystalline material (Hillier, 2000). 

3.8.3 Samples Preparation for FTIR 

A small amount of powder sample just enough to cover the tip of spatula was mixed 

with KBr powder. The mixture was subsequently ground for 3 5 minutes in a mortar 

to fine powder until crystallites (less than 5 mm in diameter), became somewhat 
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―pasty‖ and stuck to the mortar. The paste was pressed in Quik Hand press for 2 

minutes to form a thin and transparent pellet. The collar together with the pellet was 

put into the sample holder of FT-IR (Shimadzu FTIR-8400) for analysis (Madejová, 

2003).  

3.8.4 Samples Preparation for UV-VIS 

At least 1ml of samples was put in standard quartz cuvette. 2-5 mL of the solvent used 

to disperse your material was used to measure the solvent background and for any 

necessary dilution of the sample. A cuvette with samples was put into UV-VIS 

spectrometer (Shimadzu V-700) for analysis (Čapek et al., 2005) 

3.8.5 Samples Preparation for AAS 

1 ml standard solutions of metal ions were put in cuvettes and run to standardize and 

calibrate the instrument. This was followed by running 1 ml analyte samples to 

determine their concentrations in the AAS (Unicam Solar-32) (Tüzen, 2003).  

3.8.6 Samples Preparation for SQUID 

Samples were placed in a capsule. A wad of cotton was placed in the capsule to hold 

the sample orientation. A small hole was poked in the top of the capsule to allow air 

to be pumped out. The capsule was inserted inside the straw at the slit. A piece of 

Kapton tape was placed over the bottom of the straw to keep the sample from sliding 

out the bottom of the straw and finally loaded into the SQUID equipment (Quantum 

Design MPMS-3 SQUID VSM) (Fagaly, 2006).  

3.9 Data analysis  

The results of the analyses in all measurements were done in triplicates and the 

arithmetic mean obtained by use of equation 3.2;  
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 ̆  ∑      ……………………………………………3.2 

Where;  ̆- arithmetic mean of the samples,    - sample measurements and n- 

population. 

Comparison of experimental means of methods of analysis, AAS and UV-VIS was 

done using ANOVA (Kothari, 2004). XRD data was fitted into the Gaussian and 

Lorentz distributions to determine the full width at half maximum (FWHM) for 

determination of crystallite size. 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

4.1 Introduction 

This chapter presents results and discussions on the synthesis and characterization of 

carbon nanotubes (CNTs), magnetite and silica coated magnetite nanoparticles, and 

the fabricated CNT-IPSF/Fe3O4 nanocomposites. The pHPZC was obtained since the 

fabricated CNT-IPSF/Fe3O4 nanocomposite has acidic functional groups which may 

interfere with pollutants‘ removal. Optimal parameters of adsorption such as 

adsorbent dosage, contact time, initial concentrations and pH are discussed. 

Efficiency of fabricated CNT-IPSF/Fe3O4 nanocomposites was probed and results 

compared to that of the commercially available activated carbon adsorbent.  

The removal efficiency was investigated based on adsorption features such as contact 

time, initial concentrations, counter ions and PAHs. Adsorption kinetics and isotherm 

models were also fitted to the adsorption data to find out the best fit kinetic and 

isotherm model for pollutants‘ adsorptions. Application of the adsorbents in the 

removal of Pb(II) ions and phenanthrenes from wastewater is discussed. Desorption 

efficiencies of various reagents used were evaluated to determine the best reagent for 

desorption of the adsorbed Pb(II) ions and phenanthrenes from the adsorbent. Besides 

the removal capacities reported, desorption-adsorption studies were done to determine 

regeneration and reusability on the nanocomposites. Data analysis of raw data 

(Appendices 1-25) for removal of Pb(II) ions and phenanthrenes from both aqueous 

solutions and wastewater was done. 
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4.2 Synthesis and Characterization of Carbon Nanotubes (CNTs) 

4.2.1 Morphology of CNTs 

Morphology of CNTs was determined by scanning electron microscopy (SEM) using 

a beam of high moving electrons focused at the surface of solid specimen (Goldstein 

et al., 2012). The SEM image of the prepared carbon nanotubes is shown in figure 

4.1. This SEM image shows a configuration of the CNTs material with abundant 

threadlike entities with diameters in the range 20 - 30 nm. The SEM image further 

provides evidence of entangled entities characteristic of multiwalled carbon nanotubes 

(MWNTs). It was difficult to make out the accurate length of the MWNTs from the 

SEM observation due to the twisting, but the length could be several tens of 

nanometers. 

 

Figure 4. 1 SEM image of the CNTs 

The SEM image depicts CNTs with very thin like broadcast of needles with 

nanotubes density spreading in a very large nanometer range. The SEM micrograph 



67 

 

obtained also shows entangled CNTs, with thin threads of nanotubes which are very 

appropriate for applications in nanocomposites manipulations. 

4.2.2 Microstructure of CNTs 

Transmission electron microscopy (TEM) was used to identify the internal structure 

of carbon nanomaterials. The TEM image in figure 4.2 reveals that the nanotubes 

obtained display different morphologies under optimized conditions. The TEM image 

also shows that the enlarged nanotubes exhibit shiny spots on their surfaces depicting 

presence of carbon molecules which necessitates purification of the nanotubes (Li et 

al., 2010). Further observations confirm that the long threadlike nanotubes could be in 

the range of tens of nanometers. Such TEM analysis could easily give information on 

internal thickness of the nanotubes through proper measurements. 

 

Figure 4. 2 TEM of the CNTs 

The mean outer diameter of CNTs was 20-30 nanometers which are in the range for 

the multiwalled carbon nanotubes. The end tips of the carbon nanotubes are open 

revealing active sites for further functionalization. 
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4.2.3 Elemental Analysis  

The binding energies of iron (Fe) in the EDS spectrum (Figure 4.3) for CNTs (inset) 

are depicted by peaks around 0.7, 6.4 and 7.1 keV. The four peaks in the spectrum 

represent energies for C, O, Si and Fe. The C peak at 0.3 keV contributes to formation 

of COO− functionality on the surface of CNTs upon oxidation. The finding of this 

study correlates well with the synthesis of CNTs using silver nanoparticles which had 

peak at 0.2 for C (Laoui et al., 2015).  

 
Figure 4. 3 EDS spectrum of MWCNTs 

The presence of C and O atoms could signify oxidation by HNO3 during purification 

process which may lead to –COO– groups on the CNTs. The end tips of many 

MWCNTs were opened, indicating the breaking of the C=C bond along the graphene 

layers of the co-axial tubes (Pierard et al., 2001). The layered structure of the 

MWCNTs remained largely intact, which indicates that there was no real damage to 

the MWCNTs during the oxidation process.  

The nature of carbon nanotubes formed depends on the synthesis method (bottom-up 

or top-bottom method) used. In this study, the thread-like CNTs were synthesized 
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using chemical vapour deposition with ethylene gas as the main source of carbon. 

During purification of CNTs, their surfaces are linked to different functional groups 

depending on the oxidizing agent employed (Datsyuk et al., 2008). The presence of 

these functional groups modifies the surfaces of the CNTs which facilitates further 

linkages. A modified surface site can lead to increased surface area suitable in many 

adsorption processes.  

The type of catalyst used as substrate also influences the morphology of the formed 

CNTs. Iron catalyst is suitable in this case since it can withstand high temperatures 

and the CNTs can easily be absorbed into the molten iron and grow on the iron 

catalyst substrate by bottom up growth mode.  

4.3 Characterization of Magnetite and Silica Coated Magnetite Nanoparticles  

4.3.1 Absorption in Electromagnetic Spectrum 

The UV-Vis spectrum for magnetite and core shell nanoparticles is shown in figure 

4.4a and 4.4b respectively.  

 

Figure 4. 4 UV-Vis for (a) magnetite NPs (Fe3O4) and (b) core shell NPs (Fe3O4.SiO2) 
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It is evident that the magnetite and core shell nanoparticles absorbed at 395 nm to 396 

nm respectively. During absorption of the UV energy by an atom or molecule, 

electrons can be promoted from their ground state to an excited state through rotation 

or vibration (Valeur and Santos, 2012). These vibrations and rotations have discrete 

energy levels, which are packed on top of each electronic level. The excitation of 

electrons (π, δ or n electrons; charge transfer electrons; and d and f electrons) is 

related to specific radiation in the UV-visible region. Many inorganic species reveal 

charge-transfer absorption which exists in charge-transfer complexes. In such 

complexes, the components must have electron donating and accepting properties.   

A shift in the spectra implies some physical properties of the sample have changed 

(Storhoff et al., 2000). In the UV-Vis spectroscopy, the presence of a shift could 

imply that the electronic structure has been modified by the dopants (silica shell). 

Dopant atoms can now act as activation centers for scattering. A shift in UV-Vis 

absorptions from magnetite and core shell nanoparticles could be explained from the 

concepts of plasmonics. Plasmons are oscillations of free electrons that result from the 

formation of a dipole in the material due to electromagnetic waves. Free electrons of 

metallic nanoparticle (MNP) exist in the surfaces of the nanoparticles. When incident 

light interact with these nanoparticles, the free electrons in its surface will oscillate. 

During absorption, the light waves oscillate, leading to a constant shift in the dipole 

that forces the electrons to oscillate at the same frequency as the light. Therefore, the 

corresponding blue shift or red shift appears.   

The band-gap energy is related to the absorbance peak wavelength. Conversion of 

peak wavelength into band-gap energy was calculated from the Einstein-plank‘s 

relation (Equation 4.1);  
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       …………......................................4.1 

where E = band gap energy, h = planck‘s constant, c = velocity of light, λ = maximum 

absorbed wavelength. 

By putting the respective values in the above equation, the obtained energy of band 

gap was 3.14 eV (Equation 4.2) and 3.13 eV (Equation 4.3) for (a) magnetite NPs and 

(b) core shell NPs at 395 nm and 396 nm respectively;  

    
(                )             

                           
        ………………………………..4.2 

     
(                )                

                           
        ………………………………4.3 

where Em and Ecs are band gap energies for magnetite and core shell respectively. 

The UV-Vis spectroscopy revealed that the core shell NPs were in nanoparticle form 

showing enhancement in band gap energy, which is higher than the corresponding 

magnetite NPs. The results obtained, proved that the core shell synthesized were quite 

stable and in nano range of less than 100 nm (Lahure, 2015).  

Shifting of the absorption peak to a higher wavelength side was due to the addition of 

tetraethyl orthosilicate(TEOS). The decrease in band gap energy of a material due to 

an increase in particle size, resulted in a red-shift in wavelength from 395 nm (Figure 

4.4a) to 396 nm (Figure 4.4b) (Pala et al., 2009). Such a shift in band gap is related to 

size quantization effect occurring due to discrete energy levels. The energy levels 

cease to be discrete as the size of the particle increases which decreases the band gap 

energy of the material. The synthesized core shell NPs had smaller band gap energy 

implying their higher stability arising from silica shell (Kulkarni et al., 2014). 

Consequently, the above results correlate closely well with other workers when they 
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used pure magnetite NPs (Huang et al., 2014). The band gap energy of 3.13 eV for 

core shell nanoparticles confirms formation of nanosized particles which agrees with 

that which obtained band gap energy for nano-β-HgS as 3.6 eV from the UV–visible 

spectral measurement (Marimuthu et al., 2012).  

4.3.2 Determination of Functional Groups   

Infrared spectroscopy is an absorption method in the wavelength region of 1 to 100 

µm and extends from the region of the visible light to longer wavelengths and smaller 

frequencies (Pogue et al., 2001). Fourier transform infrared spectroscopy was used to 

analyze the surface of the magnetite core before and after functionalization with silica 

to form core shell nanoparticles (Figure 4.5). 

 

Figure 4. 5 IR spectra for magnetite core and core shell nanoparticles 

The presence of absorption band between 460 cm
-1

 and 521 cm
-1

 is assigned to the 

vibrations of Fe−O bonding in magnetite core (Fe3O4) nanoparticles (Yang et al., 

2008). Previously, it was reported that the absorption band for Fe-O occurred at 570 

and 400 cm
-1

 wave number (Jayaprabha and Joy, 2014). However, in the present 

study, the band for Fe-O shift towards lower wave number of 521 cm
-1

 as a result of 
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rearrangement of localized electrons on the particle surface due to the breaking of the 

large number of bands on the surface atoms (Ngo et al., 2010). The absorption band at 

521 cm
−1

 could also be due to the Fe–O bonds in tetrahedral positions of the spinel 

inverse structure of the magnetite nanoparticles.  

In the spectrum of the core shell nanoparticles, additional bands were found at 992 

cm
−1

 and 868 cm
−1 

which confirmed stretching−vibration bands for Si–O and Si–O–Si 

bonds respectively. The Si−O and Si–O–Si stretching vibration bands confirmed the 

formation of SiO2 shell on Fe3O4 core nanoparticles. Other studies found that strong 

network of Si−O bond developed at 1020 − 1040 cm
−1

 due to addition of TEOS 

(Kulkarni et al., 2014). 

4.3.3 Morphology of Core and Core Shell NPs 

The SEM analysis was done to determine surface distribution of synthesized 

nanoparticles. The SEM micrographs of the magnetite core (Fe3O4) (Figure 4.6a) and 

core shell (Fe3O4.SiO2) nanoparticles are shown in Figure 4.6b. Large quantities of 

aggregated magnetite nanoparticles with moderately uniform and oval shapes were 

observed (Figure 4.6a). A clear, dispersed and distinct spherical particles were 

obtained (Figure 4.6b) with the addition of TEOS content. 
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Figure 4. 6 SEM micrograph for (a) magnetite core and (b) core shell NPs 

Studies have found that variation in amount of the TEOS, silica-coated magnetite 

particles leads to uniform and more monodispersed due to the reduction in their 

relative sizes (Zhao et al., 2005). Figure 4.6b also shows that the nanoparticles were 

arranged in a closed packed manner, with varying pores depicting porosity of the 

synthesized nanoparticles. This property of the nanoparticles could be well suited for 

many applications involving its incorporation during nanocomposites fabrication (Wei 

et al., 2012; Sodipo and Aziz, 2013).   

4.3.4 Crystallite Structure and Size  

4.3.4.1 Structure of Nanoparticles  

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used to 

analyze particles for their crystallinity with additional information on their unit cell 

dimensions (Suryanarayana and Norton, 2013). The synthesized core shell 

nanoparticles were analyzed using X-ray diffractometry (Shimadzu, XRD-6000) with 

CuKα radiation source using nickel. The XRD pattern for the core shell nanoparticles 

is shown in figure 4.7. 
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Figure 4. 7 XRD pattern for Core Shell NPs 

The X-ray diffraction pattern of the core shell NPs matched the same pattern for the 

magnetite (Fe3O4) phase as compared to standard XRD patterns reported elsewhere 

(Xu et al., 2010). The sharp peaks that appeared approximately at 2θ = 30.20°, 35.52°, 

43.20°, 57.21°, and 62.73° belonged to the Fe3O4.SiO2 nanocrystalline structure. A 

comprehensive characterization of the precursor by single crystal X-ray 

crystallography shows the presence of Fe3O4-SiO2 coordination environment. The 

crystal structure of magnetite nanoparticles has an inverse spinel pattern exhibiting 

alternating octahedral and tetrahedral-octahedral layers (Blaney, 2007). Furthermore, 

the magnetite unit cells adhere to the face-centered cubic pattern with crystal lattice.  

Studies have found that the bulk magnetite particles exhibit twinning along the cubic 

plane; with the main crystallographic direction occurring on the (111) plane (Lopez et 

al., 2010). The diffraction pattern showed that the synthesized core shell nanoparticles 

were crystalline, while the position and the relative intensity of the diffraction peaks 

matched the standard XRD data (JCPDS file No. 19-0629) (Zhan et al., 2011). The 

peaks at (220), (311), (400), (422), (511) and (440) planes correspond to a cubic unit 
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cell, for a cubic spinel structure due to the strongest reflection that proceeds from the 

(311) plane. The ferrimagnetic property based on the theoretical framework describes 

the crystal structure of magnetite nanoparticles. The spinel structure of crystallized 

magnetite contains oxygen ions in close packed cubic arrangement while the gaps are 

filled by the smaller Fe ions. The tetrahedral site of the gaps contain Fe ion 

surrounded by four oxygen atoms while the octahedral site has Fe ion surrounded by 

six oxygen atoms.  

Two magnetic sub-lattices X and Y, having spins antiparallel to each other are formed 

from tetrahedral and octahedral sites. Since the tetrahedral and octahedral sites differ, 

magnetite structural formula, [Fe
3+

]X [Fe
3+

,Fe
2+

]Y O4 arise from the interactions of 

the iron ions between and within the two types of sites. The crystalline structure for 

the prepared core shell nanoparticles has an inverse spinel structure arising from the 

particular arrangement of cations on the X and Y sub-lattices (Senz et al., 2001).  

4.3.4.2 Crystallite Size  

Peak width of the crystallites varies inversely with crystallite size i.e. as the peak gets 

broader, the crystallite size gets smaller (Rehani et al., 2006). The peak width 

broadening is most pronounced at greater angles 2θ. Further, the instrumental profile 

width broadening is also largest at large angles 2θ. However, peak intensity is usually 

weakest at larger 2θ angles. Therefore, the use of a single more intense peak, often 

gives better results from diffraction peaks between 30 and 50 deg 2θ. It has been 

shown that at below 30 deg 2θ, the peak asymmetry compromises profile analysis. 

From figure 4.7, the most intense peak appearing at 35.52 deg 2θ was used in 

determination of crystalline sizes. Fitting the XRD data to Gaussian (Figure 4.8a) and 
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Lorentz line profile (Figure 4.8b), two patterns were obtained from which crystallite 

size was determined. 

 

Figure 4. 8  Line profiles for (a) Gaussian and (b) Lorentz for magnetite silica NPs 

The crystallite size for the most intense peak at D(311) was determined from the two 

line profiles using the Debye-Scherrer formula 4.4;  

              [(   
     

 )
 

       …………………………….4.4  

where T is the thickness of crystal, λ the wavelength of the X-rays, θ the Bragg angle, 

and C is the Scherrer shape constant, corresponding to the value for core shell 

nanoparticles. B is the full-width at half-maximum (FWHM) of the peak (radians) 

corrected for instrumental broadening. Bsp and Bst are the FWHMs of the sample and 

of a standard, respectively. This means that FWHM is the width of a spectrum curve 

measured between those points on the y-axis which are half the maximum amplitude. 

The sample shows very intense peaks, indicating the ultra-fine nature and a small 

crystallite size (Ghandoor et al., 2012). Crystallite size measurements (Table 4.1) 

were determined as 22.4 nm from the strongest reflection of the (311) peak, based on 
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the Debye-Scherrer approximation, which assumes that small sizes of crystallites 

causes line broadening (Shaaban et al., 2013). 

Table 4.1 Determination of particle size 

Line 

profile 

θ  ΒStandard ΒSample βcosθ C λ T Taverage 

Gaussian 

2θ = 35.52 

17.72 54 178 118.09 0.9 350 26.7 

22.4 nm 
Lorentz 

2θ = 35.52 

17.72 54 272 207.61 0.9 350 18.1 

 

The T value of 22.4 nm confirms that the synthesized core shell particles were in the 

nanoscale range 1-100 nm for nanoparticles. Such small particle sizes increases the 

surface area of the adsorbent for adsorptions studies. 

4.3.5 Magnetic Property of Core Shell NPs 

4.3.5.1 Magnetization Curve 

Magnetic behaviour of different magnetic substances is demonstrated by a plot of 

magnetic flux density, B(M), against applied magnetic field, H (Chen, 2013). The 

magnetization curve of the synthesized core shell (Fe3O4.SiO2) nanoparticles at room 

temperature is shown in figure 4.9.  

 

Figure 4. 9 Magnetization Curve for (a) synthesized Fe3O4.SiO2 nanoparticles and (b) 

its expanded low field region at room temperature 
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From figure 4.9a, the greater the amount of current applied, H(Oe), the stronger the 

magnetic field in the component B(M). In figure 4.9b, the curve ‗oa‘ is non-linear 

because the material is being magnetized as the applied field is applied. Most of the 

magnetic domains are aligned with maximum magnetization at point ―a‖ where any 

additional increase in the applied magnetic field had very little change in 

magnetization. The material is said to be at the point of magnetic saturation (2.2 emu 

g
-1

). When H(Oe) is reduced to zero, the magnetization curve change from point "a" 

to point "b" showing that some magnetic flux reduced with magnetizing force. On 

reversal of the magnetizing force, the curve moves to point "c", where the 

magnetization is zero. This is called the point of coercivity on the curve where the 

reversed magnetizing force has flipped enough of the domains so that the net flux 

within the material is negligible (Sadaka et al., 2007). When the magnetizing force 

was increased in the negative direction, the material again became magnetically 

saturated upon reaching point "d". As H(Oe) increases from d, the magnetization 

increases back to point ―a‖ in a different path through ―e‖ and ―f‖.  

Hysteresis curves relate changes in magnetization M, with applied magnetic field 

H(Oe), and such changes depend on magnetic domains in the material (Cullity and 

Graham, 2011). Although domains are magnetized in different directions, each 

domain has uniform magnetization which can be less than saturation magnetization 

Ms, or even zero. This is because any system exists in a state of minimum energy. 

The directions in which the magnetization is allowed for a material can be restricted 

due to the crystalline nature of most materials. Certain crystallographic directions 

which are parallel to magnetization are preferred. This means that upon deviation of 

magnetization from such directions, an extra cost (anisotropy) is required. Studies 
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have shown that anisotropy energy can be minimum when its magnetization is aligned 

along (220), (311), (400), (422) directions. This is the case for core shell NPs in this 

study along (311) which is an easy axis since magnetic field is applied in this 

direction thus resulting in saturation magnetization. 

4.3.5.2 Saturation Magnetization 

In order to identify the magnetic property of the prepared core shell nanoparticles, 

different types of magnetism and their response to magnetic fields must be well 

understood. A memory of an applied field (called hysteresis) is retained by magnetic 

materials upon removal and when magnetization is plotted against magnetic field, 

magnetism is revealed in form of a hysteresis loop (Cullity and Graham, 2011). 

Ferrimagnetic materials exhibit a hysteresis loop which is narrower about the origin 

than antiferromagnetic materials due to smaller coercivities. This could also be 

explained in terms of their ability to be demagnetized such that ferromagnetic 

materials are easily demagnetized than antiferromagnetic materials. The prepared core 

shell NPs have thin hysteresis loop with coercivity close to zero showing they could 

be ferrimagnetic (Dormann and Fiorani, 2012). Furthermore, its external field 

response followed a sigmoidal curve, a characteristic property of such material 

(Kolhatkar et al., 2013).  

A related term is the saturation magnetization, Ms, which is the maximum induced 

magnetic moment that can be obtained in a magnetic field; beyond which no further 

increase in magnetization occurs. The Ms of the core shell nanoparticles was 

determined as 2.2 emu g
-1

. This value was almost equivalent to 3.21 emu g
−1

 for silica 

coated magnetite nanoparticles (He et al., 2007), but less than 7.5 emu g
−1 

for 

synthesized magnetic mesoporous silica−graphene oxide (MMSP-GO) (Wang et al., 
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2013) and 90-92 emug
-1

 for the bulk Fe3O4 (Cornell and Schwertmann, 2003). The 

lower density of the magnetic component in the nanoparticle samples could have 

resulted in the smaller saturation magnetization, Ms value. The lower Ms values could 

also be due to the diamagnetic nature of the thick silica shell used in coating the 

magnetic cores (He et al., 2007). 

4.4 Morphology and Elemental Analysis of CNT-IPSF/F3O4 Nanocomposites   

The structure of the CNT-IPSF/Fe3O4 nanocomposites was characterized by SEM–

EDAX technique. The SEM micrograph of the fabricated CNT-IPSF/Fe3O4 

nanocomposites is shown in figure 4.10.  

 

Figure 4. 10 SEM Micrograph of CNT-IPSF/Fe3O4 nanocomposite and its Elemental 

Analysis  

From figure 4.10a, the surface of the CNT-IPSF/Fe3O4 nanocomposites is irregular 

and rough with open porous structure suitable in adsorption studies. Such structure 

allows the pollutants to be trapped onto the nanocomposite surface during adsorption 

studies. The large cavities of the pores allows penetration of pollutants into the 

nanocomposite surface (Saravanan and Ravikumar, 2015). The cylindrical needle-like 

threads of CNTs can be seen intertwined with the core shell nanoparticles. The SEM 



82 

 

micrograph revealed closely packed and uniform structure with higher surface area 

suitable for adsorption studies.  

In addition, the EDS spectrum for the CNT-IPSF/Fe3O4 nanocomposites is shown in 

figure 4.10b. The binding energies of La, Ka and Kb shells correspond to peaks at 

around 0.7, 6.4 and 7.1 keV respectively for Fe. The other three peaks mainly for C, O 

and Si atoms are shown in the spectrum. The oxidation of CNTs leads to attachment 

of COO- group on the surface of CNTs as shown by the C and O peaks at 0.3 and 0.5 

respectively in the spectrum. From the EDX analysis, Fe, O and C atoms are the main 

constituents in the fabricated nanocomposites. The finding of this study correlates 

well with the synthesis of biocompatible magnetic iron oxides using oleic acid (OA) 

which obtained only three peaks for C, O and Fe where C was for OA functionality on 

the surface of iron oxides nanoparticles (Mahdavi et al., 2013b). 

4.5 Removal of Pb(II) ions Using CNT-IPSF/Fe3O4 Nanocomposites  

4.5.1 Optimization Parameters 

4.5.1.1 The pHPZC of CNT-IPSF/Fe3O4 Nanocomposites  

A number of methods for determining the point of zero charge (pHPZC) in materials 

have been proposed such as potentiometric titration, non-specific ion adsorption and 

methods based on the mobility of charged particles in an electrical field (Appel et al., 

2003). However most of the research on nanocomposite materials has focused on the 

use of solid addition method due to its simplicity. The pHPZC was used to investigate 

whether the surfaces of nanocomposites had polar functional groups attached. From 

the pHPZC curve of the sample, the pHPZC value was found to be around 4.5 (Figure 

4.11).  
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Figure 4. 11 Plot showing the pHPZC for CNT-IPSF/Fe3O4 nanocomposites 

This study used pH > 4.5 for removal of Pb(II) ions from the solution, hence all the 

adsorption experiments were conducted at optimal pH 5. The findings of pHPZC = 4.5 

from this study are close to 4.4 from the study on polysaccharide extract (Onditi et al., 

2016). The presence of acidic oxygen-bearing functional groups, such as –COOH and 

−OH groups on the nanocomposite surface was confirmed (Smičiklas et al., 2000). At 

pHPZC values 6-8, such groups become negatively charged due to abstraction of H 

ions thus acting as vacant sites for attraction of positively charged metal ions 

(Crabtree, 2009). The nanocomposites required no further functionalization because 

the MWCNTs had initially been functionalized using mineral acid HNO3 during 

purification stage, making it economical. The presence of functional groups enhances 

binding of the Pb
2+

 ions onto the adsorbent surface through electrostatic interaction or 

by cation exchange. The saturation point of adsorption features on the 

nanocomposites was investigated at lower detectable Pb(II) ions concentrations of 2 

and 4 mg/L. 
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4.5.1.2 Effect of Adsorbent Dosage on Pb(II) ions Adsorption 

The adsorption of lead(II) ions on adsorbent was studied by varying the adsorbent 

dosage from 0.02 – 0.12 g while keeping other operational parameters constant: pH 5 

(adjusted by adding 0.1 M HCl or NaOH), shaking speed 120 rpm and temperature 25 

°C. The pH of the solution was maintained at a defined value by manually adding 0.1 

M HCl and/or NaOH solutions. 

The removal efficiency of the Pb(II) ions was measured for different masses of 

adsorbent using lead (II) ions concentration of 2 mg /L and 4 mg/L (Figure 4.12).  

 

Figure 4. 12  Effect of adsorbent dose on Pb(II) ions adsorption 

Removal of lead(II) ions by the adsorbent increased sharply from adsorbent dosage of 

0.02 g to 0.04 g but the rate decreased slightly as 0.12 g mass was approached (Figure 

4.12). The initial increase in adsorption could be due to the fact that the adsorptive 

capacity of adsorbent available was not fully utilized at a higher adsorbent dosage in 

comparison to lower initial Pb(II) ions concentration used (Amarasinghe and 

Williams, 2007). The adsorption of Pb
2+

 ions reached maximum after 0.05 g 
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adsorbent dose was applied, achieving removal efficiency of 77 % and 54 % for 2 and 

4 mg/L Pb
2+

 ions concentrations respectively. There was a small decrease in metal 

ions removal as adsorbent dose increased from 0.06 to 0.1 g. This may be due to the 

fact that an increase in the adsorbent dose could lead to availability of more sites on 

the adsorbent in relation to constant available Pb(II) ions concentration (Ngah and 

Fatinathan, 2008). 

Other studies also found that there was decreased adsorption of divalent metal ions 

Cu
2+

, Zn
2+

 at higher adsorbent doses (Wang and Chen, 2009). Subsequent 

experiments were therefore conducted using 0.05 g as the optimum adsorbent dose. 

Results show that with addition of between 0.01 and 0.02 g adsorbent dose, there was 

higher % removal for 2 mg/L Pb
2+

 ions (38 − 66 %) than for 4 mg/L (29 − 48 %) for 

Pb
2+

 ions solutions. 

4.5.1.3 Effect of Contact Time on Pb(II) ions Adsorption 

This study investigated the removal efficiency of Pb
2+

 ions at different contact times 

in the range of 10 to 240 minutes. The experimental data were measured at 240 

minutes to ensure that a full equilibrium was attained. The initial Pb(II) ions 

concentration was kept constant i.e. 2 and 4 mg/L and a constant adsorbent dose of 

0.05 g/50 ml was applied (Figure 4.13).  
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Figure 4. 13 Effect of contact time on Pb(II) ions Adsorption 

The rate of adsorption initially increased rapidly, and the optimal removal efficiency 

was reached within about 60 minutes. Further increase in contact time did not show 

significant change in equilibrium concentration since the adsorption phase had 

reached equilibrium and all empty sites had been occupied. It can be observed that the 

maximum adsorption capacities of Pb(II) ions were about 67.0 % and 50.2 % (Figure. 

4.13) after 60 minutes for initial concentrations of 2 and 4 mg/L, respectively. This 

could be due to easy movement of the Pb(II) ions onto the empty adsorption sites on 

the surface of the nanocomposites (Al-Degs et al., 2006). It is clear from the above 

graph that once the equilibrium was reached, further increase in contact time had no 

significant effect on Pb(II) ions removal. This is because all the available active 

centers on the adsorbent had been occupied and there was no further sites implying no 

possibility of any further adsorption (Crini et al., 2007). 
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There was maximum removal of Pb
2+

 ions of above 50 % at 60 minutes of contact 

time indicating that optimum conditions had been reached. This means that beyond 

this optimum time, there was repulsion of the already adsorbed lead(II) ions on the 

adsorbent and those Pb(II) ions in the aqueous phase (Sreejalekshmi et al., 2009). The 

mechanism for Pb(II) ions adsorption could be due to attraction of positively charged 

Pb(II) ions onto negatively charged surface through electrostatic interaction or cation 

exchange. Further investigations were done using 60 minutes as an optimum time. 

4.5.1.4 Effect of pH on Pb(II) ions Adsorption  

The pH of the solution influences the adsorbents‘ surface charge and distribution of 

the ionic forms of the metal ions (Das et al., 2008). The effects of solution pH on 

lead(II) removal by the adsorbent was investigated at different pH values (from 1 to 7) 

using 60 minutes as optimum time and all measurements were made at room 

temperature for initial Pb(II) ions concentrations of 2 and 4 mg/L as in figure 4.14. 

The pH of the solution was maintained at a defined value by manually adding 0.1 M 

HCl and/or NaOH solutions. 
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Figure 4. 14 Effect of pH on Pb(II) ions Adsorption 

Pb(II) ions adsorption gradually increased as pH was increased from 1 to 2, 

accounting for 14 % and 32 % increase in Pb(II) ions removal from 2 mg/L and 4 

mg/L pb(II) ions solutions. The Pb(II) ions removal is affected by pH of solution 

whose hydrogen ion concentration determines the amount of metal ions removed. At 

pH around 4.5, hydrogen ions are likely to compete with Pb(II) ions. At pH values 

above 5.0, the Pb(II) ions could precipitate as  hydroxides thereby decreasing the 

Pb(II) ions removal (Göksungur et al., 2005). Maximum adsorptions of 79 % and 70 

% were determined at pH 5.0 for 2 and 4 mg/L Pb
2+

 ions concentrations respectively. 

Thus, these results demonstrate that the removal of Pb(II) ions was mainly dependent 

on the H
+
 ions concentration in the solution. Onditi et al; (2016) in their study 

observed maximum adsorption of Pb
2+

 ions on polysaccharide extract of 31 % at pH 6 

(Onditi et al., 2016).  

At lower pH (1-3), the surfaces of the adsorbents are net positively charged due to the 

protonation of –COO− and –OH functional groups on the nanocomposite. The low 
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adsorption levels at the pH of 1 was due to repulsion of positively charged Pb(II) ions 

by the positively charged nanocomposite surfaces (Meena et al., 2005). Above pH 5, 

deprotonation of surface functional groups occurred which created more negative 

charges on adsorbent surface that favoured their adsorption. From possible 

precipitation of cations as hydroxides at pH 5−7, determination of reliable adsorption 

capacity in this range is not possible. 

4.5.2 Kinetics Model for Pb(II) ions Adsorption 

4.5.2.1 Effect of Contact Time on Pb(II) ions Adsorption 

Adsorption kinetics experiments were carried out on CNT-IPSF/Fe3O4 

nanocomposites at varying contact times and the results were compared to that of 

activated carbon, a standard adsorbent in the market. The experimental values for 

adsorption of lead (II) ions involved agitating 0.05 g/50 mL prepared (CNT-

IPSF/Fe3O4) and standard (activated carbon) mixtures of 2 mg/L Pb(II) ions 

concentrations at 10-250 minutes contact times, 25 °C and pH5 as shown in figure 

4.15.  
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Figure 4. 15  Kinetics for Pb(II) ions adsorption on CNT-IPSF/Fe3O4 and activated 

carbon 

The results show that the adsorption rate was fastest up to 60 minutes for both 

adsorbents due to high initial concentration of Pb (II) ions. As the contact time 

increases, more and more Pb(II) ions bind onto adsorbent surfaces until no more site 

is available. Beyond 90 minutes of adsorption, there was no significant change 

(p=0.05) in adsorption on further increase of the contact time due to the complete 

utilization of binding sites (Bankar et al., 2009). The CNT-IPSF/Fe3O4 

nanocomposites had higher percentage Pb(II) ions removal in the whole time range 

than activated carbon adsorbent (p=0.05) at 2 mg/L of initial Pb(II) ions 

concentrations.   

4.5.2.2 Kinetic Models for Pb(II) ions Adsorption 

The presence of functional groups on the surface of the fabricated CNT-IPSF/Fe3O4 

nanocomposites has been reported to form chemical bonds between the active sites of 

nanocomposites and divalent Pb
2+

 ions (chemisorption) (Porjazoska et al., 2015). 
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Kinetic models based on adsorption capacities instead of solution concentrations were 

thus considered in subsequent analysis. 

The study of adsorption kinetics is very useful for understanding the involved 

mechanisms and the design of future large scale adsorption facilities. The mostly used 

models in fitting kinetic adsorption experiments are the pseudo-first order, pseudo-

second order, intra-particle diffusion and Elovich models (Örnek et al., 2007). In 

order to examine the mechanism of adsorption process such as mass transfer and 

chemical reaction, a suitable kinetic model is needed to analyze the rate data. Major 

models (pseudo-first order and pseudo-second order) in the literature have been 

extensively applied in batch reactors in this study to describe the transport of 

adsorbates inside the adsorbent particles. All constants were calculated from the 

intercept and slope of the line obtained from linearized form of models.  

The Pseudo-first-order equation 4.5 is a function the capacity of the solid adsorbent 

relative to the liquid/solid system. 

                              ……………. 4.5 

where qe and qt are the amounts of Pb(II) ions sorbed at equilibrium and at time t 

(mg/g), respectively, and k1 is the rate constant of pseudo first-order sorption (l/min) 

and log qe and  
   

     
  are the intercept and slope respectively. Fitting the adsorption 

data and plotting log (qe-qt) vs time, t for the two adsorbents, the following curves 

were obtained (Figure 4.16a). The value of the adsorption capacity at equilibrium can 

be calculated by fitting equation 4.5 to the experimental data. 
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Figure 4. 16 (a) Pseudo-first-order and (b) Pseudo-second-order kinetics for Pb(II) 

ions on CNT-IPSF/Fe3O4 and activated carbon 

The values for the pseudo first order kinetics K1 and R
2
 from figure 4.16a and 

equation 4.5 are indicated in table 4.2.  

The linear form of pseudo second order kinetic model is represented by equation 4.6; 

            
       …………………………………………. 4.6 
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Figure 4.16b was obtained when t/Qt vs t was plotted for the two adsorbent types from 

the adsorption data. The kinetic parameters K2 and R
2
 for pseudo second order from 

figure 4.16b and equation 4.6 are indicated in table 4.2 

Table 4.2 Pseudo-first and Pseudo-second-order kinetics adsorption constants for 

Pb(II) ions on CNT-IPSF/Fe3O4 and activated carbon adsorbents 

 

The R
2
 values for both CNT-IPSF/Fe3O4 and activated carbon were greater than 0.99 

suggesting adsorption fitted the pseudo second order model through chemisorption 

that involved sharing of valence forces or exchange of electrons between adsorbent 

and Pb(II) ions. The pseudo second order model gives the best fit to experimental data 

from Pb(II) ions adsorptions for the CNT-IPSF/Fe3O4 nanocomposites and activated 

carbon adsorbents studied, which had correlation coefficients of 0.9982 and 0.999 

respectively for same initial 2 mg/L Pb(II) ions concentrations.  

The amount of adsorbed Pb(II) ions at the equilibrium are similar and consistent with 

the calculated values. This implies that the pseudo-second-order adsorption 

mechanism fits the adsorption of Pb
2+

 ions onto nanocomposites adsorbent, and both 

the adsorbate and adsorbent determine the adsorption process which is controlled by 

the chemisorption process (Vadivelan and Kumar, 2005). 
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4.5.3 Isotherm Models for Pb(II) ions Adsorption 

4.5.3.1 Initial Pb(II) ions Concentrations   

Figure 4.17 shows the adsorption capacities of prepared CNT-IPSF/Fe3O4 

nanocomposites and standard activated carbon adsorbents at varying initial Pb(II) ions 

concentrations (2 – 12 mg/L). 

 

Figure 4. 17 Effect of initial Pb(II) ions concentrations on CNT-IPSF/Fe3O4 and 

activated carbon 

Comparison of removal efficiencies showed a gradual decrease from 76 % to 42 % 

and from 55 % to 31 % for CNT-IPSF/Fe3O4 and activated carbon, respectively as the 

initial Pb
2+

 ions concentration was increased from 2 - 12 mg/L (Figure 4.17). This 

confirms that the removal efficiency is usually high at lower metal ions concentrations 

(Fu and Wang, 2011).  

4.5.3.2 Isotherm Models for Pb(II) ions Adsorption 

In any adsorption process, the adsorption capacity of the adsorbent used influences 

the removal of impurities from the wastewater (Porjazoska et al., 2015). In such 

adsorption analysis, the best correlation to the experimental values is determined 
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followed by the assessment of the isotherm parameters. The Freundlich and Langmuir 

isotherm were derived from the equilibrium data (Ismail et al., 2013). Langmuir 

isotherm was explained in linear form equation 4.7;  

                    ………………………………………. 4.7 

where    is equilibrium concentration of Pb(II) ions solution,    is amount of Pb(II) 

ions adsorbed at equilibrium (mg/g), qm(mg/g) and b is Langmuir constant. The plot 

of 
  

  
 against    gives straight lines (Figure 4.18a) of slope 1/Qo and intercepts 1/Qob 

which were used to calculate Qe (adsorption efficiency) and b (adsorption energy) as 

shown in table 4.3 
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Figure 4. 18 (a) Langmuir and (b) Freundlich isotherms for Pb(II) ions on CNT-

IPSF/Fe3O4 and activated carbon 

The Freundlich isotherm was explained by linear form (Equation 4.8); 

                     …………………………….4.8 

where  e = amount of adsorbed, Ce = equilibrium concentration, Kf = the constant of 

system and 1/n measures adsorption intensity. The linear plots of log qe against log Ce 



97 

 

from the adsorption data are shown in figure 4.18b where the values of Kf and 1/n 

were determined from intercept and slopes. 

Accordingly, the R
2
 values were above 0.99 (Table 4.3) implying that the Freundlich 

model fitted the experimental data better than Langmuir model.  

Table 4.3 Langmuir and Freundlich adsorption isotherm constant for Pb(II) ions on 

CNT-IPSF/Fe3O4 and activated carbon adsorbents 

 

The calculated dimensionless constant separation factor RL (
 

     
 ) from this study 

was in the range 0.92 – 0.67 for initial Pb(II) ions concentrations (2 – 12 mg/L) which 

is less than 1 The RL values of between 0 and 1confirmed that the adsorption process 

for Pb(II) ions from aqueous solutions was favourable and suitable (Ngah et al., 

2002). The linear form of correlation coefficient value R
2
 = 0.9968 (CNT-

IPSF/Fe3O4) and R
2
=0.9942 (activated carbon) for Langmuir isotherm and R

2
 = 

0.9969 (CNT-IPSF/Fe3O4) and R
2
=0.9984 (activated carbon) for Freundlich can 

suggest that both isotherms provide a good result for the adsorption model of Pb(II) 

ions on the adsorbents.   

The linear form of the Langmuir isotherm (Figure 4.18a) indicates that the surface of 

the CNT-IPSF/Fe3O4 nanocomposites is uniform, and all the adsorption sites are 

equivalent. Freundlich isotherm was chosen to estimate the adsorption intensity of the 
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adsorbent towards the adsorbate. The magnitude of Kf and n, shows the possibility of 

an easy separation of heavy metal ions from aqueous solution and a high adsorption 

capacity respectively. From the Freundlich isotherm model, the Pb(II) ions adsorbed 

for a unit equilibrium concentration represented by Kf were 1.13 and 2.09 for CNT-

IPSF/Fe3O4 nanocomposites and activated carbon adsorbents respectively. The Kf 

value is related to the adsorption intensity. Therefore, the Kf values from this study (1 

< Kf) confirm that the adsorption capacity was high. The adsorption intensity value 

for CNT-IPSF/Fe3O4 nanocomposites of n=1.21 was 1< n < 10 representing beneficial 

adsorption of Pb (II) ions (Zheng et al., 2009).  

4.5.4 Effect of Counter Ions on Pb(II) ions Adsorption 

4.5.4.1 Effect of Cations 

Several divalent cations such as Zn
2+

, Cu
2+

 and Cd
2+

 present in waste water have been 

found to interfere with the uptake of Pb(II) ions by adsorbent (Kaewsarn et al., 2001). 

The effect of these cations on adsorption of Pb(II) ions by CNT-IPSF/Fe3O4 

nanocomposites was studied and the results are shown in figure 4.19.  

 

Figure 4. 19 Effect of counter cations on Pb(II) ions adsorption onto CNT-IPSF/Fe3O4 
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The Pb(II) ions concentration was kept constant at 2 mg/L while the concentrations of 

spiked cations were varied from 2 to 4 mg/L to check their influence on Pb(II) ions 

adsorption. The adsorption of Pb(II) ions was 1.43 mg/g in the absence of Zn
2+

, Cu
2+

, 

Cd
2+ 

ions but dropped to 1.23 and 0.55 mg/g when the solutions were spiked with 2 

mg/L and 4 mg/L, respectively of Zn
2+

, Cu
2+

, Cd
2+

 ions. This could be due to 

competition between the Pb(II) ions and counter ions for the same binding sites on the 

adsorbent. It can also be seen that counter ions (Zn
2+

, Cu
2+ 

or Cd
2+

) at 4 mg/L 

concentration greatly reduced Pb(II) ions adsorption as compared to when 2 mg/L 

spiked concentrations were used. This is because adsorption is concentration 

dependent and it decreases with increase in concentration (Kim et al., 2002).  

Control experiment involved agitating 2 mg/L batch solutions of Pb
2+

, Zn
2+

,Cu
2+

 and 

Cd
2+

 ions solutions with 0.05 g of CNT-IPSF/Fe3O4 and activated carbon adsorbents 

separately and determining adsorption of the metal ions (Figure 4.20).  

 

Figure 4. 20 Effect of 2 mg/L cations adsorption onto CNT-IPSF/Fe3O4 and activated 

carbon 
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It can be seen that the CNT-IPSF/Fe3O4 nanocomposites had higher removal 

efficiency (≥70 %) for all cations studied than activated carbon adsorbent (p=0.005). 

The fabricated nanocomposite was least affected by any of the counter cations hence 

could be applied in removal of cationic pollutants from aqueous solutions. 

4.5.4.2 Effect of Anions and anionic Ligands 

The effect of nitrate ions, ammonia and EDTA ligands on lead (II) ions removal was 

also studied as shown in figure 4.21. 

 

Figure 4. 21 Effect of anions and ligands for Pb(II) ions adsorption onto CNT-

IPSF/Fe3O4 

As observed in figure 4.21, the absence of nitrate ions, ammonia and EDTA led to 

Pb(II) ions adsorption of 1.61 mg/g. The introduction of 2 mg/L anion/ligands into the 

batch solutions had less effect on the removal of Pb(II) ions. This could be due to 

their ability to form soluble compounds with Pb(II) ions thus not inhibiting Pb(II) ions 

adsorption. However, when 4 mg/L of nitrate ions, ammonia and EDTA were 

introduced, the Pb(II) ions removal dropped to 1.22, 1.13 and 1.15 mg/g respectively. 
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This was due to the fact that Pb(II) ions combine strongly with nitrate ions, ammonia 

and EDTA at higher concentrations forming complexes with high stabilities thus 

limiting Pb(II) ions adsorption onto the nanocomposites (Deng et al., 2007).  

When concentrations of NO3
- 
ions increase, the ionic strength is increased. At higher 

ionic strength, the adsorption of lead(II) ions onto the adsorbent is decreased due to 

combination of the anion with Pb(II) ions forming respective compounds. The nitrate 

ions also limits adsorption of lead(II) ions by pairing their charges thus reducing the 

binding of lead (II) ions onto the adsorbent surface (Sheela and Nayaka, 2012). 

Comparison of Pb(II) ions removal by both prepared CNT-IPSF/Fe3O4 and standard 

activated carbon adsorbents revealed that EDTA reduces Pb(II) ions adsorption onto 

the adsorbents by similar percentage margins of 48.14 and 46.24 % respectively 

(Figure 4.22). This confirms that the ability of the CNT-IPSF/Fe3O4 nanocomposites 

for Pb(II) ions removal from aqueous solution is not largely affected by such 

anion/ligands in the solutions. 
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Figure 4. 22 Effect of 1M anion/ligands on Pb(II) ions adsorption onto CNT-

IPSF/Fe3O4 and activated carbon 

4.6 Removal of Phenanthrenes Using CNT-IPSF/Fe3O4 Nanocomposites 

4.6.1 Optimization of Adsorption Parameters Using Phenathrene 

4.6.1.1 Effect of Adsorbent Dose on Phenanthrenes Adsorption 

The adsorption of phenanthrenes on the nanocomposites was studied by varying the 

nanocomposites mass from 2–20 mg in 20 ml of 15 and 20 µg/L initial phenanthrene 

concentrations (Figure 4.23). The phenanthrenes removal by the nanocomposite 

adsorbent increased sharply from adsorbent mass of 2 to 4 mg but rate decreased 

slightly when 20 mg was used.  



103 

 

 

Figure 4. 23 Effect of nanocomposite dose on phenanthrenes adsorption 

The percentage phenanthrenes removal increased from 28 – 45 % and 23 – 48 % for 

20 and 15 µg/L initial phenanthene concentrations, respectively. The phenanthrenes 

adsorption was higher at the beginning due to higher adsorption of its molecules to the 

available adsorption sites (Yang and Xing, 2010). The higher adsorption could be 

attributed to an increase in electrostatic interactions between surface atoms and 

phenanthrenes molecules (Poater et al., 2006). This was followed by a steady 

decrease in adsorption due exhaustion of the available adsorption sites. Therefore, 

further experiments were conducted at 6 mg optimum mass. 

4.6.1.2 Effect of Contact Time on Phenanthrene Adsorption 

The effect of contact time on the adsorption of phenanthrenes was investigated for 60 

minutes using 15 and 20 µg/L of phenanthrenes solutions. The results (Figure 4.24) 

show a sharp increase in phenanthrenes removal between 5 and 20 minutes for 15 and 

20 µg/L phenanthrene concentrations. This translated into an increase from 37.8-49.5 

% and 30.7-41.7 % for 15 and 20 µg/L phenanthrenes concentrations, respectively. 
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Figure 4. 24 Effect of contact time on phenanthrenes adsorption 

The sharp increase could be due to the fact that more vacant surface sites were 

available for adsorption of phenanthrenes at initial stages which ultimately reduced 

with increase in contact time, leading to lower removal (Paria, 2008). Adsorption 

equilibrium was attained approximately within 40 minutes of contact time. The high 

affinities for adsorption of the phenanthrenes onto the adsorbent were dominated by 

π-π interactions onto the flat adsorbent surface. In contrast, limited π-π interaction led 

to the decreased adsorption due to unusually altered adsorption sites of adsorbent 

surface during the adsorption process (Wang et al., 2014). 

4.6.1.3 Effect of pH on Phenanthrenes Adsorption 

The effects of solution pH on phenanthrenes removal by the nanocomposite adsorbent 

were compared for 15 and 20 µg/L phenanthrenes concentrations as in figure 4.25.  
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Figure 4. 25 Effect of pH on phenanthrenes adsorption 

Phenanthrenes adsorption gradually increased as the pH increased from 4 to 8 for both 

initial phenanthrenes concentration. The removal of phenanthrenes was due to the 

possible π-π interactions between the nanocomposite adsorbent and phenanthrenes 

molecules (Gotovac et al., 2006). Orange peel has also been used previously for the 

removal of naphthalene but the adsorption capacity was quiet low (Owabor et al., 

2012). Hashemian et al. (2013) reported adsorption of azo dyes from aqueous solution 

using activated carbon derived from orange peel (Hashemian et al., 2013). 

4.6.2 Kinetics Model for Phenanthrene Adsorption  

4.6.2.1 Effect of Contact Time on Phenanthrene Adsorption Kinetics  

This study showed that phenanthrenes sorption was time dependent and increased 

with increasing contact time (Figure 4.26). This was due to higher initial availability 

of the phenanthrenes adsorbates in solution which led to higher phenanthrenes 

removal. It was noticed that the change in contact time was comparable for the two 

concentrations with no significant difference (p = 0.05). 
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Figure 4. 26 Effect of time on phenanthrenes adsorption by CNT-IPSF/Fe3O4 and 

activated carbon 

However, the CNT-IPSF/Fe3O4 nanocomposite gave better percentage removal 

reaching maximum of 72 % after 60 minutes, which indicated that its adsorption sites 

have higher affinity for phenanthrene molecules.  

4.6.2.2 Kinetic Models for Phenanthrenes Adsorption 

Two kinetic models were studied to describe the kinetics for the adsorption of 

phenanthrenes namely the pseudo-first-order and pseudo-second-order (Dharmambal 

et al., 2015). Kinetic equations were applied to distinguish adsorption capacities of 

solids as per pseudo-first-order equation 4.5;  

                               …………………. 4.5 

Fitting and plotting log (qe-qt) vs time, t from the adsorption data for CNT-

IPSF/Fe3O4 and activated carbon, the following curves (Figure 4.27a) were obtained. 



107 

 

 

Figure 4. 27 (a) Pseudo-first-order and (b) Pseudo-second-order kinetics for 

phenanthrenes on CNT-IPSF/Fe3O4 and activated carbon 

The values for kinetic parameters K1 and R
2
 for pseudo first order are indicated in 

table 4.4. The experimental data was also fitted to pseudo-second-order kinetic model 

as in equation 4.6;  

            
       ……………………….. 4.6 

When t/    vs time was plotted for the adsorption data, the following curves (Figure 

4. 27b) were obtained. The values for parameters K2 and R
2
 are shown in table 4.4. 
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The R
2
 values for both the adsorbents are greater than 0.9 suggesting adsorption 

followed pseudo second order model.  

Table 4.4 Pseudo-first and second-order adsorption constants for phenanthrene 

 

The pseudo-second-order model gave the best fit to phenanthrenes adsorption data for 

both the CNT-IPSF/Fe3O4 and activated carbon adsorbents with the highest 

correlation coefficient values of 0.9959 and 0.9954, respectively. This implied that the 

rate of occupation of adsorption sites is equivalent to the square the number of 

unoccupied sites (Lasheen et al., 2012). A similar observation was made for Pb(II) 

ions adsorption kinetics (Table 4.2). 

4.6.3 Isotherm Model for Phenanthrenes Adsorption 

4.6.3.1 Initial Phenanthrenes Concentration  

The adsorption capacities of the two adsorbents on phenanthrenes removal was 

investigated at different initial concentrations of phenathrene (1–10 µg/L) as shown in 

figure 4.28. Maximum adsorption capacities were realized at 6 and 8 µg/L 

phenanthrenes concentrations for CNT-IPSF/Fe3O4 and activated carbon adsorbents 

respectively. 
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Figure 4. 28 Effect of initial phenanthrenes concentrations on CNT-IPSF/Fe3O4 and 

activated carbon 

Maximum adsorption capacities were recorded at 6 and 8 µg/L initial phenanthrenes 

concentrations for CNT-IPSF/Fe3O4 and activated carbon adsorbents, respectively. 

The overall relationship for phenanthrenes removal was inverse to the initial 

phenanthrenes concentration where it decreased from 79.1 - 32.7 % and 69.7 - 36.1 % 

for CNT-IPSF/Fe3O4 and activated carbon adsorbents respectively as the initial 

phenanthrene concentrations increased from 1-10 µg/L. Higher removal efficiencies 

were observed at lower phenanthrene concentrations which is similar to other studies 

(Yang et al., 2005).  

4.6.3.2 Isotherm Models  

A given form of the sorption isotherm can provide information on the chemical and 

physical properties of the adsorbate material and on how the adsorption process 

proceeds over a given surface (Ranke, 2002). Based on the nature of the adsorbate and 
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its interaction with adsorbent surface, two kinds of isotherms can be distinguished. 

The linear form for Langmuir isotherm was applied as per equation 4.7; 

                    ………………………………..4.7 

The plot of 
  

  
 against    gave a straight line (Figure 4.29a) which was used to 

determine    (adsorption efficiency) and b (adsorption energy) as shown in table 4.5. 

The linear form of equation 4.8 for Freundlich Isotherm was explained by 

            
 

 
      …………………………….. 4.8 

The linear plots of log qe against log Ce from the adsorption data are shown in figure 

4.29b. 
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Figure 4. 29 (a) Langmuir and (b) Freundlich adsorption isotherms for phenanthrenes 

on CNT-IPSF/Fe3O4 and activated carbon 

According to the R
2
 for each adsorbent in table 4.5, the data gave best-fit for 

Freundlich isotherm models with correlation coefficient R
2
 values greater than 0.95.  
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Table 4.5 Langmuir and Freundlich isotherm adsorption constants for Phenanthrenes 

on CNT-IPSF/Fe3O4 and activated carbon 

 

The intensity of adsorption (b) is an indication of the bond energies between 

phenanthrene and adsorbent, and the possibility of physisorption is predictable. 

Although both isotherms described the adsorption process well, however, Freundlich 

isotherm for each adsorbent fitted better with higher correlation coefficient (>0.95) in 

table 4.5. This is further supported by the adsorption capacity Kf values of 2.8 and 2.3 

for the CNT-IPSF/Fe3O4 and activated carbon adsorbents respectively. The values of 

n=1.5 is greater than 1, indicating the physisorption is much more possible. High 

value of n for adsorption showed a weak bond hence representing beneficial 

adsorption of phenanthrenes by CNT-IPSF/Fe3O4 nanocomposite (Zheng et al., 2009).   

4.6.4 Effect of Selected PAHs on Phenanthrenes Adsorption 

Polycyclic aromatic hydrocarbons with comparable molecular weights to 

phenanthrenes such as naphthalene and anthracene
 

from oil spills are major 

components of wastewater from industries (Tam et al., 2001). Figure 4.30 shows the 

adsorption capacities of the fabricated CNT-IPSF/Fe3O4 nanocomposite for 

phenanthrenes and similar PAHs.  
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Figure 4. 30 Effect of selected PAHs on phenanthrenes adsorption onto CNT-

IPSF/Fe3O4 

The phenanthrenes concentration with and without selected PAHs was kept constant 

at 20 µg/L to check their influence on phenanthrenes adsorption. The adsorption of 

phenanthrenes in the absence of naphthalene and anthracene was 7.8 µg/g. However 

in presence of selected PAHs, the removal of phenanthrenes dropped to 6.8 µg/g 

while naphthalene and anthracene removal was 5.8 and 4.3 µg/g respectively. This 

could be due to competition of the PAHs for the same binding sites on the adsorbent 

(Kim et al., 2002).  

When CNT-IPSF/Fe3O4 and activated carbon adsorbents were separately used for 

phenanthrenes adsorptions in the control experiment, their % removal capacities are 

as shown in figure 4.31.  
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Figure 4. 31 Effect of 20 µg/L PAHs adsorption onto CNT-IPSF/Fe3O4 and activated 

carbon 

The CNT-IPSF/Fe3O4 nanocomposites had higher removal efficiency (p=0.005) than 

activated carbon adsorbent for the PAHs studied. The removal efficiency for the 

prepared nanocomposites was less affected by the selected PAHs hence suitable.  

Table 4.6 compares the adsorption capacity of the fabricated CNT-IPSF/Fe3O4 

nanocomposites with other Fe3O4 based adsorbents.  

Table 4.6 Adsorption capacities of other Fe3O4 based adsorbents compared with CNT-

IPSF/Fe3O4 nanocomposites 

Adsorbent                     Adsorption capacity (mg/g) 

 

Silica coated magnetite 

NPs 

Pb
2+

 ions Phenanthrenes Reference 

17.65 - (Mahdavi et al., 2013a) 

Carboxylic acid coated 

magnetite NPs 

6.6 - (Atieh et al., 2011) 

Rice straw/Fe3O4 19.45 - (Khandanlou et al., 2015) 

Activated carbon 20.33 28.33 Commercial adsorbent 

CNT-IPSF/Fe3O4 

nanocomposites 

20.62 29.47 Present work 
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The fabricated CNT-IPSF/Fe3O4 nanocomposites from this study had higher 

adsorption abilities than the other adsorbents showing that it was more efficient and 

the possibility of its application on large scale could be viable. 

4.7 Removal of Pb(II) ions and Phenanthrenes from Wastewater  

4.7.1 Removal of Pb(II) ions from Wastewater 

Contamination of water due to a wide range of toxic heavy metals and aromatic 

molecules is a serious environmental problem owing to their potential human toxicity. 

There is urgent need to improve on technologies that can remove such toxic pollutants 

from wastewaters. Recently, adsorption on polymeric adsorbent is becoming more 

popular method for the removal of pollutants from the wastewater. Figure 4.32 

compares the removal efficiencies of fabricated CNT-IPSF/Fe3O4 nanocomposites 

and the standard activated carbon for Pb(II) ions from wastewater.  

 

Figure 4. 32 Pb(II) ions removal from wastewater by CNT-IPSF/Fe3O4 and activated 

carbon 

The prepared CNT-IPSF/Fe3O4 nanomposites and standard activated carbon 

adsorbents reduced Pb(II) ions from initial concentration of 2.53 mg/L to 0.79 and 
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1.16 mg/L which translates to adsorption of 1.74 and 1.37 mg/L, respectively. The 

removal efficiency for CNT-IPSF/Fe3O4 nanomposites and standard activated carbon 

adsorbents was determined as 69 % and 54 %, respectively. This implies that the 

surface of CNT-IPSF/Fe3O4 nanocomposite has higher affinity for Pb
2+

 ions than 

activated carbon adsorbent (Tofighy and Mohammadi, 2011). Modified nano-alumina 

with DNPH was favorable and useful for the removal of metal ions, and the high 

adsorption capacity makes it a good promising candidate material for Pb(II),Cr(III) 

and Cd(II) removal (Afkhami et al., 2010). 

4.7.2 Removal of Phenanthrenes from Wastewater 

The removal of phenanthrenes from polluted waters containing other PAHs was tested 

on the CNT-IPSF/Fe3O4 nanocomposites and the results compared to the standard 

activated carbon (Figure 4.33).  

 

Figure 4. 33 Phenanthrene removal from wastewater by commercial activated carbon 

and CNT-IPSF/Fe3O4 

The activated carbon reduced initial phenanthrenes concentrations from 32.2 to 14.8 

µg/L while the CNT-IPSF/Fe3O4 nanocomposites reduced initial phenanthrenes 

concentrations to 11.82 µg/L. The phenanthrenes adsorption by activated carbon and 
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CNT-IPSF/Fe3O4 nanocomposite were 17.4 and 20.38 µg/g which translated into 

about 53 % and 63 % removals, respectively.  

This implies that the prepared CNT-IPSF/Fe3O4 nanocomposites exhibited good 

adsorption ability for the recovery of low phenanthrenes concentrations from 

wastewater samples as demonstrated from its 1/n = 0.66 which is less than unity and n 

= 1.5 which is greater than one indicating physisorption (Table 4.5). This contribution 

arise due to the formation of weak bond from π - π electron interaction of the 

nanocomposites surface with phenanthrene molecules which represents beneficial 

adsorption (Ahmaruzzaman, 2010). Since these molecules are not chemically bonded 

to the adsorbent surface from their Freundlich isotherm model (R
2
=0.9517), the 

aromatic core of the adsorbed phenanthrene molecules will exhibit pπ–pπ interactions 

with the adsorbent surface (Pandey et al., 2011) hence its application on large scale in 

industry. A similar study found that more than 45% of 3-ring PAHs were removed 

from sludge by METIX-AC and during ELECSTAB process were quiet good with 

approximately 62% of 3-ring PAHs removal (Zheng et al., 2007). 

4.8 Desorption Studies on CNT-IPSF/Fe3O4 Nanocomposites  

4.8.1 Desorption Studies Using Pb(II) ions 

Common eluents such as sodium carbonate, potassium cyanide, EDTA, nitric acid, 

sulphuric acid and hydrochloric acid have been employed in the recovery of pollutants 

from the adsorbents (Mishra, 2014). Recent desorption studies have indicated HNO3 

and Na2EDTA are more efficient desorption solvents in the recovery of Pb(II) ions 

(Tarigh and Shemirani, 2013). The desorption of Pb(II) ions from the CNT-

IPSF/Fe3O4 nanocomposites was investigated using de-ionized water, 0.1M HNO3 

and 0.1M EDTA so as to identify the most suitable desorption solvent for removal of 
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the adsorbed Pb(II) ions from the nanocomposites. Deionized water was chosen 

because it is a component of the sample matrix while nitric acid and EDTA are known 

to form soluble compounds with Pb(II) ions. The efficiency of selected desorption 

solvents in removal of the adsorbed Pb(II) ions from the surfaces of the CNT-

IPSF/Fe3O4 nanocomposites and standard activated carbon adsorbents is shown in 

figure 4.34.  

 

Figure 4. 34 Efficiencies of Pb(II) ions from CNT-IPSF/Fe3O4 and activated carbon 

It is evident that HNO3 and EDTA are better desorption solvents and that they were 

able to recover 78 % and 77 %, respectively of Pb(II) ions adsorbed from the surface 

of the prepared CNT-IPSF/Fe3O4 nanocomposites. However, de-ionized water 

showed recovery of about 9 % from the prepared nanocomposites. The high 

desorption ability of EDTA from these desorption studies could arise from the 

formation constant (Kʹf = 3.55×10
11

) of the Pb(II)-EDTA complex (Martins et al., 

2006). EDTA is also a hexadentate ligand with chelating property that enables its 

binding to Pb(II) ions. The Pb(II) ions in the bound Pb - EDTA complex remain in 

solution although the ions have reduced reactivity.  
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This is supported by initial studies done to investigate Pb(II) ions adsorption from 

aqueous solutions in presence of EDTA ligand which found out that Pb(II) ions form 

soluble complexes with EDTA and thus readily provides Pb(II) ions for adsorptions 

onto the CNT-IPSF/Fe3O4 nanocomposites (Figure 4.22). However, HNO3 acid was 

chosen for regeneration studies since Pb-EDTA complexes shows limited adsorption 

at various pH values (Bradl, 2004). Desorption study reveals that Pb(II) ions adsorbed 

could be desorbed using HNO3 due to breakage of complexes formed on the sorbent 

surface.  

4.8.2 Desorption Studies Using Phenanthrene  

The optimum choice of organic solvents for desorption is dictated by solute polarity 

i.e. a less polar organic solvent is needed to attain the maximal efficiency when 

working with less polar solutes. Desorption studies were done to investigate the 

strengths of the desorption solvents in removal of adsorbed phenanthrenes from the 

nanocomposites. Figure 4.35 shows desorption efficiencies of methanol, n-hexane and 

acetone for phenanthrenes removal from CNT-IPSF/Fe3O4 nanocomposites and 

activated carbon adsorbents in which the strength of the studied desorption solvents 

was in the order: acetone > hexane > methanol. This trend can be explained on the 

basis of non-polarity, except for methanol which is most polar with polarity index 

value of 5.1 (Okoli et al., 2015) thus exhibiting least desorption ability. This 

observation might likely be linked to the interactions of different functional groups 

with the phenanthrenes molecules. Acetone had the highest percentage removal 

(p=0.05) for phenanthrenes at 79 % and 75 % from the prepared CNT-IPSF/Fe3O4 

nanocomposites and standard activated carbon adsorbents, respectively. Hence, 
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acetone which is ketone (R-CO-R) will likely interact more with the adsorbate than 

methanol which is an alcohol (R-OH).  

 

Figure 4. 35 Removal efficiencies of phenanthrenes from CNT-IPSF/Fe3O4 and 

commercial activated carbon different desorption solvents 

4.9 Regeneration Studies on CNT-IPSF/Fe3O4 Nanocomposites  

4.9.1 Regeneration Using Pb(II) ions 

This desorption test, if reliable, could positively impact the subsequent utilization of 

the nanocomposites, thus providing higher chances for its reusability. The Pb(II) ions 

initially adsorbed onto the prepared CNT-IPSF/Fe3O4 nanocomposites were 

determined at initial Pb(II) ions concentrations of 1, 2, 4, 6, 8 and 10 mg/L while the 

% desorption efficiencies was determined after three adsorption desorption cycles 

using HNO3 as per equation 4.9 and figure 4.36; 

                          
                             

                             
       ………………… 4.9 
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Figure 4. 36 Investigating reusability of CNT-IPSF/Fe3O4 using Pb(II) ions 

There was a positive trend in the removal of Pb(II) ions from the adsorbent using 

HNO3 at 1-10 mg/L initial Pb(II) ions. The desorption efficiency (%) was above 60 % 

after third cycle for each Pb(II) ions concentration used, which confirmed the 

suitability of the nanocomposites for its reusability. This observation could also 

indicate that the interaction between the Pb(II) ions and the nanocomposites surface is 

a weak chemisorption due to the ease by which the Pb(II) ions are removed (Futalan 

et al., 2011).  

4.9.2 Regeneration Using Phenanthrenes 

Adsorption-desorption studies were done using acetone solvent on prepared CNT-

IPSF/Fe3O4 nanocomposites to determine the reliability of the adsorbent‘s reusability 

(Figure 4. 37). 
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Figure 4. 37 Adsorption-desorption cycles for phenanthrenes 

There was gradual decrease in % D.E for phenanthrene after three cycles showing 

good removal efficiency. This implied that no damaging of the adsorbent and hence it 

could advantageously be reused several times using acetone which is cheap and 

evaporates easily removing the pollutant. The % phenanthrenes desorbed by the 

nanocomposites decreased from 62.0 to 50.0 wt. % after third adsorption-desorption 

cycle. 

The removal efficiency of 50 % after the third desorption cycle means that the 

nanocomposites can be reused several times which is an important characteristic of a 

good adsorbent (Ramana et al., 2013). This could significantly reduce the cost of 

buying new adsorbents once reusability is confirmed. 

Adsorption using low cost, simple and high removal efficiency adsorbent is a very 

promising method for purification of wastewater. In order to make this method more 

environment friendly and economical, regeneration of adsorbent is a very important 

aspect. Recently, few developments have inclined towards reusability of the spent 
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adsorbents with eluting agents such as acids, alkalis and chelating agents being 

employed.   

Cukierman (2013) investigated thermal regeneration of activated carbon adsorbents 

using adsorbing volatile organic vapors such as acetone and methyl ethyl ketone 

(MEK) with dry air between 80 to 1600 K (Cukierman, 2013). It was observed that 

the regeneration efficiency increased by about 13 % with temperature for MEK 

implying that temperature change was not a factor. When the regeneration was tried 

using humid air, they found that the complete removal of adsorbate by humid air was 

not possible.  

Velu et.al. (2003) reported regeneration of adsorbent used for spent oil using solvent 

washing, oxidative or reductive regeneration (Velu et al., 2003). A mixture of 

methanol and toluene was used for solvent washing before the adsorbent was heated 

at high temperature. In reductive method; the adsorbent was treated with hydrogen at 

400-500 °C. From this study, solvent washing was very effective and advantageous 

from environmental point of view.  

Li Chai, et al. (2009) investigated the regeneration of modified spent grain used for 

lead removal using desorbing agents like HCl, NaOH, NaCl and ultrapure water (Li et 

al., 2009). They observed that hydrochloric acid was the most efficient desorbing 

agent with 86 % efficiency while water and sodium chloride were not effective in 

removing the adsorbed materials. They also found that removal efficiency was 

directly related to concentration of HCl used. During their investigation, it was also 

observed that, above certain desorbent concentration, the increase in HCl 

concentration could lead to deterioration of the adsorbent.  
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An experimental and technical review on the steam regeneration of adsorbent was 

carried out (Shah et al., 2013). According to them, any method adopted for 

regeneration depends on cost and nature of adsorbent. They observed that availability 

of steam generation units make this method common for regeneration. They however 

concluded that the drying of steam was energy intensive with the drying time being a 

concern.  

Jeon and Kwon (2012) carried out investigation on adsorption and desorption of 

indium ions on phosphorylated sawdust (Jeon and Kwon, 2012). They found that 

about 97 %, 79 %, and 74 % regeneration was possible with 0.5N hydrochloric acid, 

ethylenediamine-tetraacetic acid and HCl respectively. They also observed that the 

desorption efficiency of recycled phosphorylated sawdust for indium ions could be 

kept at 85 % through 4 cycles. Bhuvaneshwari et.al. (2012) investigated the 

regeneration of chitosan after heavy metal sorption using dilute mineral acids and 

organic acids as eluents (Bhuvaneshwari et al., 2012). They found that using 

sulphuric acid, 88 % of the chromium was recovered without any damage to the 

adsorbent and that the regenerated adsorbent was almost as efficient as the original 

new adsorbent. 

Banana peel as bio-adsorbent was used for copper removal from which copper 

desorption up to 94 % was possible by 0.1 N sulphuric acid (Hossain et al., 2012). 

They also observed that these cycles could be repeated for 7 times with satisfactory 

results. They also tried solvents such as tap water, distilled water and NaOH which 

exhibited limited amount of desorption (less than 30 %). Stability enhanced magnetic 

nanoparticles were used for rapid chromium removal from waster (Pang et al., 2011) 

where the alkaline conditions suited desorption process. In their investigation using 
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sodium hydroxide solution for regeneration, they observed no significant decrease in 

the adsorption capacity after successive regenerations and that only 9 % drop in 

capacity was observed after 6 cycles.  

Regeneration is a very important aspect of the adsorption from economy and 

environmental point of view with focus on disposal of adsorbent as one of the 

problems associated with the adsorption processes (Crini and Badot, 2008). 

Regeneration can reduce the need of new adsorbent and also eliminate the problem of 

disposal of the used adsorbent. Solvent washing regeneration method has been used in 

this study with some degree of success (Crini, 2005). The regeneration of the 

nanocomposites from lead and phenanthrene solutes was possible by using solvent 

washing. Normal drying at 60°C for the nanocomposites instead of electric heater 

showed promising results in terms of energy efficiency. The knowledge of both 

adsorption and desorption capacity of a material in a continuous adsorption/desorption 

cycle is an important factor in designing large-scale applications. It has been found 

that both sorption/desorption properties depend on the structure of the adsorbents and 

their surface properties.  

4.10 CNT-IPSF/Fe3O4 Nanocomposites as Smart Materials in Water 

Remediation  

Water pollution arising from industrial processes, underground storage tank leakages, 

landfills and abandoned mines pose great risk to human health. The main pollutants in 

wastewater include heavy metals like mercury, lead, cadmium, etc. and organic 

compounds like benzene, PAHs, etc. Most of the methods employed currently for the 

removal of such pollutants are too mechanical, time-consuming and costly. 
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Nanotechnology can help develop technologies with improved selectivity and 

sensitivity for in-situ remediation of inaccessible areas with minimal costs.  

The fabricated CNT-IPSF/Fe3O4 nanocomposites contain mainly core shell 

nanoparticles and hydrophilic CNT-IPSF polymer. Heavy metal ions stick to core 

shell i.e. mainly silica coated iron oxide, which is generally magnetic so they can be 

removed from water using a magnet. The silica shell provides an inert layer over the 

magnetite core that protects it from oxidation and leaching during the remediation 

process. This technique is useful over other techniques for removal of heavy metal, as 

it is simple and doesn‘t use electricity.  

The CNT-IPSF modified hydrophilic molecules enhance interaction with oil. They act 

as nano traps due to their high porosity and reactivity designed for such contaminants 

(Crini, 2005). The hydrophilic nanocomposites floats on the surface of water 

contaminated with oil and selectively absorb the oil. The oil-saturated nanocomposite 

is then removed by mechanical means. The infused polysulfone (IPSF) polymer 

provides hydrophilicity to the nanocomposites which protects it from fouling caused 

by interaction of the nanocomposite with the foulants in many different forms 

(inorganics, organics and biological substances) (Rana and Matsuura, 2010). Thus a 

combination of magnetite nanoparticles with CNT-IPSF gives rise to a smart 

magnetoresponsive composite material (CNT-IPSF/Fe3O4), which offers a novel 

chance for wastewater remediation.  
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

CNT-IPSF/Fe3O4 nanocomposites were successfully fabricated from CNT-IPSF 

polymer and SiO2·Fe3O4 nanoparticles based on various characterization procedures. 

Synthesized CNTs at 600 °C had threadlike twisting and winding entities for 

multiwalled CNTs with average diameters of 20 - 30 nanometers suitable in many 

applications. The presence of absorption band between 460 cm
-1

 and 521 cm
-1

 in the 

IR spectrum due to Fe−O bond confirmed the formation of Fe3O4 nanoparticles with 

saturation magnetization of 2.2 emu g
−1

 from SQUID confirming ferrimagnetic 

nanoparticles.   

Nanocomposites recorded higher removal efficiencies of up to 69 % and 63 % for 

Pb(II) ions and phenanthrenes from wastewater, respectively. Optimization of 

parameters for Pb(II) ions removal gave adsorbent dose (0.05 g), contact time (60 

minutes) and pH5 while the parameters for phenanthrenes removal were set at 

adsorbent dose (0.006 g), contact time (60 minutes) and pH5. Adsorption kinetics 

fitted well with pseudo-second-order model with R
2
 >0.9 and the adsorption isotherm 

gave best fit to the Freundlich model. The CNT-IPSF/Fe3O4 nanocomposites had 

highest adsorption capacity when compared to other Fe3O4 based adsorbents hence it 

is more efficient. 

Desorption efficiencies (%) for Pb(II) ions of above 60 % and gradual increase in 

desorption efficiency for phenanthrenes after three desorption cycles gives the 

fabricated CNT-IPSF/Fe3O4 nanocomposite its suitability for reuse. Desorption of the 

Pb(II) ions and phenanthrenes using HNO3 and acetone (relatively non-toxic and 
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cheap organic solvent) respectively made the developed adsorbent a viable alternative 

to the common adsorbents available for treatment of wastewater with heavy metal 

ions and PAHs. The spent nanocomposites were regenerated by solvent washing 

treatment methods. The CNT-IPSF/Fe3O4 nanocomposites in this study could be 

recycled during the wastewater treatment. 

5.2 Recommendations  

The fabricated CNT-IPSF/Fe3O4 nanocomposites material has capability for use in 

water treatment due to their good adsorption capacity compared to commercial 

activated carbon.  

5.3 Areas of Further Work 

Further investigations should be done in the following areas. 

i) There is need to investigate the use of the CNT-IPSF/Fe3O4 nanocomposite 

material on adsorption of more heavy metals and PAHs. 

ii) Water remediation using the fabricated CNT-IPSF/Fe3O4 nanocomposites to 

large scale inaccessible polluted waters should be done.  

iii) There is need to recover the water pollutants from regeneration solvents and 

carry out further investigations into the environmental side effects that may 

emanate from disposal of these nanomaterials since both health and 

environmental effects are not yet well understood. 
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