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ABSTRACT 

In the present study, magnetite nanoparticles (<50 nm) with high saturation 

magnetization (80.23 emu/g) was successfully synthesized through co-precipitating 

technique by co-precipitating iron (II) and iron (III) chloride salts in the presence of 3.00 

M ammonium hydroxide at final pH 9.5. It was found that increasing the final pH and 

total iron salts concentration increased saturation magnetization, but the variation of 

ammonium hydroxide concentration did not change the saturation magnetization. In 

contrast, the saturation magnetization decreased from 80.23 emu/g to 64.83 emu/g when 

the addition rate of ammonium hydroxide was increased from 5 ml/min to 20 ml/min. 

The reduction of saturation magnetization for these samples was due to decrease in the 

crystallite size of the particles with increasing addition rate. 

Additional continuous efforts were made to further improve the dispersion stability of 

magnetite nanoparticles in aqueous media by modifying the magnetite surface using 

surface modifiers (e.g., polyethylene glycol, oleic acid) to generate an effective repulsive 

force in between particles. It was found that the resultant MNPs incorporated with oleic 

acid demonstrated a maximum stability in maintaining good colloidal dispersion. This 

MNPs colloidal suspension performance was approximately 7 times higher (21 days) than 

the uncoated MNPs (3 days). The reason can be mainly attributed to the formation of 

oleate secondary layer in the bilayer oleic acid coated MNPs that enabled the MNPs to be 

well dispersed in polar (acrylonitrile) and non-polar (butadiene) parts of the building 

block of nitrile latex. In addition, the oleic acid coating layer could reduce the oxidation 

reaction that trigger phase transition as compared with PEG coating. Thermogravimetric 

analysis (TGA) measurements suggested that there was two kinds of binding between 

molecules of oleic acid and magnetite. The coating density of PEG and oleic acid on the 

MNPs particle surface increased with increasing loading amount. 
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The mechanical properties of nitrile butadiene rubber latex film were reduced by the 

addition of oleic acid coated MNPs but it is within the acceptable range. Lastly, the results 

proved that NBR latex film incorporated with oleic acid coated MNPs has improved 

magnetic properties and thermal stability. The saturation magnetization of NBR latex film 

was increased from 0.19 emu/g to 1.85 emu/g. Based on the results, oleic acid coated 

MNPs is the ideal magnetic additive for metal detectable glove application. 
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ABSTRAK 

 Dalam kajian ini, nanozarah magnetit (< 50 nm) yang mempunyai pemagnetan tepu 

yang tinggi (80.23 emu/g) telah berjaya disediakan melalui kaedah pemendakan kimia. 

Dalam cara ini, garam ferum (II) dan ferum (III) klorida akan mendak di bawah kehadiran 

3.00 M ammonium hidroksida pada pH 9.5. Pemagnetan tepu nanozarah magnetit 

didapati meningkat apabila menggunakan pH dan jumlah kepekatan garam yang tinggi 

tetapi tiada perubahan bagi kepekatan ammonium hidroksida. Pemagnetan tepu bagi 

kadar penambahan ammonium hidroksida adalah berbeza, kekuatannya berkurangan dari 

80.23 emu/g ke 64.83 emu/g apabila kadar ini meningkat dari 5 ml/min ke 20 ml/min. 

Penurunan pemagnetan tepu nanozarah adalah disebabkan oleh pengurangan saiz 

kristalit.  

 Kestabilan sebaran nanozarah dalam media akueus telah diwujudkan dengan 

menggunakan pengubah permukaan (polyethylen glikol, asid oleik) supaya daya tolakan 

wujud di antara zarah. MNPs yang bersalut asid oleik telah mencapai kestabilan yang 

maksimum. Prestasi ampaian kolloid MNPs bersalut asid oleik ini adalah tujuh kali ganda 

(21 hari) lebih tinggi daripada MNPs yang tidak bersalut (3 hari). Hal ini demikian kerana 

dua lapisan asid oleik ini membolehkannya bersebar dalam bahagian berkutub dan 

bahagian tidak berkutub yang terdapat dalam blok binaan latek nitril. Selain itu, lapisan 

asid oleik ini dapat mengurangkan tindak balas pengoksidaan yang akan menyebabkan 

transformasi fasa magnetit. Analisa thermogravimetrik menunjukkan dua jenis ikatan di 

antara molekul asid oleik dan magnetit. Di samping itu, kepadatan salutan pada 

permukaan zarah meningkat apabila jumlah muatannya meningkat.  

 Kekuatan mekanikal filem latek nitril didapati menurun selepas penambahan MNPs 

bersalut asid oleik tetapi ia masih dalam julat yang boleh diterima. Akhir sekali, sifat 

magnetik dan kestabilan haba bagi filem latek nitril yang mengandungi MNPs bersalut 
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asid oleik telah meningkat. Sifat pemagnetan tepu filem latek ini telah bertambah dari 

0.19 emu/g ke 1.85 emu/g. Berdasarkan hasil kajian ini, MNPs bersalut asid oleik adalah 

pengisi magnetik yang paling sesuai bagi aplikasi sarung tangan magnetik. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Overview  

This chapter contains the introduction to the nitrile gloves and the food safety issues 

in which the research is concerned with, the aims and objectives of the study, and the 

scope of the thesis. 

 

1.2 Introduction 

The total world rubber glove demand is estimated to be 160 billion pieces per year. 

Based on this customer’s estimation, the percentage of total rubber glove used for food 

processing and handling is approximately 5-10%. This relates to a total of 8-16 billion 

pieces. This may represent another USD 146 million to USD 438 million. Gloves for food 

processing and handling in Japan are a competitive business due to cheap imports from 

China. Manufacturing or packaging line employees in prepared food and pharmaceuticals 

industries are generally required to wear sealed gloves for hygiene purpose (Rajasekar et 

al., 2009).   

Gloves are commonly made from latex, vinyl, nitrile or polyethylene co-polymer, with 

vinyl and polyethylene gloves being the cheaper options. Nitrile butadiene rubber (NBR) 

gloves are more durable and have good elasticity, which provides comfort and dexterity. 

During the course of manufacturing or packaging, small pieces of the glove may become 

torn off or separated from the glove and become contaminant to the food product. 

Research on rubber nano-composites can be both fundamental and applied, and has 

attracted growing attentions to increase the mechanical and detectable properties of the 

rubber glove. 
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Numerous studies have demonstrated that the uniform distribution of nano-scaled filler 

particles into a rubber matrix, with reasonably good interfacial bonding strength, could 

lead to a rubber nano-composite with significantly improved properties (Lu et al., 2008). 

For example, by distributing 10 phr of organically modified montmorillonite into NBR, 

the tensile strength of the resulting rubber nano-composite could exceed 18 MPa, which 

was 9 times higher than that of the neat NBR (Ramesan et al, 2005). It was also reported 

that when the particle size of magnesium hydroxide (Mg(OH)2) was reduced from 

micron-level to nano-level, both the mechanical and the fire retardation properties of its 

filled ethylene propylene diene monomer (EPDM) rubber could be substantially 

improved (Lu et al.,2008). Theoretical analyses have suggested that properties of nano-

filler particles, interfacial bonding strength of filler/matrix, and uniform distribution of 

nano-filler particles were the most important factors on the properties of rubber nano-

composites.  

Nowadays, magnetic field is an important parameter for studying the physical 

properties of materials (Lévy et al., 2005; Na et al., 2006)-. Recently, magnetic field, 

similar to the conventional reaction parameters such as temperature and pressure, has 

been introduced as a new tool to control chemical reactions, materials synthesis in several 

systems, such as electrochemical process, solid state reactions, hydrothermal synthesis, 

sol-gel synthesis and precipitation synthesis (Qi et al, 2009). 

Superparamagnetic nanoparticles are currently used as contrast agent in magnetic 

resonance imaging (MRI) (Sonvico et al., 2005). They are originally ferromagnetic 

substances which have lost their permanent magnetism due to their small size. The 

magnetization of such nanoparticles follows an external magnetic field without any 

hysteresis and they are better known as “superparamagnetic” due to their large magnetic 

susceptibility (Corot et. al, 2006). These nanoparticles consist of a coated iron oxide core 
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(magnetite, maghemite or other insoluble ferrites) characterized by a large magnetic 

moment in the presence of a static external magnetic field.  

They are classified into two main groups according to their size (Mornet et al., 2005; 

Roch et al., 2005). SPIONs (superparamagnetic iron oxides) have a hydrodynamic size 

greater than 50 nm (coating included). They show interesting properties such as 

superparamagnetism, high field irreversibility, high saturation field, extra anisotropy 

contributions or shifted loops after field cooling (Marghussian, 2015). USPIONs (ultra-

small superparamagnetic iron oxides), whose nanoparticles are smaller than 50 nm 

included the hydrodynamic size coating (Esterlrich et al., 2015). 

Magnetite (Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3) are three main iron 

oxides that fall under the category of SPIONs. Ferrites, which are mixed oxides of iron 

and other transition metal ions (e.g. Cu, Co, Mn, and Ni), have also been reported to be 

superparamagnetic (Spaldin, 2010). Hematite is the oldest known of the iron oxides and 

is widespread in rocks and soils. It is also known as ferric oxide, iron sesquioxide, red 

ochre, specularite, specular iron ore, kidney ore, or martite. Hematite is extremely stable 

at ambient conditions, and often is the end product of the transformation of other iron 

oxides. Magnetite is also known as black iron oxide, magnetic iron ore, loadstone, ferrous 

ferrite, or Hercules stone. It exhibits the strongest magnetism of any transition metal oxide 

(Majewski & Thierry, 2007).  

The precipitation technique is the simplest and most efficient chemical pathway to 

obtain iron oxide particles. Iron oxides (FeOOH, Fe3O4 or γ-Fe2O3) are usually prepared 

by addition of alkali to iron salt solutions and keeping the suspensions for ageing. The 

main advantage of the precipitation process is that a large amount of nanoparticles can be 

synthesized. However, the control of particle size distribution is limited, because only 

kinetic factors are controlling the growth of the crystal (Mohapatra & Anand, 2010).  
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In the precipitation process, two stages are involved i.e., a short burst of nucleation 

occurs when the concentration of the species reaches critical super saturation, and then, 

there is a slow growth of the nuclei by diffusion of the solutes to the surface of the crystal. 

To produce monodisperse magnetite nanoparticles, these two stages should be separated; 

i.e., nucleation should be avoided during the period of growth (Tartaj et. al., 2006). A 

wide variety of factors can be adjusted in the synthesis of magnetite nanoparticles to 

control size, magnetic characteristics, or surface properties. The size and shape of the 

nanoparticles can be tailored with relative success by adjusting pH, ionic strength, 

temperature, nature of the salts (perchlorates, chlorides, sulfates, and nitrates), or the 

Fe(II)/Fe(III) concentration ratio (Mohapatra & Anand, 2010). 

A great variety of polymers with hydroxyl, carboxylate, carboxyl, styrene or vinyl 

alcohol groups have been used in magnetite nanoparticles production. Coating or 

encapsulation of particles with polymers is the oldest and simplest method of magnetite 

nanoparticles preparation. Other methods include e. g. suspension, dispersion or emulsion 

polymerization (Utkan et al., 2011). The most common polymers used to stabilize bare 

magnetic nanoparticles are starch and dextran and its derivatives, polyethylene glycol, 

alginate, polyvinyl alcohol, chitosan, polylactide, poly (ethylene imine), and dendrimers 

(García-Jimeno & Estelrich, 2013). Stabilization can be achieved by several approaches, 

including insitu coatings and post synthesis coatings (Laurent et al.,2008). Nanoparticles 

are coated during synthesis for in situ coatings, while post-synthesis coating method 

consists of grafting the polymer onto the magnetic nanoparticles once synthesized. 

 

1.3 Problem Statement 

Nitrile butadiene rubbers (NBR) are copolymer of a diene and a vinyl-unsaturated 

nitrile. It was obtained by emulsion polymerization of acrylonitrile and butadiene (Roff 

& Scott, 2013). Recently, many gloves are made by nitrile rubber, used in home and 
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industrial cleaning and medically as examination and disposable gloves. Nitrile gloves 

offer greater puncture resistance compared to natural rubber gloves (Carraher, 2012). 

However, nitrile gloves have limitation to strength and hence it can be broken easily. 

During the manufacturing, small pieces of the glove may become torn off or separated 

from the glove. The small pieces of glove may become contaminants in the food or 

pharmaceutical product being handled. As there are some parts of glove missing, the 

production comes to a halt to trace back the missing part in the product. If the missing 

part of the glove is not traced, then the whole shift food production will be disposed. 

The white or light flesh-colour glove pieces are often difficult to discern from the 

product and, therefore, become very difficult to remove prior to packaging and shipping 

the product. Detecting glove pieces may be solved by use of gloves of a colour that 

distinctively contrasts the colour of the product. However, reliance upon visual detection 

alone leaves room for human error and missed contaminants may be packaged with the 

food product (Haddock et al., 2006). To overcome this situation, magnetite nanoparticles 

(MNPs) will be incorporated to nitrile butadiene rubber glove. 

The goal is to deliver a glove where broken parts of the glove can be detected via a 

metal detectable device. The magnetic response of magnetite nanoparticles (MNPs) in 

magnetic field provides a chance to manipulate or assemble the MNPs via in situ method 

or in a controlled manner. Therefore, the magnetic nanoparticles has been focus of much 

recently as a detectable agent with the modulation of its composition, size and magnetic 

properties that can permits its use in variety format of detectable device. Magnetite 

nanoparticles (MNPs) has high superparamagnetic properties, low Curie temperature, 

high magnetic susceptibility, non-toxic and good antibacterial properties. Magnetite 

nanoparticles are the only FDA approved nanoparticles used in the pharmaceutical 

industry. As far as the size and size-dispersivity control are concerned, tendency to isolate 
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magnetic nanostructures for aggregating into bigger cluster, driven by particle-particle 

interaction and /or by reduction of energy associated to the high surface to volume ratio 

has represented a critical major problem due to the properties of MNPs.  

To improve the dispersion stability of MNPs in aqueous media, strategies to modify 

the MNPs surface by modifiers (small organic molecules, surfactants and polymers) to 

generate an effective repulsive force have been conducted. Besides that, protecting shells 

not only to stabilize the magnetic properties but it can be used for further protection of 

magnetic nanoparticles against oxidation by oxygen, or erosion by acid or base. Coating 

agent, either small organic molecules or polymer, which could provide sufficient 

repulsive interactions to prevent agglomeration must be able to balance the magnetic and 

the van der Waals attractive forces acting on the nanoparticles. In addition, the coating 

agent must not contain environmentally and harmful elements, not impair interaction 

between magnetite and binder, and it has to be cheap.  

Coating of magnetite nanoparticles can prevent the agglomeration of the magnetite 

particles in aqueous solution effectively, and obtain stable magnetic suspension which 

can easily be blended together with others latex compounding ingredients when initially 

introduces in the formulation process giving homogenized latex compound. Then, the 

final product, a metal detectable glove which contain the magnetite particles in its entire 

shape of glove can be produced.  
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1.4 Objectives 

The objectives of this research are listed as below: 

i. To develop synthesis methodology of magnetite nanoparticles (MNPs) by 

co-precipitation method, yielding particle size < 100 nm. 

ii. To stabilize magnetite nanoparticles (MNPs) in nitrile butadiene rubber 

latex by incorporation of coating agents from chemical oxidation and 

agglomeration. 

 

1.5 Outline of Research Work 

Generally, this research studies can be divided into four stages, namely, synthesis of 

magnetite nanoparticles (MNPs), synthesis of coated MNPs, characterization of MNPs 

and coated MNPs, and performance test on nitrile butadiene rubber latex film loaded with 

MNPs.  

Part I:  Synthesis of Magnetite Nanoparticles (MNPs) 

In this stage, magnetite nanoparticles was primarily synthesized through co-

precipitation method. Operational parameters such as final pH, precipitating agent 

concentration, iron salt concentration, and addition rate were optimized to produce the 

required size and magnetic properties for MNPs.  

Part II: Synthesis of Coated MNPs 

The synthesis of coated MNPs were carried out based on the reaction condition of 

MNPs with the highest saturation magnetization in previous section (Part I). Coated 

MNPs were fabricated using in situ coating technique, where coating agents (e.g., 

polyethylene glycol, oleic acid) with different loading amount were introduced into the 

iron salts solution before the addition of ammonium hydroxide solution. In this stage, 

sedimentation test was carried out to evaluate the stability of MNPs in nitrile butadiene 
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rubber latex. Sediment of coated MNPs were observed and recorded at 3 hours, 3 days, 7 

days, 14 days and 21 days.  

Part III: Characterization of MNPs and coated MNPs 

The structural, morphological, chemical, magnetic properties of uncoated and coated 

MNPs were characterized via various characterization techniques. The characterization 

techniques are X-ray diffraction (XRD), Raman spectroscopy, Field Scanning Electron 

Microscope-Energy Dispersive Spectroscopy (FESEM-EDS), High-resolution 

Transmission Electron Microscope (HRTEM), and Fourier Transform Infrared 

Spectroscopy (FTIR). Meanwhile, the magnetic properties of the MNPs were measured 

by Vibrating Sample Magnetometer (VSM) operated at room temperature. In addition of 

that, Zeta Sizer was used to measure the particle size distribution and zeta-potential of the 

nanoparticles produced. Lastly, the formation of coating and estimation of binding 

efficiency on the surface of MNPs were investigated via Thermogravimetric analysis 

(TGA). The principle and the measuring conditions of each measurement are discussed 

in Chapter 3-Research Methodology. 

Part IV: Performance Test of MNPs loaded nitrile butadiene rubber latex films 

In this final stage, the performance test of the prepared nitrile butadiene rubber films 

modified with MNPs was carried out. Firstly, the nitrile butadiene rubber latex compound 

was incorporated with optimized oleic acid coated MNPs during the compounding 

process. Then, latex films were formed by a series of dipping process. The measurement 

of magnetic properties as well as mechanical properties of nitrile butadiene rubber latex 

films incorporated with MNPs were measured by Vibrating Sample Magnetometer 

(VSM) and Universal Testing Machine (UTM). In addition, thermal stability of the nitrile 

butadiene rubber latex films was investigated via Thermogravimetric analysis (TGA). 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1  Introduction and Overview 

This chapter contains the introduction of the nitrile gloves, detection of glove 

fragments, and development of magnetic detectable gloves. Next, magnetic behaviour of 

magnetite nanoparticles begin with the fundamentals of magnetism and their deviations 

from respective bulk properties. Lastly, the stabilization of magnetite nanoparticles by 

surfactants (e.g., polyethylene glycol and oleic acid) was also presented in this chapter. 

 

2.2 Nitrile Butadiene Rubber 

Nitrile butadiene rubber, also known as acrylonitrile butadiene rubber or as nitrile 

rubber, is an unsaturated synthetic rubber copolymer of acrylonitrile and butadiene 

(NCPS Board, 2013). It was invented in a German program to substitute natural rubber 

during 1930s.  

 

Figure 2.1: Chemical structure of nitrile butadiene rubber  

 

 

Nitrile butadiene rubber is produced either by hot or cold emulsion polymerization 

(Kent, 2010). Most of the nitrile butadiene rubber is produced by cold emulsion 

polymerization at about 5 °C, and this result in more linear polymer which are easier to 

process than ‘hot’ polymers. Hot nitrile butadiene rubber polymers are polymerized at 40 

°C to produce highly branched polymers. As a matter of fact, branching not only can 

provide good tack and a strong bond in adhesive applications but also offer better tear 

strength  (Klingender, 2008).  
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As the Acrylonitrile content is increased, the molecules becomes less hydrophilic and 

more polar. The primary properties affected are the glass transition temperature and 

solubility parameter and both increase with increasing acrylonitrile content. The 

acrylonitrile content in commercially available nitrile rubber are ranges from 18 % to 50 

%. The grade of Nitrile rubber used is determined by the final properties required, and by 

the percentage of acrylonitrile present (Whelan, 2012). 

Table 2.1: Grade of nitrile butadiene rubber 

Grade of nitrile rubber 

 

Percentage of acrylonitrile (%) 

Low 18-24 

Medium low 26-28 

Medium 34 

Medium high 38-40 

High 50 

 

The acrylonitrile content of the nitrile rubber has an important effect on the physical 

properties of the Nitrile rubber. As acrylonitrile content increases, the oil and fuel 

resistance, tensile strength, hardness, heat resistance, abrasion resistance, and 

compatibility with polar materials increases while low temperature flexibility, resilience, 

compression set, and gas permeability reduces (Whelan, 2012). 

 

2.2.1 Nitrile Butadiene Rubber Latex 

Nitrile butadiene rubber was available as a latex, which is widely used in glove 

manufacturing industry. A latex is any polymer emulsified in an aqueous medium, it refer 

to any synthetic polymers “dispersed” or “emulsified” in water (Rapra Technology 

Limited, 2006). Nitrile butadiene rubber latex is also used in the application of paper 

saturation, abrasive, leather finishing, nonwoven binders and tape release coating (Kent , 

2010). 
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2.2.2 Nitrile Glove 

In the late 1980s, Neil E. Tillotson and Luc G. DeBecker invented the disposable 

Nitrile Latex Glove. They filed for a patent in May 11th of 1990 and the patent was finally 

granted to the Tillotson Corporation in May 14th of 1991. This invention aims to produce 

a latex glove that does not numb or fatigue the wearer’s hand when worn continuously 

for extended period of time.   

Nitrile gloves are mainly made from carboxylated nitrile (XNBR) latex, which can be 

synthesized from monomers of acrylonitrile, butadiene and carboxylic acid. Each 

composition variation of the monomers will provide a specific function for the synthetic 

latex gloves. Acrylonitrile imparts penetration resistance from chemicals such as fats, 

hydrocarbon oils, and solvents. The stiffness and chemical resistance of the nitrile gloves 

increased with the concentration of acrylonitrile. Butadiene incorporate softness and 

flexibility and contributes to the elasticity of the glove. Carboxylic acid contributes to the 

tensile strength, or the tear resistance of the glove but reduce in water resistance, 

resilience, compression set, and low temperature properties. The characteristics of the 

glove can modified by changing the composition of these monomers (Gaza & Zaborski, 

2016). 

Generally, nitrile gloves possess greater puncture resistant than natural rubber latex 

gloves. They provide superior resistance to puncture and also used for protection against 

various chemicals (Neville, 2013). However, nitrile gloves are stiffer and more expensive 

than natural rubber latex gloves (Lipinski & Tang, 2010). It also exhibit inferior tensile 

strength when compared to natural rubber latex gloves. Table 2.2 shows the different 

between nitrile gloves and natural rubber latex gloves (Jayanthy & Sankaranarayanan, 

2005; Galpaya & Dona, 2009). 

 

Univ
ers

ity
of

Mala
ya



12 

Table 2.2: The comparison of nitrile gloves and natural rubber latex gloves 

Nitrile gloves Natural rubber latex gloves 

Durables Not as durable as nitrile gloves 

Consistent in latex composition Latex composition depending on many 

factors (season, soil, weather) 

Synthetic product without natural 

latex proteins 

High risk of Type I hypersensitivity 

(latex protein allergens) 

Excellent chemical resistance Limited protection over range of 

chemicals 

Longer shelf life (5 years) Shorter shelf life (3 years) 

Odour free Unpleasant odour 

 

2.2.3 Detection and Tracing of Nitrile Gloves Fragments 

Food borne hazards include all undesirable biological, chemical and physical 

substances and contaminants that can be found in food and that pose a health risk to 

consumers. Physical hazards that are often found in food and drug include: metal 

fragments, screws, machine filings, glass pieces, stones, insulation/paint, plastic material 

fragments, personal effects such as jewellery, buttons and nail fragments, insect parts and 

fragments (Weston, 2014). 

To overcome this issues, effective inspection system was developed by utilising fast 

and non-destructive methods for sensing the safety situation of food produce (Feng & 

Sun, 2012). Metal detector, and x-ray technology seem to be the most effective methods 

to identify contaminant in food. Metal detector are a cost-effective solution for identifying 

metallic foreign object contaminant, but it has a major drawback that only metal can be 

detected. X-ray detection systems are able to find metal contaminants, and other solid 

contaminants with different densities than metal. The x-ray detection equipment produces 

an image of the food product that can be analysed for contamination (Haff & Toyofuku, 

2008). The comparison between X-ray and Metal detection system is shown in Table 2.3. 

Plastic contaminant present the most serious detection challenges as they are unable to be 

detected by metal detection and the density of plastic is most likely similar to the product 
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it is within, which makes detecting through x-ray inspection difficult. Most commonly 

found plastics in food are low-density polyethylene and polyethylene films used in 

packaging and rubber/plastic gloves (Lewis, 2014).  

Table 2.3: Comparison between X-ray and Metal detection system  

(Ries, 2014) 

Metal detection X-ray inspection 

Long lifetime even in the harshest 

environments. 

Moderate lifetime in harsh 

environments. 

Dry products, small products, piped or 

bulk products have best sensitivity. 

Large packaged products and cases 

can be inspected. 

Conductive (wet/salty) products are 

the most difficult to ignore. 

Dense products with a lot of texture 

are the most difficult to achieve good 

performance. 

Operates over a wide range of speeds. Speed must be constant within a 

limited range. 

Performance dependent on aperture 

size, and coil configuration. 

Performance dependent on X-ray 

source, receiver, and power. 

 

The wearing of gloves by worker in manufacturing or packaging line in the prepared–

food pharmaceutical, and agri-food industries are important to protect products from 

contamination and to maintain a high standard of hygiene and cleanliness (Lucas et al., 

2006). In this case, the tiny fragment of glove that is torn due to manufacturing defect or 

failure during usage will mix into food or drug as a foreign body which pose risks of 

injury or choking to consumers. The conventional methods to identify a glove fragments 

are visual inspection. It is accepted practice that operatives' gloves should be coloured 

blue and it is now a requirement in many countries that this procedure be followed so that 

gloves can be detected visually. However, reliance upon visual detection alone leaves 

room for human error and missed contaminants may be packaged with the product, 

particularly where small glove pieces are concerned (Lucas et al., 2006). 

By incorporating detectable additives during manufacturing to magnetize the glove, 

broken pieces or fragments of glove mixed in with food products can be detected by a 
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standard metal detector in food processing plants. This enable the identification of glove 

fragments in food and prevent contaminated products from reaching the market. 

However, in order to produce a detectable glove, there are a few requirements to be met. 

Firstly, the entire shape of the gloves should contain the detectable material, it being 

possible for an accidental cut in the glove to occur at any point. Secondly, the method of 

detection must be sufficiently sensitive in order to detect small fragments of the glove. 

Lastly, there is no impairment of the mechanical properties of the glove (De Ricci & 

Phalip, 1999). 

The first metal detectable glove was invented by De Ricci and Phalip in 1996, they 

filed for a patent in November 1996 and the patent was granted to the Hutchinson, France 

in July 1999. In this invention, the glove is made of nitrile latex and compose of multilayer. 

As shown in Figure 2.2, the middle layer of the glove is comprise of metals, iron oxide 

or ferrites particle, with strong hysteresis loop and low coercivity uniformly distributed  

throughout the layer. These layer is sandwich between two layers of latex which do not 

contain any detectable material. In accordance with the invention, the said polymeric 

glove has maximum slope greater than 0.05 m3.kg-1 and coercive field about 1294 Oe. 

The fragment (5×5 mm) of  glove was able to detect by Safeline® S35 metal detector (De 

Ricci & Phalip, 1999). 

 

 

 

 

Figure 2.2: Sectional view of a multilayer glove article  

(De Ricci & Phalip, 1999) 

 

 

150-200 

µm 50-100 µm 

200 µm 
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In year 2001, Dennis Connor has dispersed 3-6 % by volume of iron oxide with particle 

size of 1 to 200 µm into natural latex, nitrile latex and polyvinylchloride. The patent filed 

was granted under him together with Ck European Safety Equipment Ltd. (Connor, 2001). 

Currently, metal detectable gloves with trade name of “detect-a-gloves” (shown in Figure 

2.3) is available in market. This glove is made from polyvinyl chloride, which is meant 

for food handling purpose in food industry, detectable in the electromagnetic range of 50 

kHz up to 1 MHz, and made from Food and Drug Administration (FDA) accepted 

materials (Superior Glove Works ltd, n.d.).  

 

Figure 2.3: Blue vinyl metal detectable glove  

(Superior Glove Works ltd, n.d.) 

 

Ansell Healthcare Products Llc was granted for its invention of magnetically 

detectable latex articles made of nitrile, natural rubber, polyurethane, and 

polychloroprene latex in 2006. The glove may include multiple cured latex layers having 

chromium oxide or magnetite dispersed throughout the cured latex layers. The outer and 

inner latex layer comprising 10 phr of chromium oxide dispersed throughout the latex 

layer while the middle latex layer comprising 25 phr of magnetite dispersed throughout 

the latex layer. The glove and pieces (100 mm2) cut from the glove were detectable using 

a Safeline® metal detector (Lucas et al., 2006). 

 

Recently, a patent was granted to Hainan University for the invention of magnetic latex 

composite. In this invention, 60 to 80 weight percentage of iron oxide nanoparticle and 

20-40 weight percentage of natural latex are subjected to emulsion blending and co-
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condensation by a nano-compounding technique to prepare the magnetic composite latex 

films. The magnetic composite latex films prepared has favourable magnetic properties, 

high comprehensive mechanical properties and can be molded later.  It can be used for 

preparing sealing strips, electronic memory elements, television sound equipment, 

teaching aids, toys and medical appliances, and has wide application prospects (“Nano 

ferroferric oxide/natural composite magnetic latex and preparation method thereof,” 

2013). 

Table 2.4: Summary of patents 

Type of 

materials 

Size Type of 

Latex 

Title Publication 

Number 

Assignee 

Iron 

Oxide 

(Fe3O4, 

γFe2O3) 

 

0.1- 

200 

μm 

Nitrile 

Butadiene 

Rubber 

(NBR) 

Detectable 

polymeric 

protection goods, 

their preparation 

procedure and 

their applications 

US 5922482 

A (1996) 

EP 0773455 

A1 (1997) 

Hutchinson 

Iron oxide 

(Fe3O4, 

γFe2O3) 

 

 

1-200 

μm 

Nitrile 

Butadiene 

Rubber 

(NBR), 

Natural 

rubber 

(NR), 

Polyvinyl 

chloride 

(PVC). 

Gloves US 

20040154072 

A1 

(2001) 

WO 

2002071876 

(2002) 

EP 1365665 

(2003) 

Dennis 

Frederick 

Connor 

Chromiu

m oxide 

(Cr2O3, 

CrO2) 

Iron oxide 

(Fe3O4) 

0.3-15 

μm 

Nitrile 

Butadiene 

Rubber 

(NBR), 

Natural 

rubber 

(NR), etc. 

Magnetically 

detectable latex 

articles 

WO 

2003076476 

(2003) 

CA 2472184 

(2004) 

US 7122593 

(2006) 

Ansell 

Healthcare 

Products Inc. 

Iron oxide 

(Fe3O4) 

 

100 

nm 

Natural 

rubber 

(NR) 

 

Nano ferroferric 

oxide/natural 

composite 

magnetic latex 

and preparation 

method thereof 

CN 

103289144 A 

(2013) 

Hainan 

University 
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2.3 Magnetite Nanoparticles 

2.3.1 Background of Magnetic Nanoparticles 

Magnetic nanoparticles are nanomaterials with particle size less than 100 nm. They 

can be manipulated by an external magnetic field (Gao et al., 2009; Indira & Lakshmi, 

2010). Magnetic nanoparticles has been investigated thoroughly due to its widespread 

applications in the field of biomedical, engineering, material science, and environmental. 

They are usually composed of pure metal, typical examples are iron, nickel, cobalt and 

their oxides like magnetite, maghemite, chromium dioxide, and ferrite. 

 

2.3.2 Magnetism of Materials 

The magnetic properties of all matters originate from atoms and in turn atoms are 

composed of protons, neutrons and electrons. The protons and neutrons are packed 

together in the atom's nucleus while electrons are constantly in motion surrounding the 

nucleus. Ampere suggest that a magnetic field is produced whenever an electrical charge 

is in motion (Alex Duthie, 2012). Negative electrical charge of the electron produce a 

magnetic field when spinning and orbiting surround the nucleus of an atom. The spin and 

orbit direction determine the direction of the magnetic field, and magnetic moment is the 

strength of these magnetic field. According to Sattler (2010), all materials under the action 

of a magnetic field, H will acquire a magnetic moment. The magnetization, M is a vector 

quantity and defined as total magnetic moment per unit volume.  

M=
m

v
     (Equation 2.1) 

Magnetization can be considered as a continuous vector field without considering the 

atomic structure of the materials. Magnetization is proportional to an external magnetic 

field as follow:  

χ
v
=

M

H
     (Equation 2.2) 
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Where χv is magnetic susceptibility (volume) of a material. This shows that 

magnetization of a material is dependent on susceptibility and magnetic field strength. 

Magnetic susceptibility is commonly used to determine the category of different magnetic 

materials. For example, paramagnetic material possesses magnetic susceptibility, χ>0 

while diamagnetic material behave oppositely. The responses of a material to an applied 

external magnetic field H is called magnetic induction or magnetic flux density, B 

(Getzlaff, 2007).   

B= µ
0
(H+M)    (Equation 2.3) 

Where μ0 is the permeability of vacuum, a universal constant with value of 4π×10-7 

(1.257 ×10-6) H/m (Sattler, 2010). A material with χ as the magnetic susceptibility is 

called linear material. The relationship between B and H for a linear material present: 

B=µ
0
(1+χ)H    (Equation 2.4) 

B= µ
0
µ

r
H     (Equation 2.5) 

The relative permeability, μr = (1 + χ) of a material is a measurement of the degree to 

which the material can be magnetized, or the ease with which can be induced in an 

external field. Typical values for the relative permeability are: 

In vacuum  : µr = 1 

In matter generally : µr ≥ 1 

Possible in matter : µr ≈ 100,000 
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The common magnetic terms in international system units (SI) or centimeter, gram, 

second units (CGS) systems and conversion factors have been summarized in Table 2.5. 

Table 2.5: Magnetic term and conversion between SI and CGS unit 

Magnetic Term Symbol SI unit CGS unit Conversion 

(SI/CGS) 

Magnetic induction B Tesla (T) Gauss (G) 104 

Magnetic field H A/m Oersted (Oe) 4π/103 

Magnetization M A/m emu/cm3 10-3 

Mass magnetization σ Am2/kg emu/g 1 

Magnetic moment m Am2 emu 103 

Volume 

susceptibility 

χv dimensionless dimensionless (4π)-1 

Mass susceptibility χ m3/kg emu/Oe.g 103/4π 

Vacuum 

permeability 

μ0 H/m dimensionless (4π×10-7)-1 

 

2.3.2.1 Classification of Magnetic Behaviour 

According to Indira and Lakshmi (2010), materials are classified by their response to 

an external magnetic field. They can be categorized into five groups:  

 

a) Diamagnetism 

According to Merhari (2009), diamagnetism is natural property of all materials. It is a 

feeble magnetism, and made up of atoms that have no net magnetic moments. Therefore, 

diamagnetic materials are often assume as non-magnetic. However, the diamagnetic 

properties is due to a slight electron rearrangement under external magnetic field that 

opposes the applied field (Williams, 2014). Diamagnetic susceptibility are negative, and 

small (χ = 10-5) when exposed to a magnetic field, and it is temperature independent 

(Chikazumi & Graham, 2009). The example of diamagnetic materials are mercury, silver, 

copper, lead, silicone and water (Ida, 2015). Superconductor is another type of 

diamagnetic materials, it repel the magnetic field entirely and act as a perfect 

diamagnetism due to the Meissner effect (Poole et al., 2007).  
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Figure 2.4: Magnetic ordering of diamagnetic material 

(Murad &Cashion, 2011)  

 

b) Paramagnetism 

In contrast with diamagnetic materials, paramagnetic materials have a feeble positive 

susceptibility when exposed to the magnetic fields. The susceptibility of a paramagnetic 

material is inversely proportional to temperature as it follows the Curie Law. Similar to 

diamagnetic materials, their magnetism disappears when the external field is removed 

(Merhari, 2009). The magnetic moment arises from unpaired electron spins, and the 

alignment of the electron spin moment under external magnetic field (Jangid et al., 2014). 

Paramagnetic materials are magnesium, tantalum, and many others iron containing 

mineral (Williams, 2014). 

  

Figure 2.5: Magnetic ordering of paramagnetic material 

(Murad & Cashion, 2011)  
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c) Ferromagnetism 

Ferromagnetism is a very important type of magnetism. Unlike paramagnets, 

ferromagnets have a very strong atomic moment. The magnetization is permanently 

retained in the material, and it will turned into a permanent magnet (Williams, 2014). 

Their strength are related to the magnetic domains existed in the materials. When a 

magnetic field is applied, the near random organization of domains are aligned, and grow 

of this alignment will produced a large magnetic forces within a domains.  

   

Figure 2.6: Magnetic ordering of ferromagnetic material 

(Murad & Cashion, 2011)  

 

The two prominent characteristic of ferromagnetic material are spontaneous 

magnetization, and magnetic ordering temperature. The saturation magnetization goes to 

zero at the Curie temperature. At higher temperature, the magnetic orientation of 

ferromagnetic materials will become disordered. The susceptibility for ferromagnetic 

materials is very large as compared to paramagnetic materials, and achieving 

magnetization saturation at room-temperature under moderate magnetic fields (Merhari, 

2009). In addition, ferromagnets preserves a memory of an applied field upon removal. 

This behaviour is called hysteresis and hysteresis loop is a plot of the variation of 

magnetization with magnetic field. Coercive force or coercivity of the material is the force 

required to remove the residual magnetism from the material. When the magnetizing force 

is reduced to zero, some magnetic flux remains in the material even though the 

magnetizing force is zero. This is called retentivity, and it indicates the level of residual 

Atom 

Magnetic moment 
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magnetism in the material (Spaldin, 2010). Typical examples of ferromagnets are nickel, 

iron and cobalt and their alloys (Ida, 2015).  

 

Figure 2.7: Hysteresis loop of a ferromagnet 

(Schodek et al., 2009)  

 

 

d) Ferrimagnetism  

Ferrimagnetism is a magnetic properties that is normally found in ionic compounds 

(Williams, 2014). In these ionic materials, the magnetic moments of ion on lattice site in 

the crystal are aligned antiparallel to those of ions on another lattice site. The electron 

spin and the magnetic moments of these two sub-lattices are not equal, they partially 

cancel each other and therefore produce a net magnetic moment (Carter & Norton, 2007). 

The susceptibility of ferrimagnet is small and positive. Ferrimagnetism is similar to 

ferromagnetism, it exhibits Curie temperatures, spontaneous magnetization, remanence, 

and hysteresis. However, they have very different magnetic ordering (John, 2014).  
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e) Antiferromagnetism  

In an antiferromagnet, there are two sub-lattices having equal spin magnetic moment 

but in opposite direction, result in zero net magnetic moment. Besides that, 

antiferromagnet has zero remanence and no hysteresis. The susceptibility of 

antiferromagnetic materials are small, positive and follows Curie-Weiss law for 

paramagnets above the Néel temperature (Merhari, 2009). Deviation from ideal 

antiferromagnetism occur when the anti-parallelism is unequal. Canted antiferromagnet 

with a small net magnetization can be produce and it possesses many typical magnetic 

characteristic of ferro- and ferrimagnets. Hematite is a well-known example of canted 

antiferromagnetism (Murad & Cashion, 2011). 

 

 

 

Figure 2.8: Magnetic ordering of (a) ferrimagnetic and (b) antiferromagnetic 

material 

 

2.3.3 Magnetic Iron Oxides  

The magnetic particle obtained from magnetic transition metals (iron, nickel, and 

cobalt) oxidized readily whereas iron oxide like magnetite are more stable against 

oxidation. Iron oxide is an important transition metal oxide, and it usually exists in nature 

in three phases of magnetite (Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3) 

(Khalil, 2015). Nano-magnetite particles possess strong ferrimagnetic behaviour and 

(a) (b) 
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lower sensitivity to oxidation have attracted much interest because they belong to the 

class of materials having no-toxic and biological compatibility by the presence of Iron 

ions (Kandpal et al., 2014). 

Table 2.6: Various Iron Oxides 

(Schwertmann & Cornell, 2008) 

Class Name 

 

Formula 

Oxides Magnetite Fe3O4 

Maghemite γ-Fe2O3 

Hematite α-Fe2O3 

- β-Fe2O3 

- ε-Fe2O3 

Wustite 

 

FeO 

Oxyhydroxides Goethite α-FeOOH 

Alkaganeite β-FeOOH 

Lepidocrocite γ-FeOOH 

Feroxyhyte δ’-FeOOH 

Ferrihydrite Fe5HO8.4H2O 

Hydroxide Bernalite Fe(OH)3 

- Fe(OH)2 

Green Rusts 

 

Fex
IIIFey

II(OH)3x+2y-z(A
-)z; A

- = Cl-; ½ 

SO4
2- 

 

2.3.3.1 Crystal Structure of Magnetic Iron Oxides 

a) Magnetite 

Magnetite is one of the most important class of iron oxides, it is black in colour and 

ferromagnetic (Ramimoghadam et al., 2014). Magnetite possess an inverse spinel 

structure with oxygen forming a face-centered cubic closed packing along [111] (Hasany 

et al., 2012). This unit cell belongs to the Fd3m space group and the unit cell edge of 

magnetite, a, has a value of 0.8396 nm (Cornell & Schwertmann, 2008). There are eight 

formula units per unit cell for magnetite. Unit cell formula of Magnetite can be written as 

[Fe3+]A [Fe3+, Fe2+]B O2-
4 and  iron cations will occupy either tetrahedral (site A) or 

octahedral (site B) sites . Although magnetite in stoichiometry has the ratio of cations, Fe 
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(II)/Fe (III) = 0.5 but magnetite is commonly non-stoichiometric resulting a Fe3+ deficient 

sub lattice (Ramimoghadam et al., 2014). 

 

b) Maghemite  

Maghemite also has the spinel structure, but differ from magnetite with the presence 

of cationic vacancies in the octahedral sites (Ramimoghadam et al., 2014). The structure 

of maghemite is cubic, and each unit of maghemite contains 32 O2− ions, 21⅓ Fe3+ ions 

and 2⅓ vacancies. Oxygen anions give rise to a cubic close-packed array while ferric ions 

are distributed over tetrahedral sites (eight Fe ions per unit cell) and octahedral sites (the 

remaining Fe ions and vacancies). Maghemite has the similar structure of magnetite, the 

only different is that all or most of the Fe in maghemite is in the trivalent state (Wu et al., 

2015).  

 

2.3.3.2 Phase Transformation of Magnetite  

Magnetite is not very stable and sensitive to oxidation. In the presence of oxygen, 

magnetite might transform into maghemite and/or hematite (Laurent, 2008). Maghemite 

can be obtained by heating at lower temperature while hematite is obtained when 

magnetite is heated to high temperature in oxidizing environment. The oxidation process 

of magnetite to maghemite is topotactic and isomorphic process, the crystal structure 

remain the same. The magnetite is oxidized to maghemite or hematite according to the 

following reaction:  

4Fe3O4+O2→6Fe2O3   (Equation 2.6)

  

On the other hand, it can be reduced to wustite or iron in a reducing atmosphere (e.g. 

carbon): 

Fe3O4+C→3FeO+CO   (Equation 2.7) 
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Fe3O4+4C→3Fe+4CO   (Equation 2.8) 

 

2.3.3.3 Magnetic Properties of Magnetite Nanoparticles 

Different phases of iron oxides display different magnetic ordering depend on the 

alignment of the electron spin. At room temperature, both magnetite and maghemite are 

ferrimagnetic (Bououdina, 2014). Table 2.7 shows saturation magnetization and the 

crystalline parameter defining the magnetism of magnetite and maghemite at 300 K 

(Rajan & Lekkala, 2013). 

Table 2.7: Physical and magnetic properties of magnetic iron oxides 

Magnetic Iron Oxides Magnetite 

(Fe3O4) 

Maghemite 

(γ-Fe2O3) 

Density (g cm-1) 5.21 4.86 

Colour Black Reddish-brown 

Structure Inverse spinel Defect spinel 

Crystal system Cubic Cubic; Tetragonal 

Space group Fd3m P4332 (cubic); P41212 

(tetragonal) 

Lattice parameter 

(nm) 

a = 0.8387 

 

a = 0.8352 (cubic), a 

= b = 0.8330, c = 

2.490 (tetragonal) 

Type of magnetism Ferrimagnetic Ferrimagnetic 

Curie Temperature, Tc 

(K) 

850 820-986 

Saturation Magnetization, Ms 

(300K) 

(emu/g) 

92-100 60-80 

Single domain critical diameter, dSD 

(nm) 

~103.5 ~85 

Superparamagnetic critical 

diameter, dSPM 

(nm) 

~24 ~35 
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According to Lowrie (2007), the transition between single domain and multi-domain 

behaviour occurs when the reduction of magnetotstatic energy is balanced by the energy 

associated with the addition of domain wall. The transition occur in magnetite grain about 

0.05-0.1 µm diameter. Magnetite grain larger than few micrometre in diameter are 

considers multi domain. However, true multi domain behaviour in magnetite are observed 

if the grain size is larger than 15-20 µm.   

The characteristic of nano-magnetic particle are different from the bulk ones. The 

surface-to-volume ratio increases when the size of the nanoparticles decreases. This ratio 

become the important factor for their unique physical and chemical properties compared 

to those of the bulk material (Issa et al., 2013). Magnetic nanoparticles show new 

phenomena such as high saturation field, superparamagnetism, extra anisotropy 

contributions, or shifted loops after field cooling that arise from narrow and finite-size 

effects and surface effects that dominate the magnetic behaviour of individual 

nanoparticles (Majewski & Thierry, 2007).  

The ferromagnetic behaviour of a material can be represented in term of magnetic 

domains. Magnetic domain is a small region where all the magnetic dipoles are perfectly 

aligned in the same direction (Bakshi, 2009). Magnetic domains exist in order to reduce 

the magnetostatic energy of the system. The domain structure of a ferromagnetic material 

determines the size dependence of its magnetic behaviour (Fojtik et al., 2009). For a larger 

grain size, the coercivity of a material decrease as the grain subdivides into domains. 

Grain with two or more domains are called multi domains. The internal magnetization of 

each domain is equal to the saturation magnetization, but the net magnetization for the 

grain is much less than the saturation magnetization, or to an average magnetization close 

to zero due to different directions of atomic magnetic moments (Guimarães, 2009).  
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When the grain size is reduced below a critical value, it becomes a single magnetic 

domain, where all magnetic moment are aligned along the same direction. The maximum 

coercivity of a material occurs within its single domain range. Coercivity of a substances 

decreases with the particles size and it preserve a net magnetization in the absence of 

applied magnetic field. According to the magnetic domain theory, the critical size of the 

single domain is affected by a few factors. These factors are magnetic saturation value, 

the strength of the crystal anisotropy and exchange forces, surface or domain-wall energy, 

and the particles shape (Akbarzadeh et al., 2012). When the size of single domain particles 

further reduces below a critical diameter, the coercivity becomes zero, and such particles 

said to exhibit superparamagnetism behaviour. Superparamagnetism is caused by thermal 

effect, and it happened when typical ferromagnetic materials diameter less than 50 nm. 

The simple magnetization reversal energy become equal to the energy at room 

temperature in this size scale. The thermal fluctuations at room temperature are 

sufficiently strong to overcome the magnetic interaction between the magnetic domains 

and demagnetize spontaneously, therefore they exhibit zero coercivity and no hysteresis 

(Fojtik et al., 2009). Superparamagnetic materials can only be magnetized in the presence 

of external field and they are intrinsically non-magnetic (Faraji et al., 2011;Varanda et 

al., 2011).  

 

Figure 2.9: The relationship between size and coercivity of small particles 

(Fojtik et al., 2009) 
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In addition, surface effect such as oxidation, existence of surfactants, and  surface 

strain are the other features that dominates the magnetic properties of magnetic 

nanoparticles (Issa et al., 2013). Oxidation can easily happen on the surface of magnetic 

nanoparticle when they are exposed in the atmosphere. Wu, He, and Jiang (2009) 

reviewed that the coercivity of magnetic nanoparticles increases for core diameter smaller 

than 10 nm after oxidation while the coercivity remains the same for sample with core 

diameter of 50 nm. Magnetic characteristic such as saturation magnetization decrease 

proportionally with reduction of size of magnetic substances. The relationship between 

the particle size and saturation magnetization of magnetite is shown in Figure 2.11. The 

reduction of saturation magnetization is not preferable, therefore a lot of studies have 

been conducted either surface coating or modification of composition in order to find out 

excellent magnetic particles which maintains higher magnetic property (Nogi et al., 

2012). 

 

Figure 2.10: The relationship between particle size of spherical magnetite and 

saturation magnetization 

(Nogi et al., 2012)  
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2.3.3.4 Preparation of Magnetite Nanoparticles 

Numerous methods can be used to synthesis magnetic particles in nano-scales, for 

example chemical methods such as co-precipitation of hydroxide, hydrothermal 

synthesis, and sol-gel transformation etc (Haw et al., 2010;Laurent & Mahmoudi, 2011; 

Wahajuddin, 2012;Zhao et al., 2012;Filippousi et al., 2014) . 

 

Table 2.8: Comparison of different chemical methods to synthesis iron oxide 

nanoparticles 

Synthesis method Advantages Disadvantages 

Co-precipitation Simple synthesis 

High yield 

Scalable 

Wide particle size distribution 

Expose to oxidation 

Aggregation 

Poor crystallinity 

Hydrothermal 

reactions 

Narrow size distribution 

Good control of size 

Scalable 

Harsh reaction conditions 

Unwanted surface oxidation 

 

High temperature 

decomposition 

Good control of particle 

size and shape 

Narrow size distribution 

Good crystallinity 

High yield 

 

Complicated and harsh 

experimental procedure 

Furthers step needed to obtain  

water stable suspension 

Micro-emulsion Good  control of particle 

size and shape 

Homogeneous particle 

size distribution 

Poor yield 

Complicated purification 

methods for surfactant separation 

Large quantity of solvent 

required 

 

Co-precipitation method is the most simple and conventional method to synthesis 

magnetite nanoparticles. Co-precipitation of Fe2+ and Fe3+ ions from aqueous salt 

solutions is done by fine controlling of the pH of a reaction medium by adding ammonium 

hydroxide or sodium hydroxide aqueous solution (Coey et al., 2013). Parameters affecting 

the production of magnetic nanoparticles including pH (Darminto et al., 2011), reaction 

temperatures (Karaagac et al., 2011;Tai et al., 2014), alkaline species and concentration 

(Tajabadi & Khosroshahi, 2012;Mascolo et al., 2013), iron salts molar ratio, ligands and 
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concentration (Jiang et al., 2011). The reaction mechanism for the formation of magnetite 

nanoparticles is shown as follow (Mahdavi et al., 2013): 

Fe
3+

+3OH
-
→Fe(OH)

3
   (Equation 2.9) 

Fe(OH)
3
→FeOOH+H2O   (Equation 2.10) 

Fe
2+

+2OH
-
→Fe(OH)

2
   (Equation 2.11) 

2FeOOH +Fe(OH)
2
→Fe3O4 +2H2O (Equation 2.12) 

In this procedure, hydroxides of ferrous and ferric ions, ferrous hydroxide [Fe(OH)2] 

and goethite (α-FeOOH), are co-precipitated as precursors in an alkaline solution to 

obtain magnetite, the end product.  

 

2.4 Stabilization of Magnetite Nanoparticles 

Magnetite nanoparticles experience strong van der Waals and magnetic attractions, 

which make the particle dispersion unstable and particles prone to aggregation (Liu et al., 

2008). To prevent aggregation or coagulation phenomena in colloidal systems, the 

magnetite nanoparticles have to be stabilized against coagulation due to electrostatic or 

steric repulsion forces (Koetz & Kosmella, 2007;Meerod et al., 2008).  

Electrostatic stabilization is a pH sensitive method, attractive van der Waals forces are 

overcome by the repulsive electrostatic forces between absorbed ions and associated 

couterions at moderate inter-particle separation. Low molecular weight ions (e.g. citrate 

and hydroxide ions) was shown to strongly absorb on the surface of metallic nanoparticles 

and therefore it was used as their electrostatic stabilizer (Starov, 2011). For example, 

citrate stabilized magnetite nanoparticles was developed by Nigam et al. (2011) as an 

appropriate candidate for biomedical applications. However, electrostatic stabilization of 

metal nanoparticles is rather weak and the electrostatically stabilized sol can be 
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coagulated if the ionic strength of the dispersing medium is increased sufficiently 

(Schmid, 2011).  

Steric stabilization is a much better stabilization approach as the aggregation of 

nanoparticles is prevented based on steric effects, by the addition of polymers and 

surfactants at the surface of the particles (Schmid, 2011). The adsorption of organic 

molecules with a long chain, usually referred as “organic ligands” or “polymer ligands” 

can prevent the coalescence of the particles. These ligands will a form barrier that prevent 

the close contact of particles. Therefore, steric stabilization is especially useful in the case 

of concentrated dispersions of metal nanoparticles (Starov, 2011). In addition, When 

polymer or organic molecules are attached to a charged particle surface, the magnetite 

nanoparticles can be stabilized by combined steric and electrostatic stabilization (Astruc, 

2008).  

In general, a suitable surface functionalization and choice of solvent are crucial to 

achieving sufficient repulsive interactions to prevent agglomeration so as to obtain a 

stable colloidal solution and further expand the scope of application (Wu et al., 2009). 

The coating of magnetite nanoparticles (MNPs) can consist of long-chain organic ligands 

or inorganic/organic polymers, where these ligands or polymers can be introduced during 

(in situ coating) or after (post-synthetic coating) synthesis (Umut, 2013). 

 

2.4.1 Polyethylene Glycol (PEG) Coating  

Polyethylene Glycol (PEG) is one of the most frequently used synthetic polymers for 

surface modifications of MNPs, especially for biomedical applications (Ramimoghadam 

et al., 2015). PEG is a hydrophilic, highly water soluble, biocompatible, non-antigenic, 

and protein-resistant polymer. The solubility of PEG in water has been attributed to its 

hydration with bound water molecules, which increases with polymer molecular weight 
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(Huang & Nishinari, 2001). In addition, PEGs are FDA-approved excipients in numerous 

pharmaceutical formulations due to their biocompatibility property (Singh et al., 2014). 

 

Figure 2.11: Chemical structure of Polyethylene glycol 

In spite of all the aforementioned advantages, the synthesis of PEG-coated magnetite 

nanoparticles remains more or less complex, since it requires the use of modified PEG 

and special atmospheric conditions. Thus, the nanoparticle surface is modified using 

either a silane functionalized PEG (Barrera et al., 2009; Brullot et al., 2012), or by the 

additions of a primary surfactant (sodium oleate), followed by the addition of PEG, which 

acts as a secondary surfactant. Tables 2.9 present the summaries of research findings for 

PEG coated MNPs, which is focussed on the magnetic properties. 

Table 2.9: Summaries of findings for PEG coated magnetite nanoparticles 

References Findings 

Zhao et al. (2010) A core-shell structure with a diameter of 10-40 nm were 

prepared with sodium oleate and PEG 4000. The saturation 

magnetization of MNPs and PEG coated MNPs are 67.06 emu/g 

and 64.11 emu/g, respectively. 

Jayanthi et al. 

(2013) 

The surface functionalization of the as-synthesized magnetite 

nanoparticles with PEG 20,000 effectively controls the particle 

size and show enhanced magnetization values (60.06 emu/g). 

García-Jimeno 

and Estelrich 

(2013) 

Ferrofluids was prepared with unmodified PEG (2000, 4000, 

6000 and 10000 Da). The saturation magnetization of PEG 

10000 Da coated MNPs is 55 emu g−1. 

J. Yang et al. 

(2014) 

Saturation magnetization of as-synthesized MNPs decreased with 

increasing the molecular weight (400, 1000, and 2000) of PEG. 

Good size distribution and magnetic property are obtained with 

adding 4 g PEG 1000 while sealing the beaker. 

Anbarasu (2015) The saturation magnetization of the MNPs decreases from 62 to 

51 emu/g, when PEG weight increases from 1 to 3 g. 
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2.4.2 Oleic Acid Coating  

Oleic acid or oleate is the most often used surfactant in magnetite nanoparticles 

(MNPs) stabilization. Oleic acid, an unsaturated fatty acid with a cis-double bond in the 

middle can form a dense coating for effective stabilization than others saturated fatty acid 

like stearic acid. It is used to stabilize the magnetic nanoparticles with strong chemical 

bond between the carboxylic acid and the magnetite nanoparticles. Several authors have 

reported the magnetite nanoparticles coated or dispersed in oleic acid (Wang et al., 2010; 

Li et al., 2010). Mahdavi et al. (2013) modified the surface of MNPs by oleic acid in order 

to control the particle size, prevent particles aggregation, and improve stability.  

 

Figure 2.12: Chemical structure of oleic acid 

Formation of water-based fatty acid coated magnetite particle dispersions is 

complicated by the non-polar nature of the hydrocarbon chain. Oleic acid, used for 

nonpolar dispersions, cannot form stable dispersions in water. Shimoiizaka et al. (1980), 

introduced the use of fatty acids to create iron oxide nanoparticles dispersible in water via 

the formation of a bilayer surfactant system. Since then oleic acid was used to produce 

aqueous dispersion of magnetite nanoparticles (Ingram et al., 2010). Bilayer oleic acid-

coated magnetite nanoparticles can be well dispersed not only in nonpolar carrier liquids 

but also in polar medium with the adjustment of pH, while the single layer oleic acid-

coated magnetite nanoparticles can be dispersed only in nonpolar medium. Therefore, 

bilayer oleic acid-coated magnetite nanoparticles have wider scope of applications than 
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single layer oleic acid-coated magnetite nanoparticles (Yang et al., 2010). Oleic acid is 

chemisorbed in the first layer due to the surface complex formation between the 

carboxylate (-COOH-) groups of Oleic acid and the FeOH sites on the surface of 

magnetite as assumed. A second layer of oleate anions can be adsorbed on the 

hydrophobic shell of oriented surfactant molecules via hydrophobic interaction. These 

oleate anions is negatively charged and it could provide electrostatic repulsion between 

colliding particles besides the steric hindrance of double layer (Hórvölgyi & Kiss, 2008). 

The schematic diagram of bilayer stabilized magnetite nanoparticles is presented as 

Figure 2.13. 

 

Figure 2.13: Bilayer stabilized magnetite nanoparticles by using fatty acids 

(Maity & Agrawal, 2007) 

 

 

 

 

MNPs 

Fatty acids 
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CHAPTER 3: MATERIALS AND METHODOLOGY 

 

3.1 Introduction and Overview 

This chapter presents experimental and characterization techniques which have been 

employed in this work. The content of this chapter is divided into two main sections. The 

first section introduces the raw materials, the last part presents the characterization.  

 

3.2 Raw Materials and Chemicals Selections 

3.2.1 Iron Chloride Tetrahydrate 

Iron chloride tetrahydrate with chemical formula of FeCl₂.4 H₂O, molar weight = 

198.83 g/mol, density is 1.93 g/cm3, was purchased from Merck. 

 

3.2.2 Iron Chloride Hexahydrate 

Iron chloride hexahydrate (ACS grade reagent), 97 % with chemical formula of 

FeCl3.6H₂O, molar weight = 270.30 g/mol, density is 1.82 g/cm3, was purchased from 

Sigma Aldrich. 

 

3.2.3 Ammonium Hydroxide 

Ammonium hydroxide (ACS grade reagent), 28.0-30.0% NH3 basis was purchased 

from Sigma Aldrich.  

 

3.2.4 Polyethylene Glycol (PEG) 

Polyethylene glycol 600 with repeating unit of HO(C2H4O)n H, average molecular 

mass = 570-630 g/mol and exhibits a density of 1.126-1.128 g/ml was purchased from 

Merck. 
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3.2.5 Oleic Acid 

Oleic acid (extra pure) with chemical formula of C18H34O2, molar weight = 282.46 

g/mol and exhibits a density of 0.89-0.91 g/ml was purchased from Friendemann 

Schmidt. 

 

3.2.6 Nitrile Butadiene Rubber Latex (NBRL) 

The Nitrile Butadiene Rubber (NBR) latex with low acrylonitrile content grades and 

total solid content (T.S.C) = 43 % by dry weight was obtained from Harlatega Sdn. Bhd.  

 

3.2.7 Compounding Chemicals 

The compounding chemicals used to prepare nitrile latex films were provided by 

Hartalega Sdn. Bhd. 

Table 3.1: Compounding chemicals and its functions 

Compounding Chemicals Chemical 

Formula 

Molecular 

weight 

(g/mol) 

Functions 

Sodium Dodecyl Benzene 

Sulphonate (SDBS) 

C18H29NaO3S 348.48  Stabilizer 

Zinc 

Dibutyldithiocarbamate 

(ZDBC) 

[(C4H9)2NCS2]2Zn 474.12 Accelerating agent 

Sulphur S 32.07 Crosslinking agent 

(covalent bond) 

Zinc oxide  ZnO 81.38 Crosslinking agent 

(Ionic bond) 

Titanium dioxide TiO2 79.87 Pigment 

Aquawax - - Antiozonant  

Calcium nitrate Ca(NO3)2 164.09 Coagulant 

Teric acid - - Mould release agent 

Perfluorocarboxylic acid 

(PFCA) 

CnF(2n+1)CO2H - Surfactant 
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3.3 Methodology of Experiment 

3.3.1 Synthesis of Magnetite Nanoparticles 

In this stage, magnetite nanoparticles was primarily synthesized through co-

precipitation method. Operational parameters such as final pH, precipitating agent 

concentration, iron salt concentration, and addition rate were optimized to produce the 

required size and magnetic properties for MNPs. Firstly, the desired final pH (6.5, 8.5 and 

9.5) was achieved by the addition of 3.00 M of ammonium hydroxide. Then, the 

concentration of ammonium hydroxide was varied as 0.75 M, 1.50 M, 3.00 M and 6.00 

M while the third parameter, total iron salts concentration was varied as 150 mM to 250 

mM, 375 mM and 500 mM. Lastly, the addition rate of 1 ml/min, 5 ml/min, 10 ml/min 

and 20 ml/min were used to produce MNPs. After the reaction was completed, the 

solution was decanted, and the MNPs were washed with deionized water. This procedure 

was repeated three times, and then, the MNPs were separated by a permanent magnet and 

dried at room temperature.  

 

3.3.2 Synthesis of Coated Magnetite nanoparticles 

The synthesis of coated magnetite nanoparticles were carried out based on the reaction 

condition of MNPs with the highest saturation magnetization in previous section (stage 

4.1). Coated MNPs were fabricated using in-situ coating technique, where coating agents 

(e.g., polyethylene glycol, oleic acid) with different loading amount were introduced into 

the iron salts solution before the addition of ammonium hydroxide solution. The loading 

amount of PEG was varied as 0.6 g, 0.8 g, 1.0 g, 2.0 g, and 3.0 g while the loading amount 

of oleic acid was varied as 0.3 g, 0.6 g, 0.9 g, 1.2 g and 1.5 g, respectively. After that, 

sedimentation test was carried out to evaluate the stability of MNPs in nitrile butadiene 

rubber latex.  
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3.3.3 Preparation of Nitrile Butadiene Rubber Films 

The nitrile films preparation is divided into two main sections. In the first section, 

MNPs was incorporated into nitrile latex compound during the compounding process. 

Then, the formation of nitrile films by a series of dipping process was presented in the 

second section.  

 

3.3.3.1 Nitrile Butadiene Rubber Latex Compounding Process 

The first step of compounding process start with mixing tank cleaning Firstly, the 

mixing tank was brushed thoroughly to prevent contamination. 500 g of 43% total solid 

content (TSC) of nitrile butadiene rubber latex was filtered and transferred to the mixing 

tank. The nitrile butadiene rubber latex was stirred for 30 minutes (50 rpm stirring speed). 

Then, 12.9 g of Sodium Dodecyl Benzene Sulphonate (SDBS) was slowly added into the 

latex and continued by stirring process for an hour. After that, the pH of the latex was 

adjusted to pH 9.5 by adding ammonia solution.  Next, about 2.58 g of 

Dibutyldithiocarbamate (ZDBC), 5.01 g of sulphur, 4.66 g of Zinc oxide (ZnO) and 6.45 

g of Titanium dioxide (TiO2) were weighed and slowly added into the latex compound. 

It was stirred for 1 hour and stirred overnight at 30 rpm stirring speed. TSC of 

compounded latex was checked and diluted by DI water to 23%. In this stage, 5 phr of 

coated MNPs as well as 12.04 g of aquawax was added slowly into the compounded latex. 

It was stirred for 1 hour with stirring speed of 50 rpm and the final TSC and pH of the 

latex compound were checked and recorded. Figure 3.1 shows the overall flow process 

of latex compounding.  
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Figure 3.1: Flow chart of nitrile butadiene rubber latex compounding process 

 

3.3.3.2 Dipping Process Of Nitrile Butadiene Rubber Latex Films 

The first step of nitrile films dipping process start with former cleaning. Firstly, the 

former was brushed to ensure the surface of the former is smooth, consistent and free of 

dust. After the former was cleaned and dried, the former was immersed first into a 

coagulant and then in the latex compound for appropriate dwell time to give the desired 

latex film thickness.  The coagulant comprises of 121.42 g calcium nitrate (CN), 6.25 g 

of perfluorocarboxylic acid (PFCA) and 0.50 g of teric acid into 371.83 g of water at 60 

oC, which causes a latex overcoat to gel. The latex concentrate was mixed with various 

compounding chemicals and then introduced into the dipping tank. When the thin latex 

film on each former was partially dried, it was leached in clean water (50 °C) for 1 minutes 

to remove the water-soluble substances present in the latex film. The films were then 

dried and vulcanized. Drying and vulcanization or curing of the films were done in hot-

air ovens, at temperatures of 125 °C for 20 minutes. The cured films were immersed in 

clean water tanks again to remove more water-soluble substances from the gloves. Dwell 
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time was set as 8, 4, 8 seconds for the former to dipping in, stopping, and dipping out, 

respectively. This process is similar to the wet-film leaching previously, but it was carried 

out on the dry latex films. Then, the former were dried in the oven at 100 oC for 5 minutes. 

The final operation on the nitrile film dipping process is the stripping process. In this 

stage, the latex films were removed off the former manually. Figure 3.2 shows the overall 

dipping process of nitrile butadiene rubber latex films. 

 

 

Figure 3.2: Flow chart of dipping process 
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Figure 3.3: Overall flow chart of MNPs synthesis and incorporation into nitrile 

butadiene rubber latex compound 
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3.4 Characterization of Magnetite Nanoparticles and Nitrile Films 

The structural, morphological, chemical, magnetic properties of uncoated and coated 

MNPs were characterized via various characterization techniques. The characterization 

techniques are Zeta sizer, X-ray diffraction (XRD), Fourier Transform infrared 

spectroscopy (FTIR), Raman spectroscopy, Thermogravimetric analysis (TGA), High-

resolution transmission electron microscope (HRTEM), Field Emission Scanning 

Electron Microscopy (FESEM), and vibrating sample magnetometer (VSM). Lastly, the 

tensile properties, thermal stability, and morphology of nitrile butadiene rubber latex 

films were characterized via Universal Testing Machine (UTM), Thermogravimetric 

analysis (TGA) and Field Emission Scanning Electron Microscopy (FESEM), 

respectively. 

3.4.1 Sedimentation tests 

The colloidal stability of MNPs was evaluated by sedimentations tests and zeta 

potential. Sedimentations tests were performed to evaluate the colloidal stability of 

magnetite nanoparticles (MNPs) dispersed in water and nitrile butadiene rubber latex, at 

pH 10. For each tests, the nitrile butadiene rubber latex mixed with MNPs slurry was put 

in a sample vial and the evolution over time of the MNPs in these two medium was 

continuously monitored. 1.0 g of coated MNPs were weighed and dispersed in deionized 

water, with pH adjusted by ammonium hydroxide to pH 10. The MNPs slurry was 

sonicated for 60 minutes to prevent aggregation of MNPs. Then, the dispersion was mixed 

with nitrile butadiene rubber latex by manual stirring in order to obtain a homogeneous 

mixture. Lastly, the mixture was transferred to a sample vial and sediment of coated 

MNPs were observed and recorded at time 3 hours, 3 days, 7 days, 14 days and 21 days.  
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3.4.2 Zetasizer 

Zetasizer instrument provides the ability to measure characteristics of particles or 

molecules in a liquid medium. The Zetasizer determines the particle size by first 

measuring the Brownian motion of the particles in a sample using Dynamic Light 

Scattering (DLS) and then interpreting a size from this using Stokes-Einstein relationship. 

The Particle Size measured in a DLS instrument is the diameter or radius of the sphere 

that diffuses at the same speed as the particle being measured. In the current study, 

Malvern Zetasizer Nano ZS was used to investigate zeta potential, number-based particle 

size distribution (PSD) and polydispersity (PDI) of MNPs.  

The zeta potential is also a key indicator of the stability of colloidal dispersions. The 

magnitude of zeta potential indicates the degree of electrostatic repulsion between 

adjacent, similarly charged particles in dispersion. For molecules or particles that are 

small enough (nanoscale), a high zeta potential will confer stability, i.e., the solution or 

dispersion will resist aggregation. (Saraswathy et al., 2014). Details of the stability of 

suspensions with relation to zeta potential are summarized in Table 3.2. 

  Table 3.2 Stability of suspensions with relation to zeta potential 

(Roch et al., 2005) 

Zeta Potential (mV) Stability Behaviour 

0 to ±5 Aggregation and precipitation 

±10 to ±30 Limited Stability 

±30 to ±40 Moderate Stability 

±40 to ±60 Good stability 

±60 to ±80 Excellent stability 

±81 to ±100 Extremely good stability 

 

Approximately 0.001g of MNPs powder was weighed and dispersed in 5 ml of deionized 

water. Then, the pH of solution was adjusted to pH 10 by adding ammonium hydroxide 

(12 M). The solution was sonicated for 1 hour to ensure MNPs was dispersed well in 

deionized water. Next, dispersed solution was filtered and injected into a disposable 
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sample cell. Then, the sample cell was inserted into the instrument and the measurement 

start after the sensors have equilibrated. Finally, measurement was run and results were 

collected. 

3.4.3 X-Ray Diffraction (XRD)  

The crystallographic structure and phase of the MNPs was investigate by X-ray 

diffraction (XRD) analysis. This analysis were carried out using a Bruker D8 Advance 

diffractometer equipped with a quartz mono-chromator and Cu Kα radiation (λ= 0.154059 

nm). Approximately 1 g of the sample was measured and placed into sample holder. The 

testing was carried out with a step size of 0.02 degrees and scan speed of 0.02 deg/sec in 

between 10o and 90o diffraction angle (2θ).  One of the more frequent applications of 

XRD analysis is to determine the crystallite size. There are several studies on the 

determination of the crystallite size from the XRD patterns. From the XRD result, 

crystallite size can be determined by using Debye Scherrer’s equation (Equation 3.1).  

D=
Kλ

βcosθ
       (Equation 3.1) 

where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at half 

of the maximum intensity of each peak, and θ is the Bragg angle. D is the mean diameter 

of the ordered domains. The Debye-Scherrer equation can be used to obtain a rough 

estimate of the nanoparticle size. 

 

3.4.4 Fourier Transform Infrared Spectroscopy (FTIR) 

In the current study, Fourier transform infrared (FTIR) was used to identify the MNPs 

and coating agent (PEG 600, oleic acid) functional groups, and the functional group 

linked between MNPS and coating agent. FTIR spectra were recorded in the range 4000 

cm-1 and 400 cm-1 at a resolution of 4 cm-1 for each set of coated MNPs samples. However, 

FTIR spectroscopy is also useful as a means of identification for iron oxyhydroxides, 
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showing Fe-O-H stretching and bending vibrations for each phase in the range of 1000 

cm-1 to 400 cm-1 (Schwertmann & Cornell, 2008; Vikram et al., 2015). Therefore, FTIR 

spectra were recorded in the range of 1200 cm-1 to 400 cm-1 for the uncoated MNPs. 

Approximately 0.3 mg of MNPs was mixed with 4 mg of KBr and moulded to form pellet. 

Pellet was placed in the FTIR and IR radiation was passed through it. FTIR spectrum was 

collected with labelled peaks.  

 

3.4.5 Raman Spectroscopy 

Raman spectroscopy provides information about molecular vibrations that can be used 

for sample identification and quantitation. Raman spectra of samples were obtained with 

a Renishaw inVia Raman microscope with 514 nm laser as excitation source in the 

frequency range of 100-1800 cm-1. To obtain the MNPs Raman spectra, approximately 

0.05 g of sample was placed into the sample holder, and the testing was carried out with 

0.02 mV laser power and 180 seconds of exposure time. Obtained Raman spectra was 

analysed and phases of MNPs was determined. 

 

3.4.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was conducted using a Mettler Toledo, 

TGA/SDTA-851e under nitrogen atmosphere. Thermal stability in terms of 

decomposition temperature and weight loss of a specimen was measured by monitoring 

the weight change that occurs as the specimen is heated. Approximately 4-5 mg of 

specimens was prepared and put into an alumina cup. After that, the specimen cup was 

heated from 30 oC to 800 oC at a heating rate of 10oC/min under nitrogen gas (flow rate 

of 50 ml min-1). A thermogram, which is a curve of the percentage of weight change 

against the specimen temperature was plotted. This technique was used to investigate the 

coating efficiency of coating agent on the surface of MNPs. TGA is beneficial in 
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quantifying the amount of the organic matter exchanged on the surfaces of the particles, 

thus generating an idea of the success or extent of ion exchange process. Thus, TGA 

provides an efficient tool to determine the organophilization of the particle surface. Mass 

loss due to high-temperature dihydroxylation of the iron oxide and evaporation of 

physisorbed water has to be subtract from the total weight loss to obtain information on 

the mass loss corresponding to the organic layer (Mittal, 2012).  

 

3.4.7 High Resolution Transmission Electron Microscopy (HRTEM) 

The high resolution transmission electron microscope (HRTEM) is probably the most 

powerful technique for characterizing nanomaterials. By using HRTEM, we can image 

particles in the nanometer size scale. High resolution transmission electron microscopy 

(JEM-2100F) with accelerating voltage 200 kV was used to visualize the morphology of 

the MNPs. During sample preparation, the MNPs was dispersed in ethanol (95 %). Then, 

the sample was sonicated for 1 hour. Finally, the dispersion of MNPs was allowed to 

slowly dry on 300 mesh copper grid. The sample need to be prepared at least three day 

before the measurement in order to ensure the sample is fully dry. This step is crucial to 

prevent the electrical contact while the reading is measured. All imaging and size 

calculations were carried out using Image J version 1.48 (National Institutes of Health, 

USA) with the scale bar as a unit of reference. The counting was performed on 100 

particles for each sample. 

 

3.4.8 Field Emission Scanning Electron Microscopy (FESEM) 

FESEM is the abbreviation of Field Emission Scanning Electron Microscope. FESEM 

is used to visualize very small topographic details on the surface or entire or fractioned 

objects. In this research, morphology of the MNPs and nitrile butadiene rubber films were 

investigated using scanning electron microscope (HITACHI SU 8030). The samples were 
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mounted onto sample holder using double sided electrically conducting carbon adhesive 

tapes to prevent surface charge on the specimens when exposed to the electron beam. The 

tensile fractured surfaces of nitrile butadiene rubber films were pre-sputtered with 

platinum. The FESEM micrographs were obtained under conventional secondary electron 

imaging conditions with acceleration voltage of 5 kV. 

 

3.4.9 Vibrating Sample Magnetometer (VSM) 

The magnetic properties (hysteresis loop) of the dried nanoparticles were assessed 

using vibrating sample magnetometer (VSM, LakeShore 7400; Chicago, IL, USA) at 300 

K. The main magnetotstatic parameters saturation magnetization, coercivity, and 

remanence are determined from magnetization curves measured on VSM at static 

magnetic fields with a strength of up to 10 kG. Approximately 0.05 g of MNPs powders 

were weighed and then placed in a sample holder for magnetic readings. The sample is 

placed between two electromagnets where a uniform magnetic field is generated. The 

sample is then physically vibrated sinusoidally at frequency of 70 Hz. By changing the 

strength of an external electromagnetic field the hysteresis curve of a material was 

obtained in the magnetic field from -10 kG to 10 kG. 

 

3.4.10 Universal Testing Machine (UTM) 

The produced nitrile butadiene rubber films was cut into desired dimension (Figure 

3.5) in accordance to ASTM D412 standard using standard dumbbell die C. The thickness 

of each specimens was measured prior to testing. The specimens mounted on Tensile 

measurements, were tested at room temperature according to ASTM D412 with a 

computerized tensile tester (Instron 3345) with a load cell of 100 N. The crosshead speed 

was set at 500 mm/min. Tensile strength, elongation at break and modulus were collected. 
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Five specimens were used for each set of composite system. Each value obtained 

represented the average of five samples. 

 

Figure 3.4: The dimension of nitrile butadiene rubber films specimen for tensile 

test 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Introduction 

This chapter presents the results obtained from the experiments conducted and the 

discussion of the analyses. There are three main sections in this chapter. The first section 

presents the synthesis and properties regarding to the formation of high saturation 

magnetization magnetite nanoparticles (MNPs) in the presence of ammonium hydroxide. 

The effect of final pH as well as the influence of the addition rate on MNPs are evaluated 

in detail. The second section of this chapter will illustrate the influence of coating agent’s 

loading amount on the stabilization of MNPs in aqueous medium. Lastly, the third section 

of this chapter present the performance studies of MNPs loaded nitrile butadiene rubber 

latex films. This study aims to optimize the magnetic properties of as-prepared MNPs as 

well as improve their colloidal stability in nitrile latex. 

 

4.2 Synthesis of Magnetite Nanoparticles (MNPs) 

4.2.1 Zeta Potential and Hydrodynamic Size Analysis 

Table 4.1 shows the hydrodynamic size and zeta potential measurement of MNPs 

synthesized with different reaction parameters, including final pH, ammonium hydroxide 

concentration, total iron salts concentration and addition rate of ammonium hydroxide.  

In general, all of the MNPs can be considered in stable form in a basic medium with 

negative surface charges around 30 mV and PDI values less than 0.3 (Cho et al., 2013).  
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Table 4.1: The hydrodynamic size and zeta potential of MNPs  

Sample Hydrodynamic 

size 

(nm) 

Polydispersity 

index, 

PDI 

Zeta Potential 

(mV) 

a) Final pH 

pH 6.5 43.33 0.196 -32.7 

pH 8.5 43.17 0.188 -30.3 

pH 9.5 38.10 0.165 -29.8 

b) Ammonium Hydroxide Concentration 

0.75 M 33.82 0.183 -33.9 

1.50 M 35.33 0.167 -31.4 

3.00 M 38.10 0.165 -29.8 

6.00 M 47.42 0.151 -28.8 

c) Total Iron Salts Concentration 

150 mM 38.10 0.165 -29.8 

250 mM 38.99 0.202 -30.1 

375 mM 42.96 0.214 -29.8 

500 mM 49.09 0.228 -34.3 

d) Addition Rate of Ammonium Hydroxide 

1 ml/min 47.82 0.245 -31.6 

5 ml/min 42.96 0.214 -29.8 

10 ml/min 38.99 0.202 -31.9 

20 ml/min 37.14 0.146 -33.4 

 

Interestingly, it could be noticed that hydrodynamic size of MNPs with 38.10 nm for 

the final pH of 9.5 was the smallest particle throughout the final pH window, suggesting 

that high hydroxide ion (OH-) could facilitate the formation of small particle. The 

decrease in hydrodynamic size of MNPs is likely attributed to the high surface charges 

with increasing final solution’s pH. This is in agreement with the results of Salazar et al. 

(2011), which reported that mean size of MNPs was decrease significantly at high pH. 

Furthermore, the size distribution width was reducing as the final pH increases, which 

indicating that MNPs particles produced at higher pH are smaller and more uniform. In 

Formation of large MNPs particle at low pH is due to continuous growth of the particles 

during the ageing phase associated with Ostwald ripening (Darminto et al., 2011). The 

mechanism of growth (Ostwald ripening) is caused by the change in solubility of 

nanoparticles dependent on their size. Due to the high solubility and the surface energy 
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of smaller particles within solution, these particles re-dissolve and in turn allow the larger 

particles to grow even more (Baumgartner et al., 2013).  

Ammonium hydroxide was used as precipitating agent in the co-precipitation reaction 

of MNPs. According to Mascolo et al. (2013), the (OH-) concentration, which is related 

to the pH and base amount, is known to control the nucleation and growth of the magnetite 

nanoparticles and can influence the final properties of magnetite (particle size and 

saturation magnetization). Therefore, MNPs synthesized with different concentration of 

ammonium hydroxide was investigated in this part of experiment. The variations in 

hydrodynamic size, polydispersity index (PDI) and zeta potential of the MNPs with 

different concentration of ammonium hydroxide are presented in Table 4.1. The 

hydrodynamic size was increased when the concentration of ammonium hydroxide was 

increased from 0.75 M to 6.00 M under atmospheric condition. These results suggest that 

more reaction ingredients are available on the growth phase and therefore MNPs with 

large diameter (18 nm) could be synthesized under the high concentration of ammonium 

hydroxide (Tajabadi & Khosroshahi, 2012). The above-discussed statement is further 

confirmed by the polydispersity index (PDI) and zeta potential, which suggesting that 

high concentration of ammonium hydroxide can produce MNPs with larger diameter and 

more uniform size.  

In order to understand the effect of total iron salts concentration on the hydrodynamic 

size, polydispersity index (PDI) and zeta potential of MNPs, the samples were 

synthesized with 150 – 500 mM. The result clearly shows that the hydrodynamic size of 

MNPs is dependent on the total iron salts concentration. Based on the results obtained, 

the hydrodynamic size of MNPs obviously increased with increasing salts concentration. 

However, it was observed that the PDI values increased with increasing salts 
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concentration. This result suggests that the size of MNPs prepared under higher iron salts 

concentration of 500 mM are less uniform as compared to the lower concentration one.  

Lastly, the effect of addition rate of ammonium hydroxide on the hydrodynamic size 

of MNPs was investigated. Based on Table 4.1, the hydrodynamic size of MNPs appeared 

to be dependent on the addition rate of ammonium hydroxide into the mixture of iron 

chloride salts. It was noticed that the number average particle size of MNPs decreased 

from 53.32 nm to 37.14 nm, with the base addition rate from 1 ml/min up  to 20 ml/min. 

It’s a well-known fact that the fast addition of ammonium hydroxide solution into the 

reaction solution favour the continuous nucleation with respect to growth, thus enabling 

the formation of small particles (Mascolo et al., 2013). In additon, the nucleated particles 

had size distribution that varies with the supply rates during the nanoparticles growth. For 

this reason, the polydipsersity of MNPs was decreased from 0.245 to 0.146 at higher 

addition rates (Gnanaprakash et al., 2007). 

 

4.2.2 X-ray Diffraction Analysis 

In this part of experiment, XRD analysis was used to investigate the crystallite size of 

MNPs after synthesizing via different processing parameters. As shown in Table 4.2, the 

crystallite size of MNPs was determined by fitting of the magnetite (311) Bragg peak by 

Scherrer analysis with a pseudo-Voigt function (Baumgartner et al., 2013).   
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Table 4.2: Crystallite size of MNPs 

Sample Crystallite size, DXRD 

(nm) 

a) Final pH 

pH 6.5 17.7 

pH 8.5 15.7 

pH 9.5 12.3 

b) Ammonium Hydroxide Concentration 

0.75 M 12.1 

1.50 M 12.3 

3.00 M 12.3 

6.00 M 12.3 

c) Total Iron Salts Concentration 

150 mM 12.3 

250 mM 12.6 

375 mM 13.6 

500 mM 14.5 

d) Addition Rate of Ammonium Hydroxide 

1 ml/min 14.1 

5 ml/min 13.6 

10 ml/min 10.8 

20 ml/min 9.8 

 

Based on Figure 4.1, the positions and relative intensities of all diffraction peaks fit 

well with those from the JCPDS card (19-0629) for magnetite with  (220), (311), (400), 

(551) and (440) peaks at around 2θ ≈ 30°, 35°, 43°, 57° and 63°, respectively. However, 

maghemite phase also has a crystal structure and lattice spacing similar to those of 

magnetite. For this reason, XRD characterization alone is insufficient to confirm the 

crystal structural forms of nanoparticles (Jiang et al., 2011).  

It is noteworthy to mention that the crystallite size of the MNPs decreased with 

increasing final pH based on the XRD results obtained (Table 4.2). The decrease in 

crystallite size was as follows, 17.7 nm, 15.7 nm to 12.3 nm corresponding to sample 

synthesized at final pH increased from pH 6.5, pH 8.5 to pH 9.5, respectively. In addition, 

the broadening of peaks as a sign of smaller particle size could be observed from the XRD 

patterns as presented in Figure 4.1a. As a matter of fact, pH is known to control the 

nucleation and growth of the MNPs which eventually influences its particles size. During 
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co-precipitation process, the degree of supersaturation is higher at high pH, which 

promotes nucleation over growth. Thus, smaller particles were formed (Mascolo et al., 

2013).  

Nucleation and growth rates are controlled by supersaturation. Growth rate increases 

linearly with supersaturation, while nucleation increases exponentially (Lipták, 2013). 

According to classical nucleation theory, the nucleation rate J is typically described as 

Equation 4.1.  

J = K1S exp (-
K2

ln2S
)    (Equation 4.1) 

Where S = c/c∞ is the degree of supersaturation, C is actual concentration of the 

substance in solution, C∞ is normal equilibrium concentration of the substance in pure 

solvent, K1 is a parameter determined by the kinetic aspect of nucleation, whose various 

expressions can be found in the literature, and K2 is a parameter depend purely on the 

thermodynamic properties of the system (Vetter et al., 2013).   

The corresponding experimental results on the influence of ammonium hydroxide 

concentration towards to the crystallite size of MNPs are presented in Table 4.2. It was 

found that the crystallite size of MNPs slightly increased from 12.1 up to 12.3 nm when 

increasing the ammonium hydroxide concentration (0.75 M to 1.50 M). Nevertheless, the 

crystallite size of MNPs did not have significant change when applying different 

ammonium hydroxide concentration. This statement is in the agreement of Arabi and 

Asnaashari Eivari (2014), which proposed that high concentration of a weak base 

(ammonium hydroxide) did not affect the nucleation rate and therefore, the crystallite size 

of MNPs did not increase significantly.  

Figure 4.1c shows the XRD pattern of synthesized MNPs subjected to different iron 

salts concentration during reaction stage. It is worth noting that increment in the total iron 
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salts concentration resulted in a noticeble broadening and weakening of peaks. According 

to the literature, the broadening of XRD’s peaks might be a sign of poor crystallization 

of the geothite structure or small particle size of MNPs (Karaagac et al., 2010). This 

finding might be attributed to the nucleation stage occurred when the concentration of 

reactant (iron salts) reached the supersaturation. Then, the nuclei start to grow via 

flocculation or aggregation of nuclei into larger particles. This infers that the reduction of 

iron salts concentration might be distrupted the nucleation and growth of MNPs (Jiang et 

al., 2011). Therefore, the crystalinity and crystallite size of synthesized MNPs formed 

decreased from 14.5 nm to 12.3 nm as the iron salts concentration decreased in the 

mixture.  

Similary, there is no other impurity compouds could be detected from the MNPs 

sample when applying different addition rate of ammonium hydroxide into the iron salts 

mixture (Figure 4.1d). As the addition of ammonium hydroxide with increasing rate, the 

solution reached supersaturation state rapidly by nucleating the smaller particles at large 

numbers in unit volume. By referring to crystallization theory and homogenous 

nucleation equation, the nucleation rate was inversely proportional to the critical radius 

of the nucleated particle (Gnanaprakash et al., 2007). Based on the reults from XRD 

analysis, the crystallite size of MNPs was decreased from 14.1 nm to 9.8 nm when the 

base additon rate increased from 1 ml/min to 20 ml/min (Table 4.2).   

In summary, it could be concluded that all samples have crystallite size less than the 

critical value 30 nm. Thus, they might exihibit superparamagnetic behavior. It has been 

reported that particles exhibited superparamagnetism behaviour when the size of single 

domain particles further reduces below a critical diameter and the coercivity becomes 

zero (Nyirő-Kósa et al., 2009;Cheng et al., 2010) . 
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Figure 4.1: XRD pattern of MNPs optimized with different parameters (a) final 

pH, (b) ammonium hydroxide concentration, (c) total iron salts concentration, and 

(d) additon rate of ammonium hydroxide 

 

4.2.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

In this section, FTIR was done to gain further information about the structure of the 

synthesized MNPs. The transmittance peaks of magnetite were observed at about  449 

cm−1 and 580 cm−1, while maghemite peak was observed at 630 cm-1 for MNPs 

synthesized at final pH 9.5. However, in FTIR spectrum of MNPs synthesized at final pH 

6.5 and final pH 8.5, these peaks weakened gradually and new transmittance peaks 

appeared at 799 cm-1 and 895 cm-1 indicate iron oxyhydroxide phase. Therefore, it shows 

that the MNPs synthesized with a lower final pH have an additional goethite (α-FeOOH) 

phase with main magnetite phase (Andrade et al., 2010). The inadequate of OH- species 

(low pH condition) probably caused incomplete co-precipitation reaction during the 
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formation of MNPs, which producing intermediate compound from the MNPs. Similar 

findings with regards to goethite and maghemite are the most common impurity 

compounds that could be found in magnetite via co-precipitation methods were reported 

by the Gnanaprakash et al. (2007). 

Meanwhile, the effect of ammonium hydroxide concentration on the information about 

the structure of synthesized MNPs was investigated in detail.  From the results obtained, 

it was found that magnetite peaks were detected at 449 cm-1 and 580 cm-1 for all of the 

MNPs prepared using different ammonium hydroxide concentration. However, the 

highest intensity peak of the maghemite content could be detected from MNPs, which  

synthesizing with 6.00 M ammonium hydroxide as compared to the other samples. This 

is in agreement with the results of Tajabadi and Khosroshahi (2012),which reported the 

formation of non-magnetite layer on MNPs synthesized with high ammonium hydroxide 

concentration. The reasons might be due to magnetite phase of MNPs partly transformed 

into geothite phase at high pH (pH > 10) conditions. This conversion of magnetite to 

goethite passed through a maghemite intermediate and hence the maghemite phase was 

detected in the FTIR spectra of 6.00 M ammonium hydroxide sample (He & Traina, 

2007). 

The total iron salts concentration has significat effects on the structure of synthesized 

MNPs. It is noteworthy to mention that a shoulder peak for 500 mM sample can be 

observed at around 630 cm-1, which indicates the maghemite phase that probably generate 

from surface oxidation of MNPs. Besides, the peaks of Fe-O (580-650 cm-1) of all 

synthesized MNPs were widened with decreasing of iron salts concentration. This is in 

agreement with the results of Smolkova et al. (2015), which proposed that MNPs are very 

sensitive to oxidation due to their large surface area. All synthesized MNPs could be 

transformed into maghemite through oxidation process. As a result, magnetite and 
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maghemite mix-phase composition were observed in most of the synthesized samples. 

However, the co-precipitation reaction is said to be completed as there are no peaks 

located in the 790-890 cm-1 region which belong to the intermediate of the reaction.  

The current section discusses the effect of addtion rate of ammonium hydroxide into 

the iron salt mixture on the structure of synthesized MNPs. FTIR patterns from all of the 

synthesized MNPs at different loading rate exhibited one peak (580 cm-1) only. This result 

indicates that  the magnetite phase is still present dominantly and did not reveal any other 

phases in the FTIR patterns. In summary, the addition rate variation of ammonium 

hydroxide into iron salts mixture did not affect the structure of the nanoparicles and the 

results is consistent with the XRD results discussed earlier.  

 

Figure 4.2: FTIR  spectra of MNPs optimized with different parameters (a) final 

pH, (b) ammonium hydroxide concentration, (c) total iron salts concentration, and 

(d) additon rate of ammonium hydroxide. 
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4.2.4 RAMAN Analysis 

In Raman spectroscopy, excessive exposure of the MNPs to laser radiation will 

generate hematite (Li et al., 2012). Therefore, the Raman spectra of MNPs were obtained 

by using a low power laser (0.20 mW). Indeed, Raman analysis has been used to 

determine and understand the structural changes of synthesized iron oxide samples upon 

different pH value. 

Table 4.3: Raman frequencies (cm-1) of the iron oxides 

(Slavov et al., 2010;Li et al., 2012) 

Iron oxides Raman frequency (cm-1) 

Magnetite 193 (W), 306 (W), 668 (S) 

Maghemite 363 (S), 500 (S), 720 (S), 1400 (S) 

Hematite 225 (S), 247 (W), 299 (S), 412 (S), 497 (W), 613 (M) 

Goethite 400 (S) 

S: Strong   M: Medium   W: Weak 

 

Based on the Raman spectra obtained, it could be noticed that all synthesized samples 

containing magnetite and maghemite phases. The increment in Raman intensity of 

maghemite peaks at 720 cm-1 and 1400 cm-1 were observed when increasing the final pH 

from pH 6.5 to pH 9.5. According to Chourpa et al. (2005), they concluded that most of 

the band above 1100 cm-1 were not specific of magnetite-maghemite except for 

maghemite band at 1400 cm-1.  For the parameter of final pH, the goethite structure that 

was detected earlier in FTIR analysis disappeared in the Raman spectrum of MNPs 

synthesized with final pH 6.5. The reason might be due to the relatively small amount of 

goethite as compared to magnetite in sample. In overall, the comparison of maghemite 

content detected from the synthesized MNPs with the corresponding crystallite sizes is 

shown in Table 4.2. Interestingly, it can be seen that particle sizes of magnetite was 

reduced when the maghemite content was increased according to our MNPs results. 

However, the Raman’s intensity of maghemite phase was decreased as the addition rate 

was increased from 1 ml/min up to 20 ml/min (Figure 4.3d). This result indicates that the 
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slower addition rate of ammonium hydroxide was prone to oxidation reaction than the 

faster addition rate although it has bigger crystallite size of MNPs.  

 

Figure 4.3: RAMAN spectra of MNPs optimized with different parameters (a) 

final pH, (b) ammonium hydroxide concentration, (c) iron salts concentration, and 

(d) additon rate of ammonium hydroxide. 

 

4.2.5 HRTEM Analysis 

Subsequently, corresponding HRTEM images of the selected synthesis parameter 

(final pH) are presented in Figure 4.4. The Morphology and mean particle size of prepared 

MNPs were further determined via HRTEM at 100,000× magnification as presented in 

Figure 4.4. Figure 4.4(a) shows the morphology of the goethite with rod-like particles as 

indicated with arrows (dot-line). Based on Figure 4.4(a), there was obvious aggregation 

of particles found on the as-synthesized MNPs. As a matter of fact, all rod-like particles 
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were identified earlier by FTIR as goethite, a by-product in co-precipitation process. The 

reaction occurred is depicted in equation below (Mahdavi et al., 2013): 

Fe
3+

+3OH
-
→Fe(OH)

3
   (Equation 4.2) 

Fe(OH)
3
→FeOOH+H2O  (Equation 4.3) 

According to Equation 4.2, akaganeite was formed as a result of the hydrolysis of the 

ferric (Fe3+) ion solution in the presence of Cl− and highly acidic pH  (Ahn et al., 2012; 

Bibi et al., 2012). Then, akaganeite was dissolved and evolved into mixture of goethite 

(minor component) and magnetite (major component) at higher pH (Figure 4.4a) as 

shown in Equation 4.3. According to Karaagac et al. (2010), goethite formation might be 

in amorphous phase as only magnetite phase were observed in XRD pattern (Figure 4.1a). 

It could be noticed that the content of magnetite phase was increased while goethite phase 

was disappeared from MNPs with pH up to 9.5 (Figure 4.4c). Thus, fine-tuning the pH of 

mixture for MNPs formation is important to develop a goethite free MNPs. All obtained 

results suggested that co-precipitation between Iron (II) ion and Iron (III) ion showed 

almost complete precipitation reaction at pH 8.5. As pH value increased to 9.5, it was 

found that smaller average size of MNPs with uniform spherical form (13.75 nm) could 

be synthesized.  This result suggests that spherical MNPs with uniform size could be 

formed with the final pH of mixture must be above 9.5.  
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Figure 4.4: HRTEM images for final pH of (a) pH 6.5, (b) 8.5, and (c) pH 9.5 at 

100,000× magnification 

 

(a) 

50 nm 

50 nm 

(b) 

(c) 

50 nm 
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4.2.6 Magnetic Properties Measurement 

A vibrating sampler magnetometer (VSM) was used to measure magnetic properties 

of MNPs. The hysteresis curves of the synthesized samples from the above-mentioned 

list were measured and presented. Table 4.4 exhibits the saturation magnetization, 

coercivity and remanence of MNPs optimized with the parameters at room temperature. 

Table 4.4: Magnetic properties of uncoated MNPs 

Sample Crystallite size 

(nm) 

Saturation 

Magnetization, 

Ms 

(emu/g) 

Coercivity, Hc 

(Oe) 

Remanence, 

Mr 

(emu/g) 

a) Final pH 

pH 6.5 17.7 31.90 3.29 0.19 

pH 8.5 15.7 63.45 6.17 0.66 

pH 9.5 12.3 65.04 11.97 1.21 

b) Ammonium Hydroxide Concentration 

0.75 M 12.1 62.63 7.03 0.72 

1.50 M 12.3 63.63 7.47 0.72 

3.00 M 12.3 65.04 11.97 1.21 

6.00 M 12.3 64.00 12.66 1.35 

c) Total Iron Salts Concentration 

150 mM 12.3 65.04 11.97 1.21 

250 mM 12.6 77.74 12.18 1.51 

375 mM 13.6 80.23 14.71 1.79 

500 mM 14.5 70.11 16.00 1.84 

d) Addition Rate 

1 ml/min 14.1 77.90 12.21 1.37 

5 ml/min 13.6 80.23 14.71 1.79 

10 ml/min 10.8 69.91 11.37 1.16 

20 ml/min 9.8 64.83 11.02 1.07 

 

Hysteresis curves of the synthesized samples were further investigated and presented 

in Figure 4.5. As shown in Figure 4.5, saturation magnetization (Ms) obtained from 

hysteresis curve for the experiment set based on the final pH criteria clearly to shows that 

the Ms was increased from 31.90 emu/g to 63.45 emu/g, and then slighly increased back 

from 63.45 emu/g to 65.04 emu/g as the final pH was increased from pH 6.5 (acidity but 

close to neutral condition) to pH 9.5 (alkaline condition). In order to explain the change 
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of Ms, the structure of MNPs should also be taken into consideration as indicated by FTIR 

analysis. It could be noticed that the lowest saturation magnetization was obtained at final 

pH 6.5 which confirmed via FTIR and HRTEM micrograph that showed small portion of 

goethite that appeared within the synthesized MNPs. This reason might be attributed to 

the low pH values that prevent the precipitation to take place since the co-precipitation 

was completed at between pH 8 and pH 11 (Karaagac & Kockar, 2012). Therefore, in the 

following studies, MNPs with high saturation magnetization as well as uniform particle 

size were synthesized in such condition mentioned above to further study the effect of 

surface coating studies. 

 

Figure 4.5: VSM hysteresis loop of the MNPs optimized with different final pH. 

 

In this part of experimental works, magnetic properties measurement for the sample 

synthesized by controlling the ammonium hydroxide concentration was further studied. 

It was found that saturation magnetization of MNPs was slightly increased from 62.63 

Univ
ers

ity
of

Mala
ya



66 

emu/g to 65.04 emu/g with increasing base concentration from 0.75 M to 3.00 M. 

However, the saturation magnetization of MNPs was slightly reduced  from 65.04 emu/g 

to 64.00 emu/g when applied 6.00 M of ammonium hydroxide during coprecipitation 

process. It was a well- known fact that the saturation magnetization usually is related to 

the crystallite size of magnetic particles (Roca et al., 2007). Based on aformentioned 

discussion, the crystallite size of MNPs was not affected by the base concentration (Table 

4.4). It was found that the influence of ammonium hydroxide concentration towards to 

the saturation magnetization was insignificant in our present study as the total increment 

was only 1.37 emu/g or 2.19 %. The reason might be due to the ammonium hydroxide 

used as precipitating agent is a weak base and increasing its concentration does not affect 

nucleation and growth rate (Arabi & Asnaashari Eivari, 2014).  

 

Figure 4.6: VSM hysteresis loop of the MNPs optimized with different 

ammonium hydroxide concentration. 
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The next batch of our experimental work showed that the saturation magnetization of 

particles were found to be stronger with increasing the total iron salts concentration  up 

to 375 mM (as presented in Figure 4.7). Based on the VSM hysteresis loop, Ms reached 

a high value of 80.23 emu/g from 65.04 emu/g when the total iron salts concentration was 

increased from 150 mM to 375 mM. The increased of magnetic properties was due to 

larger crystallite of MNPs that produced by higher total iron salts concentration (Roca et 

al., 2007). However, MNPs produced with highest iron salts concentration (500 mM) 

showed decreased of Ms, which is 70.11 emu/g. According to Li et al. (2011), the 

reduction of saturation magnetization of sample with high iron salts concentration might 

be attributed to the particle aggregation problem, especially at higher total iron salts 

concentration therefore there was no improvement in the magnetic properties.  

 

Figure 4.7: VSM hysteresis loop of the MNPs optimized with different total iron 

salts concentration. 
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In this study, the samples were produced by varying the addition rate of ammonium 

hydroxide from 1 ml/min up to 20 ml/min. Interesting, it could be noticed that the 

saturation magnetization was initially increased from 77.90 emu/g to 80.23 nm as the 

addition rate was increased from 1 ml/min to 5 ml/min (Figure 4.8). Nevertheless, the Ms 

value was dropped from 80.23 emu/g to 63.84 emu/g as increasing the addition rate to 20 

ml/min. According to Gnanaprakash et al. (2007), the oxidation of ferrous ions to ferric 

ions is prone to happen on slower addition rate and this account to the formation of more 

non-magnetic compounds in the sample. Equation 4.4 explains the formation of goethite 

from the partial oxidation of ferrous hydroxide by the oxygen dissolved in the iron salts 

solution. 

3Fe(OH)
2
+

1

2
O2→2FeOOH+H2O  (Equation 4.4) 

In addition, longer reaction time is require to complete the MNPs synthesis for a slower 

addition rate. Hence, the synthesized MNPs was exposed to oxygen atmosphere in a 

longer duration. The reduction of saturation magnetization value for the slowest addition 

rate (1 ml/min) was due to oxidation, and the others samples (5-20 ml/min) were due to 

decrease in the crystallite size of the particles with increasing addition rate (Table 4.4). 
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Figure 4.8: VSM hysteresis loop of the MNPs optimized with different addition 

rate. 

 

Based on our reults, saturation magnetization values of all synthesized MNPs are much 

smaller than the bulk magnetite value, 92 emu/g (Mascolo et al., 2013). In fact, the 

reduction of saturation magnetization of synthesized MNPs can be related to its nano size 

of nanoparticles. In addition, the hysteresis loop of the synthesized MNPs exhibited a 

very low coercivity and remanence values as compared to the bulk magnetite. The typical 

characteristics of superparamagnetic behaviour were observed for all of the samples. 

However, the overall colloidal stability performance of MNPs is still poor in water and 

nitrile latex. These findings clearly indicate that coating with coating agent (e.g., PEG 

600 and oleic acid) is a potential solution for MNPs agglomerations. 
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4.3 Synthesis of Coated Magnetite Nanoparticles 

Based on aforementioned discussion, MNPs with hydrodynamic size less than 50 nm 

were successfully synthesized by applying co-precipitation methods. A maximum 

saturation magnetization (80.23 emu/g) was achieved by the reaction between 375 mM 

of total iron salts concentration and 3.00 M ammonium hydroxide (5 ml/min) at final pH 

of 9.5. Therefore, in the following studies, resultant magnetite nanoparticles (MNPs) were 

synthesized in such condition mentioned above to study the influence of coating agents 

(e.g., PEG 600 and oleic acid) loading on the stabilization of synthesized MNPs in nitrile 

latex (raw material for nitrile glove production) and further protection of MNPs against 

fast oxidation by oxygen. The aim of this section is to improve the colloidal stability of 

MNPs in nitrile latex. 

 

4.3.1 Zeta Potential and Hydrodynamic Size Analysis 

The surface charge on the uncoated and coated MNPs with potential organic stabilizer 

(e.g., PEG 600 and oleic acid) was characterized with the zeta potential, as shown in Table 

4.5 alongside with the hydrodynamic diameters and size distributions.  
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Table 4.5: Hydrodynamic size, polydispersity index and zeta potential for 

uncoated MNPs, PEG coated MNPs, and oleic acid coated MNPs 

Sample Hydrodynamic 

size 

(nm) 

Polydispersity 

index 

Zeta Potential 

(mV) 

a) Uncoated    

Optimized uncoated 42.96 0.214 -29.8 

b) PEG 600    

0.6 g 44.12 0.200 -35.9 

0.8 g 36.75 0.188 -41.1 

1.0 g 35.59 0.178 -43.6 

2.0 g 35.95 0.176 -45.6 

3.0 g 32.29 0.168 -45.8 

c) Oleic acid    

0.3 g 61.04 0.129 -50.2 

0.6 g 57.75 0.136 -50.6 

0.9 g 54.79 0.139 -52.2 

1.2 g 48.21 0.154 -54.7 

1.5 g 41.90 0.193 -58.1 

 

It is worth noting that the addition of PEG 600 with MNPs resulted in a smaller 

hydrodynamic size and narrower size distribution, meanwhile the MNPs coated with oleic 

acid resulted in bigger and slightly broader size distribution. In addition to that, it could 

be observed that the zeta potential for uncoated MNPs sample of -29.8 mV was due to 

the OH- ion associated with the surface at pH 10 medium as discussed in previous section, 

synthesis of MNPs. However, zeta potential of MNPs increased to the range of ~35 mV 

to ~46 mV after the addition of PEG 600. This indicates that the stability of synthesized 

MNPs could be further improved by applying PEG coating. On the other hand, the zeta 

potential value increased to -58.1 mV by adding oleic acid at the same pH medium. The 

reason might be attributed to the carboxylate ions in the outer layer of the bilayer, which 

promotes the stability of MNPs. When the charges of particles were increased 

significantly, the hydrodynamic size of the oleic acid coated with MNPs decreased from 

61.04 nm to 41.90 nm which was attributed to the greater electrostatic repulsion (Ingram 
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et al., 2010). In overall, the PDI values of coated MNPs are lower than the uncoated MNPs 

(0.214), ranging from 0.129 to 0.200 reflecting good colloidal properties. 

It’s a well-known fact that nanoparticles can be stabilised by steric and electrostatic 

stabilization (Mahmoudi et al., 2011). A surface charge, which is measured as zeta 

potential will be developed when a solid emerges in a polar solvent or an electrolyte 

solution, (Cao & Wang, 2011). The higher the particles are equally charged, the higher is 

the electrostatic repulsion between the particles and the higher is the physical stability. 

The result clearly shows that the colloidal stability of MNPs was enhanced due to 

electrostatic stabilization. For this reason, the aggregation of magnetite nanoparticles in 

suspension due to the attractive van der Waals forces and strong magnetic dipole–dipole 

interactions between particles was prevented (Tombacz et al., 2006). 

 

4.3.2 X-ray Diffraction Analysis 

It is well known that surface morphology change of coated MNPs is closely related to 

crystal growth. Therefore, XRD analysis was conducted to investigate the effect of phase 

transformation for the coated MNPs. According to the Figure 4.9, the plotted XRD 

patterns of uncoated MNPs and PEG 600 coated MNPs were exhibited almost similar 

pattern. However, the diffraction peaks are weaker in term of peak’s intensity and much 

broader for the MNPs modified by PEG 600. This observation further confirmed that the 

increasing of concentration of PEG 600 showed reduced crystallinity of the MNPs 

modified by PEG 600 (Anbarasu, 2015). The estimated crystallite size of uncoated MNPs 

was decreased accordingly when the concentration of PEG 600 was increased from 0.6 g 

up to 3.0 g. The PEG coated MNPs with increasing concentration exhibited decreased of 

crystallite size, that are approximately 13.60 nm, 12.30 nm, 11.90 nm, 10.70 nm, 10.40 

nm, and 9.30 nm, respectively. These results further ascertain that the addition of the 

polymer PEG 600 plays a critical role in controlling the size of the MNPs. 
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Figure 4.9: XRD pattern of MNPs with different loading of PEG 600 

 

Interestingly, we could observed that the estimated crystallite size of oleic acid coated 

MNPs with different amount of 0.3 g, 0.6 g , 0.9 g, 1.2 g, and 1.5 g were about  10.40 nm, 

10.40 nm, 10.3 nm, 9.70 nm, and 9.50 nm, respectively. Similarly, the crystallinity of 

synthesized MNPs decreased with increasing amounts of applied oleic acid (Figure 4.10). 

It could be noticed that the crystallite size of MNPs was decreased, which indicates from 

the obtained broadening peaks width (Ramimoghadam et al., 2015). On overall, it could 

be summarized that MNPs growth can be easily controlled via adding optimum amount 

of coating agents. The main reason might be attributed to the orientation of coating agents 

adsorbed on the surface of a particle and further increasing the retention of magnetic 

particles on the surface layer that will cause a decline in the diffusion rate and prevent the 

precipitation of particles during surface deposition. This condition will cause the surface 
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deposition rate slows down, which could effectively control the growth of magnetite 

nanoparticles (Li et al., 2011). 

 

 Figure 4.10: XRD pattern of MNPs with different loading of oleic acid 

 

4.3.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

In the present study, FTIR analysis was conducted to investigate the adsorption of the 

coating agents (e.g., PEG 600 and oleic acid) on the surface of synthesized MNPs. Figure 

4.11 shows the FTIR spectra of synthesized MNPs coating with different amount of PEG 

600. Four peaks at 430 cm-1, 580 cm-1, 1630 cm-1, and 3400 cm-1 appeared in the spectrum 

of uncoated MNPs.  As discussed earlier, the peaks at 430 cm-1 and 580 cm-1 were 

assigned to magnetite phase while the peaks at 1633 cm-1 and 3400 cm-1 were attributed 

to the stretching –OH vibration of water molecules. In PEG parameter, the peak obtained 

at ~1633 cm-1 was assigned to the stretching of –OH band and asymmetric carboxylate 
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(COO-) stretching vibration, while the peak at ~1403 cm-1 was attributed to the vibration 

of –CH. The peaks corresponding to the bonds –CH, and -COO- are the strong evidence 

to show that the synthesized MNPs surface has been coated with PEG (Anbarasu, 2015; 

Jayanthi et al., 2013). The characteristic peaks of PEG polymer at around 950 cm-1 and 

1080 cm-1 that correspond to the C-C stretch and C-O-C stretch were disappeared in the 

FTIR spectrum of PEG coated MNPs samples. This result indicates that a dipole-cation 

binding between the ether group of PEG and the positive charge of MNPs (García-Jimeno 

& Estelrich, 2013). 

 

Figure 4.11: FTIR spectra of MNPs with different loading of PEG 600 

 

Next, Figure 4.12 shows the FTIR spectra of the synthesized MNPs coated with oleic 

acid. It was found that additional six peaks could be detected  at 1409 cm-1, 1457 cm-1, 

1529 cm-1, 1710 cm-1, 2851 cm-1, and 2923 cm-1 after the surface modification of MNPs 

by oleic acid. Firstly, the peak at 1409 cm−1 corresponded to the CH3 umbrella mode of 
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oleic acid. Secondly, the peaks at 1457 cm-1 and 1529 cm-1 were attributed to the υas (-

COO-) and υs (-COO-) stretch while the peak at 1710 cm-1 correlate to the C=O stretch in 

oleic acid. Thirdly, the peaks at 2851 cm-1 and 2923 cm-1 correspond to the asymmetric 

and symmetric CH2 stretch in oleic acid (Li et al., 2010). Based on a literature in 2006, 

revealed that the wavenumber separation between the υas (-COO–) and υs (-COO–) stretch 

could be used to distinguish the type of the interaction between the carboxylate head and 

the metal atom (Zhang et al., 2006). As the loading amount was increased to 0.9 g, a peak 

appeared at 1710 cm-1 while the asymmetric (-COO-) peak at 1457 cm-1 disappeared. 

Meanwhile, a similar finding was reported by Yang et al., in 2010 and they reported that 

the appearance of 1710 cm-1 peak confirmed the formation of bilayer oleic acid coating 

layer on MNPs (Yang et al., 2010). They also explained the disappearance of 1457 cm-1 

peak by two reasons. First, the excessive addition of oleic acid might affect the interaction 

between carboxylate head and the Fe atom. Second, because the amount of oleic acid in 

bilayer coated structure was much more than that in single layer coated structure, the 

intensity of the band at 1409 cm-1 resulting from the CH3 umbrella mode of oleic acid 

would be far greater than that of single layer oleic acid-coated ones. The wavenumber 

separation of 0.3 g OA sample and 0.6 g OA sample was lesser than 110 cm-1 and 

correspond to the chelating bidentate, where the interaction between the COO- group and 

the Fe atom was covalent (Rafiee et al., 2014).  
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Figure 4.12: FTIR spectra of MNPs with different loading of oleic acid 

 

4.3.4 Raman Analysis 

In this study, Raman analysis has been used to determine and understand the structural 

changes of PEG coated MNPs, oleic acid coated MNPs, and uncoated MNPs upon 

different loading content. Based on Figure 4.13(a), the Raman spectra obtained from PEG 

coated MNPs and uncoated MNPS are almost identical. The obtained results clearly to 

infer that the PEG coating layer on MNPs were unable to prevent oxidation reaction that 

might be affected the purity of synthesized MNPs. In contrast, the shoulder peak of the 

oleic acid coated on MNPs at 720 cm-1 in Raman spectra was reduced after loading 

amount of oleic acid was more than 0.9 g (Figure 4.13b). This observation suggests that 

the oleic acid coating layer might reduce the oxidation reaction that trigger the phase 

transition of magnetite into maghemite phase.  The hydrocarbon chains of oleic acid 

formed a hydrophobic shell around the MNPs core, which could provide the stability 

against oxidation to synthesized MNPs (Singh et al., 2014). 
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Figure 4.13: Raman spectra of MNPs with different loading of PEG 600 (a), and 

Oleic acid (b) 

(a) 

(b) 
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4.3.5 Thermogravimetric Analysis (TGA) 

The TGA analysis was conducted to identify the coating formation and estimate the 

binding efficiency on the surface of MNPs. According to Hong et al. (2008), when the 

coating agent decomposed completely, the residual substance mostly is magnetic 

particles. Therefore, the coating efficiency of samples with different weight ratio of 

coating agent to MNPs could be calculated from the weight losses. 

Coating efficiency (%)= 
Coating agent

Phase transformation+Residue
×100      (Equation 4.5) 

 

Table 4.6: Results and analysis based on TGA curves of uncoated MNPs, PEG 

coated MNPs and oleic acid coated MNPs 

Sample Moisture 

(%) 

Coating agent Phase 

transformation 

Residue 

(%) 

Weight 

ratio 

(%) Derivative 

peak 

(°C) 

Weight 

loss 

(%) 

Derivative 

peak 

(°C) 

Weight 

loss 

(%) 

Uncoated 1.35 262 3.68 - - 94.97 - 

PEG 600 

0.6 g 0.84 
222, 273, 

408 
1.96 540 2.83 94.37 2.02 

0.8 g 0.81 
222, 272, 

408 
2.73 540 3.29 93.17 2.83 

1.0 g 0.76 
228, 281, 

428 
3.05 531 3.12 93.07 3.17 

2.0 g 0.64 
222, 276, 

417 
4.44 542 2.03 92.89 4.68 

3.0 g 0.57 
228, 275, 

428 
5.34 542 1.24 92.85 5.68 

Oleic acid 

0.3 g 0.48 225, 356 8.16 680 5.79 85.57 8.93 

0.6 g 0.41 252, 362 9.71 709 9.54 80.34 10.80 

0.9 g 0.33 258, 367 13.09 717, 752 11.62 74.89 15.13 

1.2 g 0.40 252, 362 13.74 722, 759 11.70 74.16 16.00 

1.5 g 0.38 255, 357 13.83 718, 757 12.06 73.73 16.12 
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Figures 4.14 and 4.16 show the TGA curves of the uncoated MNPs, PEG coated 

MNPs, and oleic acid coated MNPs samples. The transition temperatures and the 

corresponding percentage weight loss of all samples were summarized in Table 4.6. 

According to Figure 4.14 and 4.16, a slight weight loss at temperature below 100 °C could 

be noticed for all of the tested samples. In this manner, the weight loss of MNPs at below 

100 °C is likely to be caused by the contained water (Wang et al., 2010). From Table 4.6, 

the moisture content found in all samples was about 0.33 % up to 1.35 % based on 

calculation. For uncoated MNPs, a weight loss of 3.68 % was observed at 100-600 °C. 

The main reason might be attributed to the decomposition of hydroxyl group on the 

surface of MNPs (Liang et al., 2014).  

The TGA curves for PEG coated MNPs showed a sharp fall over the range of 

temperature from 160 °C to 450 °C under the second stage of weight reduction as 

presented in Figure 4.16. This condition was believed due to desorption and subsequent 

evaporation of PEG (García-Jimeno & Estelrich, 2013). In fact, phase transformation 

from magnetite (Fe3O4) to maghemite (γ-Fe2O3) has occurred during this stage. However, 

the weight gain produced by this phase transformation could not be detected as it is 

concealed by the remarkable weight loss due to combustion of PEG. The third weight 

loss in between 450 °C to 800 °C was caused by the phase transition of MNPs. In this 

stage, the maghemite phase of MNPs produced during the combustion of PEG was 

successfully transformed into hematite (α-Fe2O3) phase. (García-Jimeno & Estelrich, 

2013). Referring to Table 4.6, the coating efficiency of PEG (0.6 g, 0.8 g, 1.0 g, 2.0 g and 

3.0 g) coated MNPs were 2.02 %, 2.83 %, 3.17 %, 4.68 % and 5.68 %, respectively 
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Figure 4.14: TGA curves of MNPs with different loading of PEG 600 

 

As shown in Figure 4.15, all oleic acid coated MNPs samples exhibited two prominent 

weight loss stages at temperature below 600 °C. The first and second weight loss at 100-

600 °C corresponded to the decomposition of oleic acid (Wang et al., 2010). The first 

derivative peak was appeared at 252-258 °C, which is around the boiling point of oleic 

acid (94-195 °C/ 1.2 mmHg). The first weight loss indicated that the removal of free oleic 

acid molecules from the MNPs surface. However, first derivative of 0.3 g OA sample was 

found at the lower temperature (225 °C), which suggests that less amount of free oleic 

acid molecules were appeared in the sample, which was in agreement with above 

discussed FTIR results. This indicates the formation of single layer oleic acid coated 

MNPs. Next, the second weight loss with derivative peak at 356-367 °C further affirmed 

that the strong binding force between oleic acid molecules and MNPs (Mahdavi et al., 

2013). Lastly, third weight loss for oleic acid coated MNPs could be observed at 
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temperature above 600 °C with derivative peaks at 680-759 °C, which were assigned to 

the reduction of MNPs by carbon dioxide gases produced during oleic acid degradation 

(Liang et al., 2014). According to Mahdavi et al. (2013), synthesized MNPs was reduced 

from magnetite phase to iron (II) oxide (FeO) phase because Iron (II) oxide is 

thermodynamically stable at temperature above 570 °C. In addition, the fifth derivative 

peak appeared at 752-759 °C was mainly due to deoxidation of iron (II) oxide as the TGA 

analysis was performed under nitrogen gas atmosphere. In short, the results of TGA 

demonstrated that oleic acid existed on the surface of MNPs and their coating efficiency 

were about 8.93 %, 10.80 %, 15.13 %, 16.00 %, and 16.12 %  for the loading amount of 

0.3 g,  0.6 g, 0.9 g, 1.2 g and 1.5 g, respectively.  

 

Figure 4.15: TGA curves of MNPs with different loading oleic acid 
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In addition, Yang et al. (2010) summarized that two steps weight loss occurred in 

between room temperature and 600 °C were attributed to the two kinds of bonding 

between carboxylate groups and Fe ions existed in the sample rather than a bilayer 

structure. A similar result was reported here, two step weight loss were observed in all 

oleic acid coated MNPs samples. Therefore, it can be said that there are two kinds of 

interaction in all the oleic acid coated MNPs samples (Figure 4.16). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Proposed scheme for the interaction between oleic acid and MNPs  
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4.3.6 Observation 

Sedimentation test was carried out to study the colloidal stability of coated MNPs in 

different mediums. Table 4.7 and 4.8 illustrates the stability of uncoated and coated MNPs 

in water (pH 10) after sonication for 30 minutes.  

Table 4.7: Sedimentation of uncoated MNPs and PEG 600 coated MNPs in 

water (pH 10) 

Duration 
Loading amount (g) 

0 0.6 0.8 1.0 2.0 3.0 

0 

      

3 hours 

      

3 days 

      

7 days 

      

14 days 

      

21 days 
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Table 4.8: Sedimentation of uncoated MNPs and oleic acid coated MNPs in 

water (pH 10) 

Duration 
Loading amount (g) 

0 0.3 0.6 0.9 1.2 1.5 

0 

      

3 hours 

      

3 days 

      

7 days 

      

14 days 

      

21 days 

      
 

Based on Table 4.7 and 4.8, uncoated sample started to sediment in day 3 and settled 

down fully in 7 days. The uncoated MNPs tend to precipitate rapidly due to strong 

magnetic dipole–dipole attraction between particles (Petcharoen & Sirivat, 2012). These 

magnetic interaction was known to exist for magnetite nanoparticles with particle size 

larger than 10 nm at room temperature (Dormann et al., 2012). By the addition of 0.6 g 

of PEG 600, the coated MNPs remained stable in basic medium even after 14 days. 
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Therefore, the colloidal stability of MNPs could be improved after the addition of 

optimum content of coating agents (PEG 600). However, there are no differences in the 

colloidal stability of MNPs coating as increased the loading amount of PEG 600. 

Similarly, the colloidal stability of MNPs in basic medium improved after the surface 

modification of MNPs by oleic acid. However, the Oleic acid coated (0.3 g) MNPs shows 

lower stability than uncoated MNPs while the MNPs synthesized with higher loading 

amount of oleic acid result in a perfect colloidal suspension in water (basic). The oleic 

acid coated (0.3 g) MNPs was sediment faster than the uncoated sample and both of them 

settled down completely in 14 days. This result suggests that single layer (primary) coated 

MNPs was formed due to insufficient amount of oleic acid while the rest (sample 0.6-1.5 

g OA) were coated by double layer (primary + secondary) of oleic acid (Yang et al., 

2010). Therefore, the earlier MNPs sample was hydrophobic in nature while the later 

were hydrophilic.  

 

Figure 4.17: Schematic diagram of single layer oleic acid coated MNPs 

(Yang et al., 2010)  

 

The primary coating layer is chemically absorbed on the surface of MNPs while the 

secondary coating layer is physically absorbed on the primary layer by forming 

interpenetration layer with the tails of the primary layer. Therefore, bilayer oleic acid 

coated MNPs can be well dispersed in polar liquid while the single oleic acid coated 

Oleic acid 

(Primary layer) 
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MNPs can be dispersed only in non-polar liquid. However, Yang et al. (2010) revealed 

that bilayer oleic acid coated MNPs can be dispersed in both polar and non-polar liquid 

by increasing the pH of carrier liquids (Figure 4.18).  

 

Figure 4.18: Bilayer oleic acid-coated MNPs nanoparticles: (a) oleic acid as the 

secondary layer, and (b) oleate as the secondary layer 

 (Yang et al., 2010) 

 

When the bilayers were formed, it prevented particles aggregation relayed on 

hydrophobic interactions and steric repulsion (Yue-Jian et al., 2010). Therefore, oleic acid 

coated MNPs (except 0.3 g OA) showed better colloidal stability than PEG coated MNPs 

in basic medium. The well-dispersed MNPs in aqueous solution can be obtained from the 

surface modification of oleic acid as it possesses great suspension stability over 3 weeks.  

The sedimentation of uncoated MNPs, PEG 600 coated MNPs, and oleic acid coated 

MNPs in nitrile butadiene rubber latex are shown in Table 4.9 and 4.10. Based on Table 

4.9, the uncoated MNPs settled down completely in nitrile latex in less than 3 days. 

Unexpectedly, PEG coated MNPs showed similar stability in nitrile latex. This indicate 

that PEG coated MNPs are hydrophilic in nature and will only disperse in polar medium. 

Oleate Oleic acid 
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As the percentage of acrylonitrile (polar part) present in the nitrile latex was very low (18 

% to 24 %), the compatibility between PEG and nitrile latex was poor.  

On the other hand, MNPs with oleic acid of more than 1.2 g successfully stabilized in 

the latex compound up to 21 days (Table 4.10). This result showed the stabilization of 

MNPs could be prolonged with the right loading amount of oleic acid. Although 1.5 g 

OA shows the optimum stability in this sedimentation test, when the loading amount is 

higher than 1.2 g, it posed difficulty in the separation and washing step as it was highly 

stable in the reaction medium. For this reason, 1.2 g OA MNPs was selected as the best 

sample. 

 

 

Figure 4.19: Schematic diagram of oleic acid coated MNPs in nitrile latex 
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Table 4.9: Sedimentation of uncoated MNPs and PEG 600 coated MNPs in 

nitrile butadiene rubber latex  

Duration 
Loading amount (g) 

0 0.6 0.8 1.0 2.0 3.0 

0 

      

3 hours 

      

3 days 

      

7 days 

      

14 days 

      

21 days 
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Table 4.10: Sedimentation of uncoated MNPs and oleic acid coated MNPs in 

nitrile butadiene rubber latex  

Duration 

Loading amount (g) 

0 0.3 0.6 0.9 1.2 1.5 

0 

      

3 hours 

      

3 days 

      

7 days 

      

14 days 

      

21 days 
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4.3.7 Morphological Analysis 

In the present study, FESEM was used to study the surface morphology of the 

optimized PEG coated MNPs, Oleic acid coated MNPs, and uncoated MNPs sample. 

Figure 4.20 shows the FESEM images of uncoated MNPs, PEG (1.0 g) coated MNPs and 

Oleic acid (1.2 g) coated MNPs. The FESEM images confirmed the uncoated MNPs are 

non-uniform spherical while PEG coated MNPs are smaller and highly uniform in size. 

The particles of uncoated MNPs tend to aggregate by formation of strong magnetic 

dipole-dipole interactions in order to reduce the surface energy of its high surface area to 

volume ratio (Jaramillo Tabares et al., 2009). The agglomeration of MNPs was reduced 

when the PEG coated on the surface of MNPs (Jayanthi et al., 2013). 

Figure 4.20c shows the FESEM images of oleic acid coated MNPs. From Figure 4.20c, 

it can be observed the adhesion between the MNPs due to the excess oleic acid. The oleic 

acid agglomerated into larger particle sizes due to combination of the oleic acid layer on 

the surface of MNPs (Li et al., 2011). Agglomeration of oleic acid coated MNPs was 

happened during the drying process for electron microscopy (Mahl et al., 2011). In 

addition, Petcharoen and Sirivat (2012) reported that the oleic acid may form micelles 

around the MNPs and a small amount of the nuclei might be trapped inside the micelles. 

These nuclei undergo self-assembly later and result in a larger particle sizes.  
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Figure 4.20: FESEM images of (a) uncoated MNPs, (b) PEG 600 coated MNPs 

and (c) Oleic acid coated MNPs at 250,000× magnification 

 

The Energy dispersive x-ray spectroscopy (EDS) allowed the determination of the 

chemical composition of the samples. According to Martínez-Mera et al. (2007), 

maghemite has an atomic stoichiometric ratio of   60.00 % O and 40.00 % Fe, while it is 

43.00 % O and 57.00 % Fe in magnetite phase.  

100 nm 
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100 nm 

(b) 
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In this study, the uncoated MNPs obtained has an atomic stoichiometric ratio of 58.18 

% O and 41.82 % Fe (Table 4.11). Moreover, by referring the O/Fe atomic ratio of the 

uncoated MNPs (1.39), it was closer to the theoretical atomic ratio for the magnetite 

(1.33) than maghemite (1.50). Thus, the EDS results confirmed that the prepared MNPs 

consist of high purity magnetite. As shown in Figure 4.21, the peaks at 0.8 keV, 6.3 keV, 

and 6.8 keV are related to the binding energies of Fe (Mahdavi et al., 2013). In addition, 

the existence of Oleic acid and PEG functionality on the surface of MNPs were confirmed 

by the peak at 0.2 keV, which correspond to C. It suggests that Fe, O and C are the main 

component in the coated MNPs. 

Table 4.11: Elemental composition of MNPs  

Sample Element Weight % Atomic % Atomic ratio 

Magnetite 

(theoretical value) 

O 27.52 57.00 1.33 

Fe 72.48 43.00 

Maghemite 

(theoretical value) 

O 30.00 60.00 1.50 

Fe 70.00 40.00 

Uncoated MNPs 
O 28.50 58.18 1.39 

Fe 71.50 41.82 

PEG 600 (1.0 g) 

coated MNPs 

C 15.24 31.80 1.63 

O 26.99 42.28 

Fe 57.77 25.92 

Oleic acid (1.2 g) 

coated MNPs 

C 14.93 32.71 1.30 

O 23.16 38.11 

Fe 61.91 29.18 
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Figure 4.21: EDS spectra of (a) uncoated MNPs, (b) PEG coated MNPs, and (c) 

Oleic acid coated MNPs 

 

Figure 4.22 shows the images obtained by high resolution transmission microscopy 

(HRTEM) for three samples, uncoated MNPs, PEG (1.0 g) coated MNPs and Oleic acid 

(1.2 g) coated MNPs. From Figure 4.22, round shaped particles were observed for the 

uncoated MNPs. According to Nyirő-Kósa et al. (2009), the shape changes correlated 

with the crystallite size and the samples with crystal size of smaller than ~25 nm is said 

to contain irregular and round shaped.  

By the addition of PEG which acts as stabilizer and dispersing agent, MNPs produced 

are well-defined and had homogeneous shape with small particle size, about 14.12 nm ± 

2.33 nm (Figure 4.22b). In the same ways, oleic acid is used to prevent the agglomeration 

(a) 

(b) 

(c) 
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of MNPs. The smallest particle size was about 10.25 nm ± 3.05 nm (Figure 4.22c) while 

the average size of optimized uncoated MNPs was about 15.54 nm ± 3.50 nm (Figure 

4.22a). The coating agent of PEG and oleic acid were not visible under HRTEM. 

 

 

 

Figure 4.22: HRTEM images of (a) uncoated MNPs, (b) PEG 600 coated MNPs 

and (c) Oleic acid coated MNPs at 100,000× magnification 
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4.3.8 Magnetic Properties Measurement 

Vibrating sampler magnetometer measurement of the magnetic properties of the 

samples at room temperature are shown in Table 4.12.  

Table 4.12: Magnetic properties of uncoated MNPs, PEG coated MNPs and 

Oleic acid coated MNPs 

Sample Crystallite size 

(nm) 

Saturation 

Magnetization, 

Ms 

(emu/g) 

Coercivity, Hc 

(Oe) 

Remanence, 

Mr 

(emu/g) 

a) Uncoated 

Optimized 

uncoated 

13.6 80.23 14.71 1.79 

b) PEG 600 

0.6 g 12.3 66.56 4.55 0.52 

0.8 g 11.9 65.01 3.95 0.40 

1.0 g 10.7 64.12 4.75 0.50 

2.0 g 10.4 63.76 4.45 0.45 

3.0 g 9.3 63.24 4.05 0.40 

c) Oleic acid 

0.3 g 10.4 68.55 8.57 1.07 

0.6 g 10.4 65.16 6.47 0.80 

0.9 g 10.3 64.65 4.41 0.52 

1.2 g 9.7 54.53 2.98 0.31 

1.5 g 9.5 51.61 3.11 0.29 

 

From previous section, it can be clearly seen that the uncoated MNPs have saturation 

magnetization (Ms) of 80.23 emu/g at 10 kOe and a coercivity of 14.71 Oe, which are 

close to the bulk value of magnetite about 85–100 emu/g and 115–150 Oe, respectively. 

The Ms of PEG coated sample gradually decreased from 66.56 emu/g to 63.24 emu/g as 

the PEG loading amount increased from 0.6 g to 3.0 g. These values of saturation 

magnetization were much larger than the result reported by Anbarasu (2015) (51-62 

emu/g). In addition, Anbarasu (2015) related the reduction of saturation magnetization of 

MNPs to the decreasing particle size. However, the existence of diamagnetic shell that 

encapsulated the MNPs might also be attributed to lower Ms values (Qu et al., 2010).  
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Figure 4.23: VSM hysteresis loop of the MNPs with different loading of PEG 

600 

 

Similarly, the saturation magnetization of MNPs decreased after the coating of oleic 

acid. It can be seen that the degree of reduction can be related to loading amount of oleic 

acid as the Ms decreased from 68.55 emu/g to 51.61 emu/g. In this case, the oleic acid 

coating layer, which protect the MNPs from oxidation, reduced the magnetic dipole-

dipole interaction between the particles (Petcharoen & Sirivat, 2012). On overall, all of 

them showed superparamagnetic behaviour, with coercivity and remanence values less 

than 10 Oe and 2 emu/g, respectively.  Univ
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Figure 4.24: VSM hysteresis loop of the MNPs with different loading of oleic 

acid 

                                                                                                                                                 

4.4 Performance Studies of MNPs Loaded Nitrile Butadiene Rubber Latex 

Films 

Based on previous discussion, oleic acid coated MNPs synthesized by in situ coating 

technique demonstrated a maximum colloidal stability. The colloidal suspension 

performance of oleic acid (1.2 g) coated MNPs was approximately 3 times higher (21 

days) than the uncoated MNPs (3 days). Therefore, in the following studies, the as-

synthesized  oleic acid (1.2 g) coated MNPs with saturation magnetization of 54.53 emu/g 

was incorporated into the nitrile butadiene rubber latex compound to produce a nitrile 

butadiene rubber latex thin films. The aim of this section is to study the effect of MNPs 

on the tensile and magnetic properties of nitrile butadiene rubber films. 
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4.4.1 Tensile Properties 

The effect of MNPs loading on the tensile properties of the nitrile butadiene rubber 

(NBR) latex films was shown in Table 4.13. 

Table 4.13: Comparison of tensile properties between NBR and NBR/MNPs 

latex films  

Tensile properties NBR latex film NBR/MNPs latex film 

Modulus at 100 % (MPa) 1.833 1.388 

Modulus at 300 % (MPa) 3.603 2.353 

Modulus at 500 % (MPa) 7.904 4.420 

Tensile Strength (MPa) 22.23 16.10 

Elongation at break (%) 716.0 766.7 

 

As shown in Table 4.13, the tensile strength, and modulus at 100 %, 300 % and 500 

% of the NBR latex film reduced after the addition of MNPs. The incorporation of 5 part 

per hundred rubber (phr) of MNPs into NBR latex reduced the tensile strength from 22.23 

MPa to 16.10 MPa, by 27.6 %. Similarly, the modulus at 100 %, 300 %, and 500 % 

reduced from 1.833 MPa, 3.603 MPa, 7.904 MPa to 1.388 MPa, 2.353 MPa, 4.420 MPa, 

respectively. In contrast, the elongation of NBR latex film increased from 716.0 % to 

766.7 % after adding the MNPs. The non-reinforcing nature of MNPs was responsible for 

the drastic drop of tensile strength and modulus. The increased in elongation might due 

to the presence of excess oleic acid coated on the surface of MNPs (Figure 4.20c), which 

act as a plasticizer. The plasticizing effect of oleic acid is related to weak interaction 

between the MNPs and the NBR polymer matrix (Monticelli et al., 2012). Therefore, this 

result explained the lubricant effect of oleic acid on nitrile butadiene rubber latex film 

that significantly decreased the physical properties of latex film. In addition, plasticizer 

is not a popular additives for latex because they tend to migrate to the surface of a drying 

film even when they are compatible (Dzikowicz, 2014).  
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Figure 4.25: Stress strain curve of NBR and NBR/MNPs latex films 

 

Figure 4.26 presents the field scanning electron (FESEM) micrograph of the tensile 

fractured surface of the tensile test samples at 2000× magnification. NBR/MNPs latex 

film has a relatively rough fracture surface as compared to NBR latex film. This implies 

that the NBR latex film became more ductile after the addition of MNPs.  

 

Figure 4.26: FESEM images of (a) NBR and (b) NBR/MNPs films tensile 

fractured surface (2000× magnification) 
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The dispersion of particle in the NBR latex was estimated based on the FESEM images 

of the tensile fractured surface. From Figure 4.27b, MNPs were poorly dispersed in the 

NBR matrix, as evidenced by the agglomeration of the MNPs within the nitrile butadiene 

rubber latex. These agglomerated clusters of MNPs not only reduced the contact between 

the NBR latex matrixes but also function as failure initiation sites which would lead to 

premature failure of materials (Thomas et al., 2013). Therefore, this result explained the 

poorer mechanical properties of nitrile butadiene rubber latex film after the addition of 

MNPs. However, the tensile properties of MNPs loaded nitrile butadiene rubber latex film 

are still in the acceptable range as the tensile properties of clean room and nitrile 

disposable glove available in market are in the range of 12-30 MPa (Phalen & Kee Wong, 

2012).  For this reason, oleic acid coated MNPs is the ideal candidate for metal detectable 

application. 

 
 

Figure 4.27: FESEM images of (a) NBR and (b) NBR/MNPs films tensile 

fractured surface (20,000× magnification) 

 

4.4.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis has been carried out to understand thermal stability of the 

NBR/MNPs latex films. Typical weight loss thermogravimetry (TGA) curves of NBR 

and NBR/MNPs latex films are presented in Figure 4.28. As shown in Figure 4.28, the 

first weight loss of NBR latex film begins at 390.9 °C and reaches to maximum at 454.5 

Coated MNPs 

500 nm 500 nm 

(a) (b) 

NBR film NBR/MNPs film 
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°C. However, the weight loss of NBR/MNPs latex film starts at 396 °C and reaches 

maximum at 456.7 °C. This indicates that the NBR/MNPs latex film exhibited better 

thermal stability than that of NBR latex film. 

  

 

Table 4.14: Measurement of degradation temperature and residue of NBR and 

NBR/MNPs latex films by TGA 

Sample Onset decomposition 

Temperature 

(°C) 

Temperature at 

maximum weight loss 

(°C) 

Residue 

(%) 

NBR 390.9 454.5 10.90 

NBR/MNPs 396.8 456.7 25.41 

 

Table 4.14 summarizes the onset decomposition temperatures, temperature at 

maximum weight loss and residue of the samples at 800 °C. The first weight loss was 

observed as a continuous weight loss starting at 390-397 °C, which indicates the 

decomposition of the respective conducting polymer backbone and MNPs (Al‐Juaid et 

al., 2011). Besides, maximum thermal decomposition observed at 454-456 °C was due to 

the polymer matrix pyrolysis (Sagar et al., 2013). In addition, it is observed that the 

residue of NBR/MNPs latex film is higher than that of NBR latex film. The presence of 

residue at temperature above 500 °C might due to the presence of other compounding 

ingredients in the mix. At 800 °C, 5 phr of MNPs incorporated in the nitrile butadiene 

rubber latex film has enhanced the thermal stability of the latex composites up to 33.1 % 

relative to the nitrile butadiene rubber latex film.  
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Figure 4.28: TGA curves of NBR and NBR/MNPs latex films 

 

4.4.3 Magnetic Properties Measurement  

Vibrating sampler magnetometer (VSM) measurement of NBR and NBR/MNPs latex 

films at room temperature are shown in Table 4.15. In order to prevent NBR films from 

sticking together, a dusting (talc) powder was applied on the surface of NBR latex films. 

After the removal of dusting powder, specimens were cut from the latex film and used to 

measure the magnetic properties of the films. These specimens were obtained from the 

positions shown in Figure 4.29. 
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Figure 4.29: The specimens’ location on (a) NBR film and (b) NBR/MNPs latex 

film  

Table 4.15: Magnetic Properties of NBR and NBR/MNPs latex films 

Magnetic 

Properties 

NBR latex 

film 

NBR/MNPs latex film 

1 2 3 Average 

Saturation 

Magnetization, 

Ms 

(emu/g) 

0.19 1.83 1.85 1.87 1.85 ± 0.02 

Coercivity, Hc 

(Oe) 
44.97 5.78 4.85 4.02 4.88 ± 0.88 

Remanence, Mr 

(emu/g) 
8.64×10-3 19.86×10-3 20.08×10-3 15.12×10-3 18.35×10-3 

 

Significant different between hysteresis curves recorded for NBR and NBR/MNPs 

films can be seen in Figure 4.29. Based on Figure 4.29, NBR is a nonmagnetic material, 

which displayed diamagnetic behaviour (Reinholds et al., 2012). However, the 

NBR/MNPs latex film became a paramagnetic material, which does not retain the 

magnetic properties after the addition of superparamagnetic MNPs.  

Table 4.15 shows the magnetic properties of NBR and NBR/MNPs latex films. From 

Table 4.15, higher values of saturation magnetization (Ms) and remanence (Mr) and lower 

values of the coercivity are the characteristic of NBR/MNPs latex film in comparison to 

NBR latex film. The Ms and Mr of NBR increased from 0.19 emu/g, 8.64×10-3 emu/g to 

1.85 ± 0.02 emu/g, 18.35×10-3 emu/g, respectively. On the other hand, the coercivity, Hc 

NBR/MNPs film  NBR film 

(a) (b) 1 

2 

3 

X 
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of the NBR latex film decreased from 44.97 Oe to 4.88 ± 0.88 Oe with the addition of 

MNPs. The presented results show the substantial difference between the NBR and 

NBR/MNPs latex films (Figure 4.30). It is obvious that NBR latex film incorporated with 

MNPs has improved magnetic properties. Lastly, when comparing between the sample 

position in NBR/MNPs latex film, it was found that the difference in Ms is only 0.04 

emu/g or 2.2 %. This indicates that the MNPs was distributed homogeneously in NBR 

latex film and therefore it is appropriate for the metal detectable glove application. 

 

Figure 4.30: VSM hysteresis loop of NBR and NBR/MNPs films 

 

 

 

 

 

 

Univ
ers

ity
of

Mala
ya



106 

CHAPTER 5: CONCLUSSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

In summary, the objectives set for the thesis have been achieved. In the first stage of 

research study, the optimized conditions of reaction parameters to achieve optimum 

saturation magnetization were determined. The conclusions attained in this part of 

research work are summarised. Magnetite nanoparticles (<50 nm) with high saturation 

magnetization (80.23 emu/g) was successfully synthesized via precipitation technique by 

co-precipitating iron (II) and iron (III) chloride salts in the presence of 3.00 M ammonium 

hydroxide at final pH 9.5. Besides, it was found that increasing the final pH and total iron 

salts concentration increased saturation magnetization, but variation of ammonium 

hydroxide concentration did not change the saturation magnetization. In contrast, the 

saturation magnetization decreased from 80.23 emu/g to 64.83 emu/g when the addition 

rate of ammonium hydroxide increased from 5 ml/min to 20 ml/min. The reduction of 

saturation magnetization for these samples were due to decrease in the crystallite size of 

the particles with increasing addition rate.  

Additional continuous efforts were made to further improve the dispersion stability of 

magnetite nanoparticles in aqueous media by modifying the magnetite surface using 

surface modifiers (e.g., polyethylene glycol, oleic acid) to generate an effective repulsive 

force in between particles. The zeta potential values of MNPs were reduced from -29.8 

mV (uncoated) to -45.8 mV (PEG coated MNPs), and -58.1 mV (oleic acid coated 

MNPs). This indicates that stability of MNPs was improved by the coating. In addition, 

it was found that the resultant MNPs incorporated with oleic acid demonstrated a 

maximum stability in nitrile butadiene rubber latex. This colloidal suspension 

performance was approximately 7 times higher (21 days) than the uncoated MNPs and 

PEG coated MNPs (3 days). This is mainly attributed to the formation of oleate secondary 
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layer in the bilayer oleic acid coated MNPs that enabled the MNPs to be well dispersed 

in polar (acrylonitrile) and non-polar (butadiene) parts of the building block of nitrile 

latex. It is proposed that the bilayer oleic acid coated MNPs could be dispersed in polar 

and non-polar medium through adjusting the pH of medium by ammonium hydroxide. 

Next, the oleic acid (1.2 g) coated MNPs were mixed into NBR latex during latex 

compounding process. Then, NBR/MNPs films were formed through a series of dipping 

process. It was found that the tensile strength, and modulus of the NBR latex film was 

reduced after the addition of MNPs. In contrast, the elongation of NBR latex film 

increased from 716.0 % to 766.7 % after adding the oleic acid coated MNPs. This 

increased of elongation might due to the presence of excess oleic acid coated on the 

surface of MNPs, which act as a plasticizer. Although the oleic acid coated MNPs loaded 

nitrile butadiene rubber latex film showed poorer mechanical properties but the tensile 

properties of these latex film are still in the acceptable range (12-30 MPa). For this reason, 

oleic acid coated MNPs is the ideal candidate for metal detectable application. TGA has 

been carried out to understand thermal stability of the NBR/MNPs latex film. It was found 

that the NBR/MNPs latex film exhibited better thermal stability than that of NBR latex 

film. 5 phr of oleic acid coated MNPs incorporated in the NBR latex film has enhanced 

the thermal stability of the latex composites up to 33.1 % relative to the NBR latex film. 

Lastly, the NBR latex film incorporated with oleic acid coated MNPs has improved 

magnetic properties. The saturation magnetization and remanence of NBR latex film 

increased from 0.19 emu/g, and 8.64×10-3 emu/g to 1.85 emu/g, and 18.35×10-3 emu/g, 

respectively. The coercivity of the NBR latex film decreased from 44.97 Oe to 4.88 Oe 

with the addition of oleic acid coated MNPs. In addition, it was found that oleic acid 

coated MNPs distributed homogenously throughout the nitrile butadiene rubber latex 

film. For this reason, oleic acid coated MNPs is the appropriate candidate to produce 

metal detectable glove. 
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5.2 Recommendations for Future Work 

Magnetite glove that could be detected by using a standard metal detector is a key 

target for the development of effective inspection system for food and drug industry. In 

this work, the use of oleic acid coated MNPs was found to achieve 1.85 emu/g of 

magnetism for the nitrile butadiene rubber latex film. However, the mechanical properties 

of nitrile butadiene rubber latex film was impaired by the addition of oleic acid coated 

MNPs. Hence, the development of novel magnetic nano-materials is still a challenge. 

Several suggestions and recommendations should be noteworthy for further 

developments were proposed as follows: 

i. To investigate the influences of oxidation on the magnetic properties and 

composition of MNPs. Oxidation reaction that trigger the phase 

transformation of magnetite phase of MNPs into maghemite phase will 

reduced the magnetic property of MNPs and further shorten the storage life 

of MNPs. 

ii. The usage of others unsaturated fatty acid (e.g., palmitic-oleic acid, and 

linoleic acid) as coating agent in order to study their compatibility with NBR 

latex and influences on the magnetic properties of MNPs. These unsaturated 

fatty acid which fall under the same category with oleic acid could be used 

to stabilize the MNPs in NBR latex. 

iii. To increase the concentration (phr) of coated MNPs in NBR latex 

compound to achieve higher magnetic properties. The saturation 

magnetization of NBR films could be improved by using higher loading 

amount of detectable agent, magnetite nanoparticles (MNPs). 
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APPENDIX B: Raw data obtained from Universal Testing Machine 

NBR film NBR/MNPs film 

Strain (%) Stress (MPa) Strain (%) Stress (MPa) 

0 0.0020 0 0.0022 

8.303 0.3909 6.611 0.2986 

14.998 0.6214 14.996 0.5443 

23.333 0.8479 23.333 0.7190 

31.667 1.0300 31.667 0.8483 

40.000 1.1715 40.000 0.9496 

48.333 1.2922 48.333 0.9798 

56.667 1.3993 56.667 1.0574 

65.000 1.4899 68.000 1.1142 

73.333 1.5748 73.333 1.1208 

81.666 1.6474 81.666 1.2498 

90.000 1.7186 90.000 1.2916 

98.333 1.7859 98.333 1.3297 

106.67 1.8076 106.67 1.3683 

115.00 1.9089 115.00 1.401 

123.33 1.9696 123.33 1.4337 

131.67 2.0299 131.16 1.4677 

140.00 2.0857 140.00 1.5019 

175.00 2.3437 148.33 1.5315 

216.67 2.6668 156.67 1.5655 

258.33 3.0763 191.67 1.7073 

300.00 3.5618 233.33 1.8942 

341.67 4.1392 275.00 2.1134 

383.33 4.8236 316.67 2.3676 

425.00 5.6667 358.33 2.6799 

466.67 6.6856 400.00 3.0741 

508.33 7.9213 441.67 3.3968 

550.00 9.5886 483.33 3.8710 

591.67 12.083 525.00 4.4644 

633.33 15.272 566.67 5.2376 

675.00 19.476 608.33 6.2692 

700.00 22.503 650.00 7.5884 

701.67 1.0677 691.67 9.4813 

705.00 -0.006 733.33 12.255 

  775.00 15.961 

  781.67 16.643 

  783.33 1.8214 

  786.67 0.0200 
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APPENDIX C: Thickness of tensile specimens  

Sample Thickness (mm) 

1 2 3 Average 

NBR Film 1 0.07 0.07 0.06 0.0633 

2 0.07 0.07 0.07 0.0700 

3 0.07 0.08 0.06 0.0700 

4 0.06 0.07 0.08 0.0700 

5 0.07 0.07 0.07 0.0700 

NBR/MNPs 

Film 

1 0.08 0.07 0.07 0.0733 

2 0.07 0.07 0.07 0.0700 

3 0.07 0.06 0.07 0.0667 

4 0.07 0.07 0.07 0.0700 

5 0.08 0.07 0.07 0.0733 
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