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ABSTRACT 

The major challenge for oil industry is to increase the recovery of oil from the reservoir. 

EOR by nanofluids induction has been used in water flooding process. This work deals 

with a new electromagnetics water flooding system using nanofluid for EOR. A 

simulation on the density of state (DOS) and band structure of zinc oxide (ZnO) and 

iron oxide (Fe2O3) was carried out; it was observed that the band gap value for ZnO is 

0.808ev and for Fe2O3 is 0.201ev. The percentage difference between the band gap of 

ZnO and Fe2O3 is 301%. For ZnO, Zn 4s state contributes to conduction band and O 2p 

state contributes to valence band. For Fe2O3 valence band is a mixture of O 2p state and 

the majority is Fe 3d state, while the conduction band consists of Fe 3d state. As Fe2O3 

has lowest band gap, its dielectric constant is greater than ZnO which has the highest 

band gap, thus it has the lowest dielectric constant. From the nanoparticles 

characterization, the XRD results of the ZnO and Fe2O3 prepared by sol gel method 

showed a single phase structure with a [101] and [104] major peaks respectively. From 

the hysteresis loop, it was observed that Fe2O3 sample sintered at 500°C showed a 

10.64% high magnetic saturation (Ms) compared to the sample sintered at 400°C.  The 

nanofluids of Fe2O3 and ZnO in different concentration were used in this study. The oil 

recovery through the usage of Fe2O3 nanofluid with 0.001wt.% and EM waves 

generated from the antenna was 71.66% ROIP. The oil recovery through the usage of 

0.001wt.% ZnO  nanofluid and EM waves was 64.26 % ROIP. This shows that Fe2O3 

nanofluid in the presence of EM waves has higher polarization due to low band gap, 

which produced high oil recovery as compared to ZnO which has low polarization due 

to high band gap and thus lower oil recovery. As the mobility reduction factor of ZnO 

is greater than Fe2O3 therefore the oil recovery due to ZnO is less than iron oxide. The 

apparent viscosity increases due to the polarization of nanoparticles in the presence of 

EM waves which increases oil displacement efficiency. This demonstrats that the new 

electromagnetic water flooding system with nanofluids has potential for application in 

enhanced oil recovery (EOR). 
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ABSTRAK 

Cabaran besar dalam industri minyak ialah untuk meningkatkan pemulihan minyak dari 

reserbor. Kerja ini berkaitan dengan satu sistem baru  pembanjiran air elektromagnet  

menggunakan cecair nano  untuk EOR  Satu simulasi  ketumpatan keadaan (DOS) dan 

struktur jalur Zink oksida (ZnO) dan Besi oksida (Fe2O3) telah dijalankan; diperhatikan  

nilai sela jalur untuk ZnO adalah 0.808ev dan untuk Fe2O3 adalah 0.201ev. Untuk ZnO, 

Zn keadaan 4s menyumbang kepada jalur konduksi dan O keadaan 2p menyumbang 

kepada jalur valens. Untuk Fe2O3, jalur valensnya adalah dari campuran O keadaan 2p  

dan majoritinya ialah Fe keadaan 3d, manakala jalur konduksinya terdiri dari Fe 

keadaan 3d. Oleh kerana Fe2O3 mempunyai sela jalur terendah,  pemalar dielektriknya 

adalah lebih besar dari ZnO yang mempunyai sela jalur tertinggi, oleh kerana itu ia 

mempunyai pemalar dielektrik yang terendahBerdasarkan pencirian nanopartikel, 

keputusan XRD untuk ZnO dan Fe2O3 yang disediakan menggunakan kaedah sol gel 

menunjukkan struktur fasa tunggal dengan puncak utama masing-masing pada [101] 

dan [104]. Dari gelung histeresis , diperhatikan sampel yang disinter pada 500°C  

menunjukkan penepuan magnet (Ms) yang tinggi iaitu 10.64% berbanding  sampel 

yang disinter pada 400°C. Cecair nano Fe2O3 dan ZnO dalam kepekatan yang berbeza 

telah digunakan dalam kajian ini Perolehan  minyak melalui penggunaan cecair nano 

Fe2O3 pada kepekatan 0.001wt. % dengan gabungan gelombang EM yang ddipancarkan 

dari antena adalah 71.66 % ROIP. Manakala perolehan minyak melalui penggunaan 

0.001wt. % cecair nano ZnO dan gelombang EM ialah 64.26 % ROIP. Ini menunjukkan 

bahawa di dalam kehadiran gelombang EM, cecair nano Fe2O3 mempunyai polarisasi  

yang lebih tinggi disebabkan oleh  sela jalur  rendah, yang mana meyumbang kepada 

perolehan minyak yang tinggi berbanding dengan ZnO yang mempunyai polarisasi 

rendah, disebabkan oleh  sela jalur tinggi,  maka perolehan minyak yang lebih rendah. 

Oleh kerana faktor pengurangan mobiliti ZnO adalah lebih besar dari Fe2O3 maka 

perolehan minyak kerana ZnO adalah  kurang dari besi oksida. Peningkatan kelikatan 

yang ketara diperhatikan  kesan polarisasi partikel nano dalam kehadiran gelombang 
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EM  yang mana meningkatkan kecekapan sesaran minyak. Ini menunjukkan bahawa 

sistem baru pembanjiran air elektromagnet dengan cecair nano mempunyai potensi 

untuk  kegunaan di dalam perolehan minyak tertingkat (EOR). 
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CHAPTER 1 

INTRODUCTION 

This chapter mostly emphasis on the motivation of this research work for enhanced oil 

recovery using nanofluids, and establishes the issues in the current technique of 

enhanced oil recovery method on which this research work is carried out, and the 

objectives to be accomplished. Electromagnetic methods used for oil recovery is 

offshore oil recovery process are briefly described. The thesis organization is also 

provided at the end of this chapter. 

1.1 Enhanced Oil Recovery 

The most important problem that the human race face today is  energy deficiency, which 

is due to the fall of oil reserve by conventional oil production fall, unstable oil prices 

and increase in demand of oil for energy consumption [1]. The price of fuel produced 

from oil will most likely increase as a result of oil production reduction. The chances 

of discovering new reservoirs decrease due to a mismatch between production costs  

and available practical solutions, and  economic, environmental, social, and political 

issues [2, 3]. Enhanced oil recovery (EOR) has become significant in the industry for 

extracting oil from reservoirs after they have reached their  optimal  production [3, 4].   

1.1.1 Primary Recovery 

In primary recovery, the natural pressure of the reservoir due to the presence of gas cap 

forces the oil out from the reservoir. 
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1.1.2 Secondary Recovery  

In secondary recovery, water flooding or gas injection is used to maintain the reservoir 

pressure so that more oil can be recovered from the reservoir compared to the primary 

oil recovery method. 

1.1.3 Tertiary Recovery  

Tertiary recovery is also known as enhanced oil recovery (EOR). In this method, 

external fluid is injected into the reservoir which helps to reduce the oil viscosity and 

improves oil flow. The fluid can be steam, surfactant, polymer or gases which are 

miscible with oil such as carbon dioxide, air or oxygen. 

1.2 Conventional Enhanced Oil Recovery Methods 

Enhanced oil recovery processes are used to increase the production of total recoverable 

oil from the reservoir as compared to conventional methods through which the 

production declines with time as shown in Figure 1.1. EOR processes generally involve 

the addition of materials not normally present in the reservoir (polymers, foams, 

surfactants, solvents, etc.). They are classified as thermal, chemical, or solvent methods. 

A flow chart of all possible methods for improving oil production is shown in Figure. 

1.2. 

 

 

 

 

 

 

Figure 1.1:  Typical production life of reservoir by conventional recovery method [4] 
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Figure1.2: Flow chart of oil production methods [5] 

1.2.1 Thermal EOR 

Thermal EOR is a process in which heat plays the main role. Thermal EOR method 

consists of steam injection, in situ combustion, and cyclic steam injection. In steam 

injection, heat is injected into a reservoir to reduce the viscosity of oil. The reduction 

of oil viscosity increases displacement efficiency which increases the oil recovery from 

the reservoir. There are many other methods for this process such as cyclic steam 

injection in which steam is first injected followed by injection of hot water, and steam 

assisted gravity drainage (SAGD) which is used in horizontal wells. However, these 
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methods will result in failure for deep reservoirs due to excessive heat dissipation. In 

such situation, generating and injecting steam may be uneconomical due to the 

tremendous reduction of recovery [6, 7]. 

1.2.2 Gas Injection EOR 

Gas injection process can be miscible and immiscible. In miscible gas injection process, 

a gas is injected at or above the minimum miscibility pressure (MMP). At the minimum 

miscibility pressure, the gas becomes miscible with oil. In the immiscible method, gas 

is injected below the MMP. This injection of gas is used to maintain the reservoir 

pressure to prevent production cut-off which in turn increases the oil recovery.  

In miscible CO2 process, the interfacial tension between oil and CO2 is reduced 

effectively and CO2 dissolves in oil causing swelling of the oil, and reduces the viscosity 

of oil. Compressed nitrogen is used in deep and high pressure reservoirs as compared 

to CO2. In some large hydrocarbon reserves, gases are used for miscible oil 

displacement.  For immiscible oil, displacement, CO2, nitrogen, hydrocarbon gases, and 

flue gases have also been used [6, 7]. 

1.2.3   Chemical EOR 

Chemical EOR process is carried out by adding additives or chemicals to the displacing 

fluid or to the residual oil to control viscosity and interfacial tension. These chemicals 

include polymer, surfactant-polymer, and alkaline-surfactant-polymer (ASP). In the 

polymer flooding method, water-soluble polymers are used for increasing the viscosity 

of injected water which increases the effective displacement of moderately viscous oil. 

The addition of surfactant to the polymer solutions reduces the oil-water interfacial 

tension which increases the oil recovery. In another type of this process, alkaline is 

added to surfactant-polymer solution. These alkaline can convert some acids in the oil 

to surfactant which increases oil recovery. Alkaline can also be used to reduce the 

retention of surfactant by the rock. For all chemical flooding processes, the addition of 
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a viscosifier (usually a water-soluble polymer) is essential to cause an efficient sweep 

of the chemicals through the reservoir.  

However, there are serious environmental concerns over the use of chemicals in 

injection water. Therefore, efforts must be carried out through research and 

development to evaluate these impacts and these effects must be avoided as much as 

possible. The use of cost effective chemicals is required to reduce the cost of this 

process and the amount of the surfactant required must be predicted. For offshore fields, 

large amount of  surfactant is required which is a constraint in offshore environment [6, 

7]. 

1.3 Nanofluids in Oil and Gas Industry 

Recently there is growing interest on nanoparticles in many applications of the oil and 

gas industry, such as enhanced oil recovery, reservoir sensing and reservoir 

intervention. Nanoparticles are very valuable due to their high specific surface area, 

high adsorption potential and heat conductivity [8]. 

There are many different types of nanofluids that can be made by using different 

nanoparticles and base fluid combinations. Some of the most common nanoparticles 

are alumina oxide (Al2O3), copper oxide (CuO), zinc oxide (ZnO), and silica oxide 

(SiO2). The most common base fluids used for nanofluids are de-ionized water and 

ethanol. All nanofluids follow a basic preparation technique. Once the desired weight 

or volume fraction has been determined, the nanoparticles are added into the base fluid 

and mixed. Mixing is usually done by ultrasonication to avoid settling of the particles. 

The amount of time spent on mixing the nanofluids depends on many factors such as 

the ratio of base to nanoparticles, how long the experiment will last, and the weight or 

volume fraction used. 

In one study, aqueous dispersion of iron-oxide nanorods were used with a non-

magnetizable fluid (air, dodecane) [9]. An alternating magnetic field was applied to the 

aqueous dispersion of iron-oxide nanorods and non-magnetizable fluid. It was observed 

that the iron-oxide nanorods showed a displacement of the fluid/fluid interface under a 
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magnetic field. The displacement was larger for large cluster size, larger density 

difference at the interface of fluid/fluid, higher strength of magnetic field and stronger 

magnetization [9]. This study has shown some potential of using nanoparticles and 

electromagnetic field in reservoir for enhanced oil recovery purpose. 

A magnetic particle in fluid, when subjected to a magnetic field, will be influenced 

by several factors.  Magnetic particles in a suspension in an external magnetic field 

experience a force, depending on the magnetization of the particle and the magnitude 

of the field and gradient of the magnetic field.  The particle will move towards the 

higher field strength and accelerate due to increasing magnetization and gradient of the 

field [10]. 

1.4 Electromagnetic Method for Oil Recovery 

Electromagnetic energy heats the oil in the reservoir and subsequently moves the oil 

toward the producing well. For volumetric heating of reservoir, an antenna must be 

designed such that it provides a uniform electric field in order to achieve complete 

volumetric heating.  

An antenna like exciter can be used for a the uniform electromagnetic heating of  

oil reservoir due to a uniformed distribution of electric field [11]. A uniform heating 

can also be obtained from a uniform electric field that can be generated by parallel 

plates which can achieved by inserting arrays of tubular conductors are inserted in the 

reservoir region. If alternating voltage is applied to these plates, it will produce a 

uniform electric field between the plates [12]. In these high frequency electromagnetic 

methods substantial confinement of electromagnetic energy is required because most 

of the generated energy can be absorbed by the surrounding materials.  

Another problem associated with this method, is that requires a large numbers of 

boreholes for the antenna separated by distance a quarter of a wavelength  in order to 

get uniform heating. In offshore environment, these problems can be avoided if a 

horizontal antenna is towed close to the seabed which maximizes the electromagnetic 

energy transferred from the overburden to the reservoir [11-20]. 
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An array of compact parametric antennas is used on or below the surface of the well 

and is positioned so that electromagnetic energy is transferred to the oil region. The 

impartment of electromagnetic energy on oil produces a molecular change in the oil 

molecules. In this process the electromagnetic energy imparted from the EM antenna 

on to the oil molecules causes the individual molecules this implies that the smaller 

molecules agglomerate to form a larger molecule. This molecular change to larger 

molecules causes a reduction in the oil viscosity without increasing the temperature. 

The magnetic field component of the electromagnetic waves show sufficient effect on 

oil molecules to reduce viscosity [21].  

A triaxial linear induction antenna can be extended into a hydrocarbon formation 

and be located within the hydrocarbon formation. An electromagnetic waves signal in 

the RF region is applied to the linear antenna, which generates a circular magnetic field 

relative to the radial axis of the linear antenna. The magnetic field produces eddy 

currents within the hydrocarbon formation, which heats the formation and causes heavy 

hydrocarbons to flow [22]. 

To overcome the major challenge of oil recovery oil industry use enhanced oil 

recovery methods. Enhanced oil recovery by nanofluids induction has been used in 

water flooding process. The objective of this work is to use metal oxide nanofluids in 

water flooding enhanced oil recovery application. For this purpose, zinc oxide and iron 

oxide nanoparticles were synthesized and the nanofluids were prepared using the 

nanoparticles. These nanofluids in the presence of electromagnetic waves are used for 

the oil recovery efficiency measurement. 

1.5 Problem Statement 

In certain oil trapped region in an oil reservoir, the application of electromagnetic waves 

in that particular region is possible in an effort to recover more oil. However, very little 

research has been conducted on the use of nanofluids subjected to electromagnetic 

waves for oil recovery purpose. This is due to the absence of such a system. 
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1.6 Aim 

This work deals with a new electromagnetic water flooding system with nanofluid for 

enhanced oil recovery. Nanofluid with good magnetic and dielectric properties will be 

injected into the system and its impact on the recovery will be studied. Simulation of 

ZnO and Fe2O3 to evaluate the performance was conducted for the fundamental 

properties of metal oxide. A high density electromagnetic waves will be irradiated to 

activate the nanoparticles. 

1.7 Objectives 

The objectives of this research are: 

1. A simulation of ZnO and Fe2O3 nanostructures will be performed for evaluation 

of density of state (DoS) and band structures.  

2. To synthesize and characterize the zinc oxide (ZnO) and iron oxide (Fe2O3) 

nanoparticles for nanofluid preparation.  

3. To design a new electromagnetic water flooding system that consists of an EM 

antenna together with nanofluids.  

4. To evaluate the performance of the new system for improved oil recovery in the 

presence of electromagnetic waves. 

1.8 Thesis Overview 

This dissertation is organized as follow. Chapter 1 serves as an introduction for the 

study. 

Chapter 2 reviews the relevant issues in electromagnetic oil recovery in general and 

nanofluids in oil recovery in particular and the use of nanoparticles in its administration. 

An introduction of an electromagnetic oil recovery is presented.  
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Chapter 3, includes a theoretical background. It will cover the most important 

aspects of the theory used for this thesis as well as the basic density of state and band 

structures of the material, and including some principles of electromagnetic waves.     

The simulation parameters, synthesis methods and characterization techniques 

relevant to nanoparticles are presented in Chapter 4.  

Chapter 5 presents simulation results and analyses of zinc oxide and iron oxide. 

This chapter presents the results of nanoparticles which were prepared using sol gel 

method. The results of oil recovery using the new system of electromagnetic waves are 

discussed. This chapter also explains how energy is imparted to the nanoparticles in 

glass bead sample and also provides an estimate of oil recovery using electromagnetic 

waves in a water flooding system.  

Chapter 6 presents the conclusions of the thesis. The conclusions on the work 

completed, and the improvements achieved on each structure are expressed. Finally, 

the future work that can be performed on this subject is discussed. 

  



   

CHAPTER 2 

 LITERATURE REVIEW 

This chapter presents the literature review related to the study. A comprehensive 

discussion is delivered on the basic concepts in electromagnetic oil recovery. The 

application of nanoparticles and nanofluids in oil field is discussed. A review on 

electromagnetic waves method for oil recovery is also discussed in this chapter. At the 

end of the chapter, the summary of the chapter is given. 

2.1 Conventional Enhanced Oil Recovery Methods 

EOR processes usually involve the addition of materials not normally present in the 

reservoir (polymers, foams, surfactants, solvents, etc.). They are classified as thermal, 

chemical, or solvent methods.  

2.1.1 Thermal EOR 

Steam injection is the most widely used method for enhanced oil recovery. The heat of 

steam or hot water effectively reduces the viscosity of oils which help to make the flow 

of oil easier as shown in Figure 2.1.  An example of steam injection method is cycle 

steam injection in which steam is first injected, followed by soaking after that oil is 

produced from the same well as shown in Figure 2.2. Another examples are  injection 

of hot water, steam assisted gravity drainage (SAGD), all of  which are more suitable 

for applications in  horizontal wells [6, 7].  

Another type of thermal method consists of in situ combustion or “fire flooding”, 

where air or oxygen is injected into the reservoir. In this method, the oxidation of some 

part of the oil in place produces heat which reduces the viscosity of the remaining oil. 



    

11 

This method also cracks some high-molecular weight hydrocarbons into lighter weight 

molecules and evaporates some of the lighter hydrocarbons to aid miscible oil 

displacement  [6, 7]. 

 

 

 

 

 

 

 

 

 

Figure 2.1: Steam injection process [7] 

 

 

Figure 2.2: Cyclic steam injection process [7] 

A pilot test for in-situ thermal method was conducted by [23]. This project was 

implemented after evaluation of the field and investigating the suitability for this 

process; about 77% (OIP) original oil in place was recovered.  
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2.1.2 Gas Injection EOR 

Gas injection EOR is either a miscible or an immiscible process. Whether it is a miscible 

and or an immiscible gas injection method depends on the properties of oil and gas, and 

also on the temperature-pressure condition of the gas which is to be injected. For 

miscible gas injection method, supercritical CO2 is used to move oil from depleted oil 

reservoirs which contain light oil. The properties of carbon dioxide can change with 

changes in pressure and temperature therefore, carbon dioxide can take the form of gas, 

liquid, solid, or supercritical fluid. At or above the critical pressure and temperature, 

the supercritical CO2 has the properties of gaseous CO2 but the density of liquid. In 

miscible CO2 injection, the CO2 injected into the reservoir, mixes with the oil and 

reduces the interfacial tension between oil and CO2 effectively as shown in Figure 2.3. 

The dissolution of CO2 in oil causes swelling of the oil which reduces the density and 

viscosity of oil. In deep and high pressure reservoirs, compressed nitrogen is used 

instead of CO2. In some large hydrocarbon reserves, gases are used for miscible oil 

displacement.   

For immiscible oil displacement CO2, nitrogen, hydrocarbon gases, and flue gases 

have also been used. These gas injections at some extreme conditions are used to 

maintain pressure inside the reservoir. These displacements have a range of efficiencies 

which become close to a miscible displacement depending on oil properties, gas 

composition, and pressure, and temperature. CO2 injection can also be used in cyclic 

injection mode, like cyclic steam injection [6, 7]. 

 

 

 

 

 

 

 

 

 

Figure 2.3: CO2 miscible process [7] 
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An experimental study was conducted by [24] for a carbonate oil reservoir in which 

CO2 was injected into a core sample at 4200 psi and 250oF. The oil recovery from this 

experiment was 97% of the initial oil in place (IOIP). By using CO2 slug of 0.15, 0.3 

and 0.45HCPV, the recovery factor which were got 91.72, 92.78 and 94.85% 

respectively.  

2.1.3 Chemical EOR 

Chemical enhanced oil recovery method consists of injection of different chemical 

compound which can change the petrophysical characteristic of the oil reservoir. There 

are three famous chemical flooding processes such as polymer, surfactant-polymer, and 

alkaline-surfactant- polymer (ASP). The chemical flooding method is shown in Figure 

2.4. In polymer flooding, water polymers are used to increase the mobility ratio between 

oil-water fronts. The main characteristics of such polymers is high viscosity at low 

concentration. The polymers, suitable for enhanced oil recovery applications, are 

polyacrylamides (PAM), biopolymer, and xanthan gum (XG). In alkaline flooding the 

pH of injection water is increased in order to increase oil recovery from the reservoir. 

In alkaline flooding, the chemicals used are sodium carbonate, sodium hydroxide and 

sodium silicate.  Alkaline flooding reduce the interfacial tension of oil-water and alters 

the rock wettability. In alkaline-surfactant–polymer (ASP) method, alkaline is added to 

the polymer solution to decreases the amount of surfactant which decrease the 

surfactant adsorption  [6, 7].  

An investigation by [25]  looked into a sequence of branched alcohol propoxylate 

sulfate surfactants in enhanced oil recovery application. It was observed that the number 

of propoxylate groups has substantial effect on the interfacial tension, optimum salinity 

and adsorption. With the number of propoxy groups, the optimum salinity increases and 

adsorption decreases. In this study the experiments are performed at diluted surfactant 

concentrations, both with and without cosurfactants. 
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Figure 2.4: Surfactant/polymer flooding process [7] 

2.2 Electromagnetic Oil Recovery 

Electromagnetic energy can be transferred to oil reservoir in order to reduce the 

viscosity of oil in an oil reservoir which improves the oil production. This 

electromagnetic energy heats water in the reservoir due to its dipolar nature and 

subsequently the heat energy is transferred to oil. This transfer of energy depends on 

some parameters such as the frequency of electromagnetic waves, temperature, 

dielectric properties of materials and saturation of brine in the oil reservoir. In EM oil 

recovery process, a heat transporting fluid as in steam or hot fluid injection process is 

not required for heating the oil reservoir. This avoids many complications related with 

generating and transporting a heated fluid [26-34].  

Electromagnetic energy can be transferred to oil reservoirs in two ways: high 

frequency (radio frequency and microwave (RF&MW)) and low frequency. At high 

frequencies (RF&MW), the electromagnetic waves dielectrically heat the dielectric 

materials in the oil reservoir. These dielectric materials consist of dipole molecules 

which tend to align themselves with the electromagnetic waves. Due to the alignment 

of molecules with the electromagnetic waves, a rotational movement is produced in the 

dipolar molecules with a velocity proportional to the frequency of the electromagnetic 

waves. This rotational movement of the dipolar molecules generates of heat from the 
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molecules. In the case of low frequency (50Hz) resistive heating takes place when low-

frequency alternating current is used in oil reservoir. Heat dissipation is produced due 

to ohmic loss (Pdissipated = I2R) in the reservoirs. This is the basic theory involved in 

electromagnetic heating process in oil reservoir before the possible oil recovery is 

achieved. 

2.2.1 Previous Research Work on Electromagnetic Oil Recovery 

Several authors have discussed the possibility of using EM method to enhance recovery 

from oil reservoirs. The application of EM waves can be a real opportunity to recover 

heavy oil, gas from hydrates or for EOR application in carbonate reservoirs.  

Abernethy presented an analytical model for the effect of  electromagnetic radiation 

on the temperature distribution in oil reservoir [35]. Using a mathematical model with 

steady state condition a comparison of flow performance to the unheated case was 

discussed. It was concluded that in four weeks of radiation heating, the flow rate could 

be doubled under various operating conditions. Moreover using 20KW power, the flow 

rate can be increased from 50% to 300% in different absorption coefficient of the 

medium. 

A feasibility study for electromagnetic irradiation of oil reservoir heating was 

presented by Franchi by using a numerical simulator [36]. In this study, a simple 

algorithm was reported which presented the temperature profile of the oil reservoir after 

electromagnetic irradiation.  From this study, it is concluded that the absorption of 

electromagnetic waves increases the temperature of reservoir and the electromagnetic 

energy decreases exponentially in a linear, homogenous and dielectric medium. It was 

further reported that temperature increase is inversely proportional to the area in which 

irradiation takes place and is directly proportional to time of the irradiation and 

frequency of electromagnetic waves. The application of this algorithm in a feasibility 

study of hypothetical reservoir shows that temperature profile depends on electrical 

conductivities, water saturation and relative permeability.  
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Gunal investigated the level of thermal alteration of crude oil properties due to 

electromagnetic waves [28]. The presence of asphaltenes produced some irreversible 

alterations in oil rheology with oil viscosity reduction due to electromagnetic waves. 

The viscosity reduction was slow even though the electrical power output was doubled. 

The study also reported that EM heating can be used in carbonate reservoir as well as 

crude oil without the presence of water.  

Numerical model were developed  to study the effect of electromagnetic waves by 

using some experimental results [37, 38]. Microwave irradiation can eliminate the 

problem of asphaltene and paraffin precipitation out of the crude oil in horizontal wells. 

A similar study of microwave irradiation on different concentrations of crude oil, 

parafin wax, betonite and gypsum showed that temperature change decreases with time 

and increases the density of the fluid. It is concluded that heterogeneous mixture in oil 

reservoir can act as a homogeneous mixture, for reservoir fluid in which the crude oil 

content is about 10% and high water content.  

The function of ultrasonic and  microwave irradiation on the separation of oil and 

water from a stable emulsion was investigated by [39]. In this study, the movement of 

frontal distance due to electromagnetic heating was discussed and it was concluded that 

this technique has the possibility of increasing oil production when used in wellbore. 

The microwave heating of different fluids using water, oil and mixture of water and 

oil was investigated by [29]. They showed that the mixture of oil and water produced 

the highest amount of heat as compared to oil alone. The smallest amount of heat 

produced by the oil alone is due to its low dielectric constant which gave a weak 

absorption of the microwave. It is concluded that heating oil in the reservoir is a 

complex phenomenon because reservoir fluid has a mixture of several components. 

Each component has different physical, electrical and chemical properties. Therefore, 

the absorption and dielectric properties of fluid as well as the medium play a major role 

in oil recovery mechanism.   

A new method for recovering heavy oil from the bottom water reservoirs was 

presented by [40]. In this method, an inert gas is injected followed by electromagnetic 

heating. Although this method was found to be very operational in recovering heavy oil 
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from bottom water reservoirs, the same method could be applied to oil reservoirs 

without bottom water. 

A new concept of electromagnetic heating in horizontal wells and using gravity 

stable nitrogen gas was investigated by [41]. This technique overcomes the problem of 

small heating radius produced due to electromagnetic waves in the case of vertical 

wells. The horizontal wells allow heating of large area with small heating radius.  In 

this study, the wells were 300m long and 30-50m apart from each other. The oil 

recovery was dependent of viscosity reduction as the effect of gas injection coupled 

with EM irradiation, and water flooding following the preheating. Using 120KW/m 

power, oil recovery of 60% of oil in place was achieved for the oil with the lowest 

viscosity using gas injection and for the lower viscosity oil,  the oil recovery achieved 

was more than 70% [41]. 

A model for the electromagnetic heating in the presence of multiple phases was 

reported by [42]. This model was used to determine the temperature distribution and 

improvement in production due to electromagnetic heating. Imaginary reservoirs with 

different fluid and rock properties were used for this study especially where steam 

injection is difficult to use. A comparison was done for the oil produced by the 

electromagnetic heating, cold production and steam injection methods. It is concluded 

that electromagnetic heating increased the production between 5.1 and 19 times more 

than the cold production. In the case of different reservoir, the thermal efficiency was 

between 3 and 9. Thin pay zone reservoir gave the largest efficiency and extra heavy 

oil reservoir gave the smallest efficiency. In comparison to steam injection, 

electromagnetic method produces more oil with the same power consumption [42]. 

Some applications of electromagnetic waves heating have been implemented in the 

fields. A field test at North Midway field, United states,  a test well  was located where 

the diatomite interval is relatively homogeneous, starting at 500 ft. A 13.56 MHz 

generator with 25kW power was used in a mobile set up of RF heating system. The RF 

applicator used was 25ft in length and placed at a depth of 620 ft. After 40 hours of RF 

heating, the temperature measured at 605 ft depth, rose to approximately 220°F 

(approximately 130°F above  the formation temperature of 90°F) [43]. 
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In a low frequency field test at Rio Panan field, Brazil it was observed that after 70 

days of applying electrical energy of 30kW across neighboring producing wells (328 ft 

apart) , the production increased from 1.2 Bbls/day to 10Bbls/day [44].  

Field tests in tar sands of Utah showed that 40 and 75 kW RF power of 13.56 MHz 

input to the tar sand increased the temperatures from about 120°C to 200°C.  Field tests 

in the oil shale’s of Utah showed that a 40 kW RF transmitter at a frequency of 13.56 

MHz was used. The RF power used was in the range of 5 kW to 20 kW and it was 

observed that the temperature increased from 340°C to 400°C [45].  

2.3 Antenna for Electromagnetics Oil Recovery 

In the current practice of electromagnetic method, dipole antennas are used in RF band 

of electromagnetic waves. These antennas are inserted in a well close to the producing 

well. When these antennas obtain energies from the power source, they radiate 

electromagnetic fields into the oil reservoir. At these frequencies, the intensity of the 

electromagnetic fields drops rapidly as the distance from the antennas increases. As a 

result non uniform heating is produced in the reservoirs. 

For uniform volumetric heating of reservoir, an antenna must be designed such that 

it provides uniform electromagnetic fields so that uniform volumetric heating can be 

obtained. Uniform electromagnetic heating of the oil reservoir can be obtained by using 

an antenna like exciter which produces uniform distribution of the electric field [11]. 

Another method to obtain uniform heating is by using parallel plates; uniform 

distribution of electric field can be produced when alternating voltage is applied to the 

plates. These parallel plates can be realized when an array of tubular conductors is 

inserted in the formation region [12] . 

In these current methods, a considerable amount of electromagnetic energy is 

required in confined reservoir region but most of the energy will be absorbed by the 

neighbouring medium. Therefore, the current methods result in non-uniform 

temperature distribution and inefficiency due to overheating of some reservoir regions.  
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Furthermore, these localized heating converts water into steam which negatively 

affect the propagation of electromagnetic waves. A problem associated with these 

methods is that it requires a large number of boreholes for the antenna, which should 

be positioned at a distance of a quarter of a wavelength in order to get uniform heating. 

Although RF heating has been used for heating oil reservoir in the past, there remains 

a need for improvement. Any new method needs to address the issue of producing 

uniform heat, in addition to avoiding the substantial need for large number of boreholes 

for antennas.  

Currently in high frequency electromagnetic wave heating an antenna is inserted in 

a well close to the producing well. Electromagnetic energy heats the oil in the reservoir 

and improves the oil flow toward the production well. For volumetric heating of 

reservoir, an antenna must be designed such that it provides a uniform electric field so 

as to achieve complete volumetric heating.   The uniform electromagnetic heating of 

the oil reservoir is due to a uniform distribution of electric field provided by the antenna 

[12].  

It is reported by [12] that if parallel plates are used, uniform heating can be obtained 

from a uniform distribution of electric field in the reservoir region. Alternating voltage 

is applied to the plates to produce uniform electric fields between the plates. 

It was investigated by [21] that electromagnetic energy is transferred to the oil 

region by an array of compact parametric antennas when they are used on or below the 

surface of the well. A molecular change in the oil molecules is produced due to the 

electromagnetic energy. In this method the electromagnetic energy transferred from the 

antenna to the oil molecules causes the individual molecule to join together. The 

viscosity of the oil is reduces due to this molecular change to larger molecules without 

increasing the temperature. The magnetic field exhibits favorable effect on the oil 

particles to reduce viscosity.  

It is reported by [22] that an electromagnetic wave signal in the RF region is applied 

to a triaxial linear antenna, which produces a circular magnetic field relative to the 

radial axis of the linear antenna. Eddy currents are produced due to the magnetic field 
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within the hydrocarbon formation, which heats the formation and causes heavy 

hydrocarbons to flow. 

 

Table 2.1: A summary of earlier studies by different authors as discussed in the 

literature review on EOR 

Researchers Parameters Results 

Abernethy [35]  

 An analytical model 

for the 

electromagnetic 

radiation effects on 

the temperature 

distribution of the 

oil reservoir. 

 4 weeks of 

radiation heating 

flow rate 2 

times. 

 Using 20KW, 

power flow rate 

can be increased 

50% to 300% in 

different 

absorption 

coefficient of 

the medium. 

 

Franchi [36] 

 A simple algorithm 

which accounts the 

temperature profile 

of the oil reservoir 

after 

electromagnetic 

irradiation. 

 Power of 

generator  

60KW 

 For a reservoir 

at 1000 ft. of 

depth, the power 

loss will be 

about 27% of 

the surface 

power. 
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Gunal [28] 

 Frequency 

2000MHz and 

20KHz 

 Power 250W 

 3%, 8% and 13% 

concentrations of 

asphaltene. 

 8% asphaltene 

causes more loss 

to the crude oil 

rheology than 

does 13% 

asphaltene. 

Bjorndalen [38]  

 Using microwave or 

ultrasonic 

irradiation  

 Different 

concentration of 

crude oil, paraffin 

wax, betonite and 

gypsum 

  Crude oil with 0%, 

10%, 100%.  

 The 100% crude 

oil 

 A very steady 

linear rise with 

no alternating 

trend 

 Samples with 

water (0%, 1% 

and 10%) 

becomes almost 

horizontal after 

60s. 

Soliman [39] 

 Separation of oil 

and water from a 

stable emulsion 

function with 

ultrasonic and 

microwave 

irradiation.  

 Energy absorbed 

at the front 38%  

 62% energy 

dissipates ahead 

of the front.  
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Chhetri [29] 

 Investigated 

microwave heating 

of different fluids 

using water, oil and 

a mixture of water 

and oil. 

 The lowest heat 

produced in the 

oil alone is due 

to its low 

dielectric 

constant which 

gives weak 

absorption of 

microwave. 

Islam and Chakma 

[40]  

 Oil/water-zone 

thickness ratio, 

  oil viscosity 

 horizontal-well 

placement 

 inert-gas injection 

rate 

 Production-well 

temperature. 

 77 % oil in place 

(OIP) in the 

presence of a 

bottom water 

reservoir. 

Islam [41] 

 Electromagnetic 

heating in 

horizontal wells 

combined with  

gravity stable inert  

gas 

 Wells 300m long 

and 30-50m 

separated from each 

other. 

 120KW/m 

power oil 

recovery of 60% 

of oil in place 

was achieved for 

oil of the lowest 

viscosity. 

 With gas 

injection and oil 

with lower 

viscosity, the oil 

recovery 
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achieved was 

more than 70%. 

 Kasevich [43] 

 13.56 MHz 

generator with 

25kW power. 

 The RF applicator  

used was 25 feet 

long and placed at a 

depth of 620 feet. 

 40 hours of RF 

heating, 

temperature 

measured at 605 

feet depth, rose 

to approximately 

220°F 

(approximately 

130°F above 

formation 

temperature of 

90°F). 

Pizarro [44] 

 70 days of applying 

electrical energy of 

30kW. 

 Production 

increased from 

1.2 Bbls/day to 

10Bbls/day  

 Bridges [45] 

 40 and 75 kW RF 

power. 

 13.56 MHz  

 Increased the 

temperature 

from about 

120°C to 200°C.   
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2.4 Nanoparticles for Enhanced Oil Recovery 

Recently, the oil and gas industry has shown great interest on nanoparticles in many 

applications of the industry such as enhanced oil recovery, reservoir sensing and 

intervention. Nanoparticles are very valuable due to their high specific surface area, 

high adsorption potential and heat conductivity [8]. The first requirement for the 

application of nanoparticles in oil reservoir is the transport of nanoparticles through 

reservoir rock. 

A transport study of Si-Zn-DTPMP nanoparticles in calcite and sandstone porous 

media exhibited a reasonable migration in these porous media and this migration can 

be improved by pre-flushing the media with a surfactant solution [46].  

A study for long-standing dispersion stability and morphology of surface-treated 

iron oxide nanoparticle was conducted by [47]. It is concluded that these nanoparticles 

can be transported long distance with the smallest retention in a given reservoir rock. 

Using nanoparticles, stabilized emulsions can be produced which give the smallest 

retention and easy transport through the reservoir rock. In the extreme conditions of 

reservoirs the irreversible adsorption of  nanoparticles makes nanoparticle stabilized 

emulsions highly stable [48]. 

Cross-linked polymeric nanoparticles were prepared and characterized for 

enhanced oil recovery application by [49]. Theoretical study of lipophobic and 

hydrophilic polysilicon (LHP) nanoparticles was conducted to analyze the wettability 

changes of porous media for enhanced oil recovery. Numerical simulations were 

conducted for nanoparticles distribution, retention, and porosity reduction due to 

nanoparticles, absolute permeability and oil recovery performance. It is concluded that 

LHP concentration from 0.02 to 0.03 is suitable for enhance oil recovery [50]. 

An experimental study was conducted by [51] for the lipophobic and hydrophilic 

polysilicon (LHP) nanoparticles to testify the wettability changes of porous media and 

nanoparticles retention. A mathematical model was developed for transport study of 

nanoparticles through porous media and it was observed that water-phase permeability 
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of sandstones increased from 1.6 to 2.1 times of their original values but there was a 

reduction in absolute permeability due to nanoparticles retention [51].  

The effect of alternating magnetic field on aqueous dispersion of iron-oxide 

nanorods and non-magnetizable fluid was studied by [9]. It was investigated that iron-

oxide nanorods showed a displacement at the fluid/fluid interface under a magnetic 

field. This displacement depend on cluster size, density difference at the interface of 

fluid/fluid, strength of magnetic field and stronger magnetization. This study shows that 

there is potential of using nanoparticles and electromagnetic field in oil reservoir for oil 

recovery. 

 

Table 2.2: A summary of the studies on nanoparticles in EOR 

Researchers  Parameters  Results 

Zhang [46] 

 Si-Zn-DTPMP 

nanoparticles in 

calcite and sandstone 

porous media. 

 Exhibited a reasonable 

migration in these 

porous media. 

Yu [47] 

 Nanoparticle loading 

ranges.  

 Concentrated (10 wt 

%) and dilute (0.1 wt 

%). 

 95% of the injected 

particles extracted in 

post-flush. 

 

Manasir [49] 

 Cross-linked 

polymeric 

nanoparticles. 

Stabilization of 

microgelsdepends on the 

factors 

 Adding ionic surfactant to 

uncharged particles 

 The amount of charged 

groups in the polymer, 

and/or pH. 
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 Ju [50]  

 Lipophobic and 

hydrophilic 

polysilicon (LHP) 

nanoparticles.  

 LHP concentration 

from 0.02 to 0.03. 

 Wettability changes of 

porous media for 

enhanced oil recovery. 

Ju [51] 

An experimental study 

 lipophobic and 

hydrophilic 

polysilicon (LHP) 

nanoparticles.  

 Wettability 

changes of porous 

media and 

nanoparticles 

retention. 

 Water-phase 

permeabilities in 

sandstones increased 

from 1.6 to 2.1 times of 

their original values.  

 Reduction in absolute 

permeability due to 

nanoparticles retention. 

 Prodanovic [9] 

 Aqueous 

dispersion of iron-

oxide nanorods 

 Alternating 

magnetic field.  

 Iron-oxide nanorods 

shows a displacement 

at the fluid/fluid 

interface under a 

magnetic field. 

2.5 Nanofluids 

Nanofluids are made by using different nanoparticles and base fluid combinations such 

as alumina oxide (Al2O3), copper oxide (CuO), zinc oxide (ZnO) and iron oxide.  

All nanofluids follow a basic preparation technique. Once the desired weight or 

volume fraction has been determined, the nanoparticles are added into the base fluid 

and mixed. Mixing is usually done by ultrasonication to avoid settling of the particles. 

The amount of time spent mixing the nanofluids depends on  many factors such as the 

ratio of base to nanoparticles, how long the experiment will last, and the weight or 
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volume fraction used. The results of the first research on nanofluids conducted by Choi 

showed that these new nanofluids had tremendous heat transfer applications because of 

their improved heat transfer properties [52, 53]. A lot of research has gone into finding 

exactly why nanoparticles have such enhancement on heat transfer properties of the 

fluid but no definitive answers have been found. Jang [53] and Chon [54] have theorized 

that micro convection induced by Brownian motion of the nanoparticles is one of the 

driving mechanisms behind the thermal enhancements of nanofluids. The random 

motion of the nanoparticles would create a source of fluid convection that would 

increase the thermal properties of the base fluid. Most researchers agree that nanofluids 

have been shown experimentally to have better heat transfer properties than the base 

fluid alone. Another advantage of utilizing nanofluids is that at the nano-scale, the 

particles are small enough to stay in suspension, under the right conditions they can 

stay in suspension indefinitely, effectively eliminating sedimentation, clumping, and 

clogging. 

It is  reported by [55] that the nanoparticles of  ZnO  nanofluid with average size of 

10 nm (volume fraction 1.5%) in ethanol shows an unusual frequency dependent 

enhancement of the heat transport parameter. The enhancement is considerable at low 

frequency. The enhancement also depends on the concentration of ZnO and 

temperature.  It is suggested that this frequency dependence is due to local aggregation.  

The convective heat transfer of ZnO/water nanofluid was investigated 

experimentally by [56]; the results give rise the effect of two shapes of nanoparticles. 

Heat transfer coefficients and pressure drop were measured at two different 

temperatures (20, 50°C) and various flow rates (200 < Re < 15,000). By using thermal 

conductivity and viscosity measurement the Reynolds and Nusselt numbers were 

obtained. 

CuO nanofluid was synthesized by [57] through microwave irradiation in which  an 

unstable Cu(OH)2 precursor is transferred to CuO in water under an ultrasonic 

vibration. In this study, the effect of different type of precursor, ultrasonic vibration, 

microwave irradiation, and dispersant were also discussed, and the thermal conductivity 

of CuO nanofluid was studied.  It was observed that the synthesized CuO nanofluid had 

a higher thermal conductivity than those synthesized by dispersing method. 
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CuO nanoparticles was synthesized  by [58]  and it was observed that the  average 

diameter of the nanoparticles was 8 nm by a simple precipitation technique. The thermal 

properties of the suspensions were also investigated. From the experimental results it 

was observed that the nanoparticle size, polydispersity, cluster size, and the volume 

fraction of the particles have a substantial effect on thermal conductivity. 

It is investigated by [59] the preparation of several suspensions containing Al2O3 

nanoparticles with specific surface areas in a range of 5–124 m2g-1. Thermal 

conductivities were studied by using a transient hot-wire method. The results showed 

that thermal conductivity substantially increased with increasing volume fraction of 

Al2O3 nanoparticles. This increase in conductivity was also observed with increasing 

pH difference between the aqueous suspension and the isoelectric point of Al2O3 

particle.  

An experimental investigation was carried out by [60] on iron oxide (Fe2O3) 

nanofluid  consisting of water in concentrations ranging between 5 and 20%. In this 

study thermal conductivity and dynamic viscosity of these fluids were measured. Zeta 

potential and pH measurements were used to observe the stability of the nanofluids. 

The mean nanoparticle diameters were obtained by a dynamic light scattering (DLS) 

technique. It was observed that thermal conductivity and viscosity of these nanofluids 

increased with temperature and particles concentration.   

A study on the thermal conductivities of iron oxide (Fe3O4)  nanofluids with average 

particles size of 8 nm stabilized with a monolayer of surfactant consisting of aqueous 

and nonaqueous stable nanofluids was conducted by [61].  Iron oxide (Fe3O4) 

nanoparticles were synthesized by a coprecipitation technique. It was observed that the 

thermal conductivity of aqueous nanofluids increased with temperature but it decreased 

with nonaqueous nanofluids. 
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Table 2.3:  A summary of the studies on nanofluids 

Researchers  Parameters Results 

Neogy [55]  ZnO  nanofluid.  

 Particle size of 

average size of 10 nm 

(volume fraction 

1.5%) in ethanol.  

 An unusual frequency 

dependent enhancement of 

the heat transport 

parameter.  

 The enhancement depends 

on the concentration of 

ZnO and temperature. 

Ferrouillat [56]  ZnO/water nanofluid.   

 Heat transfer 

coefficients and 

pressure drop were 

measured at two 

different temperatures 

(20, 50°C) and 

various flow rates 

(200 < Re < 15,000). 

 

 Using thermal conductivity 

and viscosity measurement 

the Reynolds and Nusselt 

numbers were obtained. 

Zhu [57]  CuO nanofluid. 

 Synthesized by 

microwave 

irradiation. 

 

 

 The synthesized CuO 

nanofluid has a higher 

thermal conductivity than 

those synthesized by 

dispersing method. 
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Karthikeyan 

[58] 

 CuO nanofluid 

 Average diameter           

8 nm. 

 Nanoparticle size, 

polydispersity, cluster size, 

and the volume fraction of 

the particles have a 

substantial effect on 

thermal conductivity. 

Xie [59]  Al2O3 nanofluid. 

 Specific surface areas 

in a range of                  

5–124 m2g-1. 

 Thermal conductivity 

substantially increase with 

increasing the volume 

fraction of Al2O3 

nanoparticles. 

 Increase in conductivity is 

also observed with 

increasing difference 

between the pH values of 

aqueous suspension and 

the isoelectric point of 

Al2O3 particle.  

 

Colla [60]  Iron oxide (Fe2O3) 

nanofluid in water.  

 Concentrations 

ranging between 5 

and 20%. 

 

 Thermal conductivity and 

viscosity of these 

nanofluids increased with 

temperature and particles 

concentration.   
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Shima [61]  Iron oxide (Fe3O4)  

nanofluids. 

 Average particles size 

of 8 nm. 

 Synthesized by 

coprecipitation 

technique. 

 

  Thermal conductivity of 

aqueous nanofluids 

increases with temperature 

but it decreases with 

nonaqueous nanofluids. 

 

2.6 Summary 

Oil recovery in offshore oil reservoirs is inhibited by reservoir lithology, as well as by 

surface facilities and environmental regulations. The availability of oil recovery choices 

in offshore fields is more restricted than the onshore oil reservoirs. Deep reservoir will 

result in the failure of thermal method due to excessive heat dissipation. In this situation, 

generating and injecting steam may be uneconomical due to the tremendous reduction 

of recovery. An alternative method to solve these problems is the electromagnetic 

method. But this method requires a large number of boreholes for the antenna. 

Nanoparticles are used in the oil and gas industry for various applications such as 

enhanced oil recovery, reservoir sensing and intervention. One potential alternative to 

electromagnetic method for offshore environment is the application of antenna near the 

seabed, which can provide strong electromagnetic waves vertically downward to the oil 

reservoir as well as for injection of the nanofluid. The injected nanofluid will interact 

with the electromagnetic waves to produce more oil. 

  



   

CHAPTER 3 

 THEORETICAL BACKGROUND 

This section covers the theoretical background related to this research work. This 

chapter largely emphasizes on the density of state and band structure of the materials. 

A discussion on interfacial tension measurement is also included. Dielectric and 

magnetic nanoparticles in the electric and magnetic fields are also discussed. 

Electromagnetic wave propagation is also briefly described.  

3.1 Density of State  

The number of quantum states per unit energy are called density of state. In a particular 

system it represents densely packed quantum states. It is denoted by ( )g E [62-68]. 

Let’s suppose we take the expression ( )g E dE . The number of states between  and E dE

can be obtained by integrating the density of the quantum states over a range of energy  

 

 
( ) ( )

E

E
N E g E dE



                                                   (3.1) 

 

The number of quantum states is used for evaluating the optical properties of materials.  

The energy of a particle by the Schrodinger equation is given by 

2 2

2

k
E

m


             (3.2) 

Where k   represents the momentum of the wave.  The energy of a particle is represented 

by  

2 2 2
21

2 2 2

m v p
E mv

m m
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                                                      (3.3) 

Comparing these two equations we get 
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2 2 2

2 2

k p p
E k

m m
   

                                                       (3.4) 

Due to vector property of the momentum it is represented with its components in the x, 

y, and z directions. Therefore, the components of k  are ,  ,  and x y zk k k .  Energy is 

represented as;  

2 2

2

k
E

m


                                                                 (3.5) 

Thus, the total energy in three dimensional system is given by 

 
2

2 2 2

2
x y zE k k k

m
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                                                     (3.6) 

The wave function of an electron in a potential well is given by  

 

( ) cos( ) sin( )

where:

x A kx B kx

n
k

a





 


                                                (3.7) 

 

where a  represents the width of the potential barrier, n is odd integer for the cosine 

function and n is even for the sine function.  

The components of k  are represented in each coordinate as; 

,  ,  and 
yx z

x y z

nn n
k k k

a a a

 
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                                     (3.8) 

Therefore at the regular intervals of 
a


 the wave function is valid. 

The density of these states can be obtained if we know the unit cell and its volume.  A 

lattice is obtained by repeating the unit cell which is the smallest shape of the lattice. 

For the simplest unit cell we take a cube whose volume is 

3

0V
a

 
  
                                                                    (3.9) 

As the density of state represents the number of states in the range of  and +E E dE . 

Therefore, in k-space, the range is represented by  and +k k dk . In three dimensions, k
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denotes the radius of a sphere in k-space and dk  represents the thickness of the sphere. 

Therefore, a shell is formed which possess a certain amount of quantum states in an 

infinitesimal range. If we consider a sphere as k is directly related to E  therefore equal 

energy can be considered on all points on the sphere.  Since we are interested to find 

the density of states in an infinitesimal range of energy, the boundaries of the interval 

are essentially at equal energies.   

The volume of the shell is given by, 

24V k dk                                                  (3.10) 

 

Instead of this, the volume can be obtained by taking the difference of the volume of 

the inner sphere and the volume of the outer sphere (of radius k dk ).   
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 
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  

    

                                   (3.11) 

Ignoring 2dk  and 3dk  , the volume is given by  

 2 24
3 4

3
k dk k dk                                                           (3.12) 

 

The wave function is valid for all positive values of ,  ,  and x y zk k k . So the whole 

volume of shell is needless. For all positive values of ,  ,  and x y zk k k  the volume of 

shell is represented by,  
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The density of state or the number of quantum states in a range of dk is obtained by 

dividing the volume of the shell and the volume of unit cell. 
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As we know 
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Using the equation (3.15) the density of states in the form of energy is given by 

 

(3.16) 
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3.2 Band Structures 

In an isolated atom, electrons occupy different orbitals. These orbitals are discrete set 

of energy levels. If many atoms come close to each other to form a molecule the atomic 

orbitals split and generate a number of orbitals which are equal to the number of atoms. 

If a large number of atoms come close to each other to form a solid, the atomic orbitals 
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become very large because the difference in energy levels becomes very small. Due to 

this small difference in energy levels, these discrete energy levels become a continuous 

band of energy. There exist some energy levels which consist of no orbitals even though 

a large number of atoms come close; these energy levels form band gaps. If the material 

is in nanoscale crystals, located in the middle a molecule and in solid form, the change 

of discrete energy levels into continuous bands in this regime can be studied.  The 

electronic and optical properties of a nanoscale material can be studied by 

understanding of its energy level structure [62-68].  

Band structure is very important to the study of relationship between energy 

levels and periodicity of the crystal lattice in bulk crystalline solid. The band structure 

represents quantized energy levels that an electron is ’allowed’ or ‘forbidden’ to 

occupy.  

The energy values E of such a system is given by the Schrödinger equation  

 

2
2( ) ( ) ( )

2

h
E r V r r

m
 

 
    
 

                                        (3.19) 

 

Where 2  is the Laplacian operator, ( )V r is the potential energy and ( )r is 

the wave function. Bloch waves are solutions (eigen functions) for the energy levels 

(eigen values) which are obtained from the periodicity of crystal lattice and is 

represented by 

 

( ) ( )ik r

nk nkr e u r                                                               (3.20) 

 

Where k is the wave vector and represents the direction of motion of the electron 

in the crystal, and n denotes the band index and shows the number of energy bands. 

Bloch function ( )nku r  represents the periodic potential of the crystal lattice. A Bloch 

wave contains a plane wave envelope function modulated by a periodic Bloch function   

( )nku r . The Born–von Karman boundary conditions for periodic systems are given by,  

 

( ) ( )i ir N a r                                        (3.21) 
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Where a  is the primitive lattice vector and N is any integer, k can have quantized values 

and is given by 

2
     1,2,3,

n
k n

Na


                             (3.22) 

 

The effective mass approximation can be used to study effect of the lattice potentials in 

the band structure. When a particle is moving in the crystal field its relative mass is 

called effective mass m*.  Electrons and holes in a crystal react to electric and magnetic 

field similar to free particles in free space but with a different mass. If there is no 

interaction with other electrons on free particles its Hamiltonian is represented as 

2 2
2 2ˆ ( )

2 2 *
H V r

m m

 
       
 

                                         (3.23) 

Where ( )V r represents the average potential the adjacent employs on the 

electron and is interpreted within the effective mass m*. Considering the effective mass 

for electrons the effect of the lattice potential can be deliberated through changes in 

momentum as given by the expression, 

2 2 2

2 * 2 *

p k
E

m m
                                                        (3.24) 

 

In a real crystal, the condition is very complicated. The optical properties are 

obtained by the energy levels around the Fermi level (band gap). A parabolic band 

profile is obtained due to extremes of the valence and conduction bands as shown in 

Figure 3.1.  There are numerous theories which can be used to predict the complete 

band structure in crystals such as Nearly–free electron approximation and the Tight–

Binding Model. 
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Figure 3.1:  Single particle energy states as a function of the wave vector k  

3.3 Crystal Structure of Zinc Oxide (ZnO) 

Zinc oxide is an oxide of group II metal Zinc that belongs to P63mc space group. Zinc 

is in the transition metal row which has 3d10 moments and hence it does not have any 

unpaired electron orbiting around the nucleus  [69, 70]. Zinc oxide is a semiconductor 

material with a hexagonal wurtzite crystal structure [71] as shown in Figure 3.2. It has 

been reported that ZnO has a very large exciton binding energy of 60 meV [72] at room 

temperature which makes it a promising candidate for short wavelength Light Emitting 

Diode (LED) [73]. 

 

 

 

 

 

 

 

 

 

 

  Figure 3.2: The wurtzite structure model of  ZnO  [71] 

Conduction 

band 

Valance 

 band 

Band gap 
Eg 

0 

E
n

er
g
y

 

k (wave vector) 

  

  



    

39 

3.4 Crystal Structure of Iron Oxide (Fe2O3) 

The most stable form of iron oxide is Fe2O3 and it is the most common iron oxide 

mineral in nature. Pauling and Hendricks in 1925 discovered the crystal structure of 

Fe2O3.  Its structure is similar to corundum and has a rhombohedrally centered 

hexagonal unit cell [74, 75] as shown in Figure 3.3. The structure of Fe2O3 is close-

packed oxygen lattice in which two-thirds of the octahedral sites are occupied by Fe3+ 

ions. The space group of Fe2O3 is 3R c  six formula units per unit cell and its lattice 

parameters are a = 5.0356 Å, c=13.7489 Å. Fe2O3 exhibits the magnetic properties of 

ferromagnetism as well as antiferromagnetism below the Néel temperature of 950 K. 

At the Morin temperature (TM) around 260 K, Fe2O3 is weakly ferrimagnetic [76, 77]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Crystal structure of Fe2O3 [78] 
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3.5 Ferrimagnetisms 

In ferrimagnetic materials, the total magnetizations of the materials is non zero in the 

absence of a magnetic field and exhibits some spontaneous magnetization [63]. In 

ferromagnetic materials, the magnetic moments are antiparallel and unequal in 

magnitude to neighboring magnetic moments. Ferrimagnetic materials are similar to 

ferromagnets because they show spontaneous magnetization below the Curie 

temperature (Tc). Above the Curie temperature (Tc) these materials show magnetic 

disorder. Ferrites and magnetic garnets show ferrimagnetisms [76, 79-81]. 

3.5.1 Magnetic Hysteresis 

In a ferromagnetic material, magnetization can be changed from zero to a maximum 

value or saturation value (Ms) when a magnetic field is applied to it. A graph for the 

magnetizing and demagnetizing process of the ferromagnetic materials which is called 

a hysteresis curve is as shown in Figure 3.4. In the region of 0 to 1, if the applied field 

is moderate, a reversible change in the magnetization of the material will occur when 

the applied magnetic field is removed, returning the magnetization to its initial state. 

Further increase in the applied field leads to saturation of magnetization MS of the 

magnetic moments region 1 to 2 and all the magnetic moments are parallel  to the 

direction of the applied magnetic field. After this point (2), the material is magnetically 

saturated and no further change in magnetization takes place. As the applied field 

decreases to zero, magnetization M of the material starts decreasing slowly and 

decreases to a finite value (point 3), called remanent magnetization (Mr) or remanence. 

The magnetization becomes zero if the applied magnetic field is opposite in direction 

(point 4) and the material becomes completely demagnetized. This magnetic field value 

where magnetization becomes zero is called the coercive field or coercivity (Hc). 
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Figure 3.4:  Hysteresis curve 

If the applied field is gradually increased in the negative direction, 

magnetization again starts to realign with the applied magnetic field until it reaches the 

saturation value MS (point 5) in the opposite direction. Once again, as the applied field 

decreases to zero, magnetization M of the material starts decreasing slowly and 

decreases along negative remanence axis. (Point 6). The magnetization becomes zero 

if the applied magnetic field is increased to the positive direction to coercive field (Hc). 

If the applied field is further increased in the positive direction, magnetization again 

starts to realign with the applied magnetic field and reaches saturation value MS (point 

2) in the positive direction. 

3.5.2 Core Losses 

Core losses or iron losses are produced in ferromagnetic materials due to time varying 

magnetic fluxes. The core losses can be classified as eddy current losses and hysteresis 

losses. These two losses produce heat dissipation in the magnetic circuit [82]. 

Therefore,  
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core h eP P P                                                          (3.25) 

3.5.2.1 Hysteresis Loss 

When an external magnetic field is applied to a magnetic material, the material becomes 

magnetized and its domains oriented in the direction of the applied magnetic field. If 

the direction of the applied field is reversed in the opposite direction, the domains also 

will reverse their direction to orient themselves in opposite direction of the applied 

field. If applied field changes periodically the domains also will rotate periodically. Due 

to this process, power loss occurs which is called Hysteresis loss. Hysteresis loss 

produces heat dissipation and therefore increases the temperature of the magnetic 

material. 

 It is not easy to calculate the area of the Hysteresis curve because the B-H curve 

is nonlinear, multivalued and there is no simple mathematical equation for this curve. 

However, there are many empirical formulas for calculating the Hysteresis loss. For 

example, the formula described by Metz is commonly used [82].  

n

h h mP vK B f                                                      (3.26) 

Where          v = volume of core, 

                   Kh = constant whose value depends upon the ferromagnetic material, 

                   Bm = maximum value of flux density, 

  f = frequency of variation of current, 

The value of exponent is 1.5 to 2.5 which depends on the type of magnetic material.  

3.5.2.2 Eddy Current Loss 

An induced voltage is generated in a conducting material when changes occur in the 

magnetic flux that is link with the conducting material. For example, if a solid iron core 
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is used and a magnetic flux is varied through the iron core. If this iron core consists of 

concentric shells these shells can be consider as closed coil. Therefore due to closed 

circuit of each shell, the magnetic flux is linked with this closed circuit, thus producing 

induced voltage in each shell. Due to this induced voltage, a current starts flowing 

through the shell. As these currents do not flow through any definite path therefore 

these current are called eddy currents. These eddy currents cause heat dissipation in the 

iron core. The power loss is termed as eddy current loss [82]. The eddy current loss is 

given by,  

2 2 2

3

1.645
*e m

w
P t f B

m

 
  
 

                                                     (3.27) 

Where       Bm = maximum value of flux density, 

  f  = frequency, 

  t = thickness of core, 

   = resistivity of the core material, 

Power loss increases with increasing eddy current and additional rise in temperature 

is generated. Eddy current loss can be reduced if the core is made of a few thin sheets 

called laminations which are tightly insulated from each other. Therefore, the length of 

the closed path in which the eddy currents are flow is considerably reduced.    

3.6 Study of the Modes of Stabilization in Nanofluid 

There are two mechanisms namely electrostatic stabilization and steric stabilization to 

overcome the attractive forces between the particles which cause particle aggregation.  

3.6.1 Electrostatic Stabilization 

The key source to kinetic stability of particles is achieved due to the existence of electric 

charge on the surface of the particles. Electrostatic stabilization is achieved by the 
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adsorption of ions onto the surface of electrophilic metal particles. The adsorption takes 

place as an electrical double/multi-layer which create a Coulombic repulsion force 

between the nanoclusters [83].  This method is pH sensitive and of restricted use. 

3.6.2 Steric Stabilization 

Polymers or surfactant in the form of layers can be used to sterically stabilize the metal 

center by surrounding it due to sterically bulky property of the polymer/surfactantas 

shown in Figure 3.5 [84-86]. These adsorbed polymers or surfactant substances deliver 

a steric barrier which inhibits the metal particles from joining together [87].  

 

 

 

 

 

 

 

 

 

Figure 3.5:  Schematic illustration for (a) electrostatically stabilized particle and      

(b) a sterically stabilized particle  

Colloidal stabilization can be achieved by a mechanism of haloing of nanoparticles. 

It contains the accumulation of charged nanoparticles to microspheres, which are likely 

to agglomerate due to their Van der Waals attractions. Therefore, colloidal stabilization 

is achieved by the accumulation of small nanoparticles, which brings an operative 

repulsion, countering the Van der Waals attractions between the particles. 

3.7 Surfactants 

Surfactants are compound with low or moderate molecular weight. Surfactant consist 

of two parts a hydrophobic part and a hydrophilic part. The hydrophobic part exhibit 

  

(a) (b) 
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high oil solubility but low water solubility. While the hydrophilic (or polar) shows high 

water solubility but low oil solubility [87], as shown in Figure 3.6.  

 

 

 

 

 

 

Figure 3.6: Schematic illustration of a surfactant molecule 

The classification of surfactants is based on the hydrophilic headgroup. They are 

divided into two types ionic or nonionic. Surfactant shows the ability of self-joining to 

form micellar structures when the surfactant concentration in the solution exceeds a 

limiting value  known as the critical micelle concentration (CMC) [88]. Surfactants are 

broadly used as additives to adjust the properties of polymeric systems for a diversity 

of applications [89-91].  

3.7.1 Sodium Dodecyl Sulfate 

Sodium dodecyl sulfate (SDS) (NaC12H25SO4) is a common anionic surfactant,  as 

shown in Figure 3.7 , with a CMC of about 8.0 mM in pure water solution at 25°C [91, 

92].  

 

 

 

Figure 3.7:  Chemical structure of SDS 

 Hydrophilic head Hydrophobic tail 
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3.8 Interfacial Tension (IFT) 

Interfacial tension (IFT) is defined as excess of free energy or lateral stress at the 

interface of two phases. Interfacial tension is created due to excessive cohesive forces 

among the molecules of the same fluid and adhesive forces of unalike molecules at 

phase boundaries. Therefore, the surface area of new interface is minimized. Interfacial 

tension is denoted in milli–Newton/meter (mN/m as dynes/cm). IFT can be changed by 

adding of surface–active material known as surfactants at fixed temperature. In 

enhanced oil recovery, the properties of the three phases such as oil/aqueous/formation 

interfaces are very important. These properties are interfacial tension, contact angle, 

wettability, capillary forces, and viscous forces. These are characterized by a 

dimensionless group called the capillary number, Nc. The capillary number relates the 

mobilization of the blocked oil and enhanced oil recovery [93]. 

 

    
(3.28)

                                                      
 

    

Where ‘µ’ is the dynamic viscosity of the liquid, ‘’ is the velocity, ‘’is the contact 

angle and ‘’is the interfacial tension between the oil and water phases. The capillary 

number, Nc, can be increased by increasing the viscosity or decreasing the interfacial 

tension in order to obtain better oil recovery in enhanced oil recovery process. 

IFT can be reduced by adding certain additives and the reduction in IFT between 

crude oil and water increases the oil mobilization and lowers the capillary forces which 

results in increased oil recovery. Interfacial tension can significantly affect the other 

important rock properties such as wettability, capillary pressure, and relative 

permeabilities, which in turn affect the recovery of oil from petroleum reservoirs [94]. 

For more than a century, a range of techniques have been used to and a pendant drop 

measure interfacial tensions between fluid phases. The commonly used methods are 

pendant drop and spinning drop.  

In a pendant drop method [95], two parameters of the pendant drop  are  be 

experimentally determined such as the diameter ‘d’ at the distance ‘D’ from the top of 

cos
cN



 

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the drop  as shown in Figure 3.8. The following equation can be used to calculate the 

interfacial tension. 

                         
(3.29) 

Where   = interfacial tension, D = equatorial diameter,  = density difference,       

H = shape dependent parameter 

The shape dependent parameter (H) depends on a value of the ‘‘shape factor’’ 

  
d

S
D

  

 

 

 

 

 

 

 

Figure 3.8: Pendant drop method [95] 

For the measurements of ultralow interfacial tensions, the spinning drop technique 

has been established at both laboratory and commercial scales. 

 In this method, a drop of the oil (whose IFT is to be measured) and liquid are 

contained in a horizontal tube which spun about its longitudinal axis, considering the 

fact that gravitational force has a slight effect on the shape of a drop suspended in the 

liquid as shown in Figure 3.9.The fluid drop takes an ellipsoidal shape at low rotational 

velocities (), and it becomes cylindrical at sufficiently high rotational velocities. 

Under this condition, a relationship can be obtained between the interfacial tension, the 

radius (r) of the cylindrical drop, the density difference () between the drop and the 

2gD

H






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adjoining fluid, and the rotational velocity of the drop. The interfacial tension is 

measured from the following equation,    

 3 21

4
r  

                      
(3.30) 

Where    = interfacial tension,  = rotational velocities,  = density difference,     

r = radius  

 

Figure 3.9: Schematic of the spinning drop method [95] 

3.9 Magnetic Particle in a Magnetic Field 

A magnetic particle in a fluid experiencing a magnetic field will be affected by several 

factors. These magnetic particles in a suspension when placed in  a magnetic field 

experience a force and torque which depend on the magnitude of the magnetic field, 

and the magnetization of the particles due to slow movement of these particles [10]. 

The movement of particles in the fluid produces another force which is called drag 

force. Therefore, the particles experience another force due to the dragging of particles 

in the fluid. The effect of the magnetic force and the viscous drag force on the magnetic 

particles in the fluid is presented below. There are other factors which influence the 

particles in fluid such as particle-fluid interactions, buoyancy force, inter particle effects 

(magnetic dipole interactions), inertia, gravity, and thermal kinetics or Brownian 

motion. 

The forces experienced by magnetic particles in a fluid in an external magnetic field 

are the magnetic and fluidic forces. The relationship of these forces is balanced 

according to Newton’s second law: 
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p

p m f

dv
m F F

dt
 

              (3.31) 

Where Fm = magnetic force, Ff  = fluid force, mp = mass of particle, vp velocity of 

particle 

The left hand side of the equation can be ignored because the mass of the particles 

is very small.  

For simplicity, the magnetic particles can be replaced with an equivalent point like 

dipole moment which is placed at its center. The magnetic force and torque on a particle 

due the presence of the magnetic field are given by: 

( )m o p pF V M H 
            

(3.32)
 

( )mF B 
              

(3.33) 

Here ‘µ’ is the magnetic moment of the particle and ‘B’ is the magnetic flux density. 

     
 

mT B 
                         

(3.34) 

Due to the magnetic torque, the particle will align itself with the magnetic field. 

 According to the Brillouin function magnetization is given by: 

( )B jM Ng J B x 
                                             

(3.35) 

Here ‘N’ represents the number of atoms per unit volume, g is the g-factor or 

dimensionless magnetic moment, μB is the Bohr magneton, and x is the ratio of the 

Zeeman energy of the magnetic moment in the external field to the thermal energy. The 

value of x can be computed using the equation below, 

B

B

g JB
x

k T




                    

(3.36) 
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Where kB is the Boltzmann constant and ‘T’ is the temperature.  

In the case of a large number of particles when averaged over or for time periods 

longer than the (Brownian and Néel) magnetic relaxation time, the function can be 

replaced in the Langevin function to relate µ to B.  

( )satM B
m L B

B


1
( ) coth( ) , sat

B

M
L B B

B k T
 


  

                  

(3.37) 

Where msat represents the saturation magnetization of the magnetic particle. If the 

magnetic particles are free to rotate in weak fields, the Langevin function can be 

linearized, therefore the magnetic force is given by  

2

( ) ( )
3 3

sat sat
m

B

M M
F B B B B

k T

 
   

                 

(3.38) 

The drag force on the magnetic particles in fluid flow is dependent on their motion 

in the fluid. In a cylindrical vessel which has a radius Rbv, and having a laminar flow 

parallel to the axis with average velocity, the velocity profile is given by: 

2( ) 2 (1 ( ) )f f

x
v x v

Rbv
 

          
(3.39) 

Stokes’ law can be used to determine the fluidic drag force on a sphere in a laminar 

flow field with Reynolds number smaller than 1,  

 
6 ( )f p p fF R V V  

                   
(3.40) 

Where ‘η’ is the viscosity of fluid and Vp and Vf  are the velocity of the particle and 

the fluid, respectively, Rp is the radius of the particle [96]. 

3.10 Dielectric Particle in an Electric Field 

The electromagnetic response of a dipolar particle in an electric field which causes 

polarization is explained by the models given below. These models discuss the 
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polarizations of the particles, forces/torques and motions of the particles of various 

shapes. 

3.10.1 Polarization Model for Spherical Particles 

3.10.1.1 Lossless dielectric spherical particle in lossless dielectric medium in a 

uniform field 

A simple electrostatic polarization model can be considered if a dielectric spherical 

particle is suspended in an insulating liquid phase and the conductivities of both are 

neglected. Polarizations of the dielectric spherical particle in an external electric field 

takes place due to the bound charges. If we assume the particle is a perfect sphere, 

electric field induced dipole moments as given by the Laplace’s equation gives the 

electric potential.  

                                    
2 0 

                                   (3.41) 

In a constant applied electric field, 

o o zE E e
                              

(3.42) 

Using these boundary conditions of the fluid and particle, 

i o 
               (3.43) 

i op fn n       
                      

(3.44) 

Where p  and f are electric permittivities of particle and fluid respectively, and n  

represents the unit normal vector of the interface. The potential inside and outside the 

particles are represented by the superscript ‘i’ and ‘o’.  

The electrical potential in the solution form is 
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(3.45) 
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 
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             

(3.46) 

Where, 
2

p f

p f

K
 

 





is the Clausius-Mossotti function, ‘ a ’ is the radius of the 

particle, and ‘r’ is the distance from the center of the spherical particle to an arbitrary 

point in the electric field. The induced polarization due to the induced potential outside 

the particle is the same as that of a dipole oriented along the z-axis whose moment is 

given below [97-105]. 

34eff f op Ka E
          

(3.47)
 

Where, 
2

p f

p f

K
 

 





is the Clausius-Mossotti function, ‘ a ’ is the radius of the 

particle, and  f  is fluid permittivity.
 

3.10.2 Dielectric Sphere with Ohmic Loss in Dielectric Medium with Ohmic Loss 

in an AC Field 

In this case, we assume that the spherical particle and the fluid have finite electrical 

conductivities p and f  respectively. If an electric field is applied to the suspension 

then free and bound charge is produced in the medium and in the particle. The value of 

the electric field in the case of the alternating electric field of magnitude ‘Eo’ and 

frequency ‘f’ is given by,  

 ( ) Re exp( )o zE t E e j t
         

(3.48)
 

In this case Laplace’s equation given in (3.41) and the boundary condition at the 

interface given in (3.43) are the same as in the lossless case. 
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Due to the time dependence and free charge accumulation on the interface, the 

continuity of the normal component of the displacement flux vector is replaced by the 

instantaneous charge conservation. 

The effective moment is given as the Clausius-Mossotti function in a complex form 

                                         
34eff f op Ka E

                     
(3.49) 

Where 
2

p f

p f

K
 

 





             

(3.50) 

and the complex permittivities are 

p

p p j


 


 
                     

(3.51) 

f

f f j


 

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(3.52) 

Using the characteristic relaxation time or Maxwell-Wagner time scale mw  the 

equation (3.50) can be rewritten as, 

1
( )

2 1

p f o

p f mw

j
K

j
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

  

   
                 

(3.53)

 

where
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 
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 

 
                  

(3.54)

 

and
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o
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 
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 
               

(3.55)
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The direction of the dielectrophoretic force at the low and high frequencies can be 

determined by using two limiting cases which depend on the relative magnitude of the 

characteristic relaxation time constant mw  and the frequency of the electric field. 

    
0

lim
2m

p f

p f

K


 

 

 
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(3.56)

 

and 

 

0
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p f

p f
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

 

 

 
              

(3.57) 

In high frequency, limiting the difference of the electric permittivities affects the 

effective moments and at low frequency the difference of the electrical conductivities 

affects the effective moments. 

3.10.3 Electrostatic Forces and Torques Applied on a Particle with Ohmic Loss 

in a Dielectric Medium in an AC Field 

As in external electric field, the polarization of the particles takes place due to the force 

and torque in the presence of the electric field which tries to move and rotate the 

particles. 

3.10.3.1 Force and torque applied by the external electric field 

In the time dependent electric field, the instantaneous force and torque applied on a 

dipole are given by 

( ) ( )dep effF t p E t 
          

(3.58) 

( ) ( )e

effT t p E t 
                     

(3.59) 
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depF is called the dielectrophoretic (DEP) force. This dielectrophoretic (DEP) force 

is experienced by the polarizable particle in the presence of the electric field. The 

magnitude of the dielectrophoretic (DEP) force is influenced by the particle electric 

properties, surrounding medium, the particle’s size, and the frequency of the electric 

field. The torque applied by the electric field is represented by  eT  which pushes the 

particle to rotate and align in the direction of the electric field. 

The general form of the DEP force and the torque applied by the electric field 

according to the effective moment method is given  by [106] 

( ) Re exp( ) Re exp( )dep effF t p j t E j t                 (3.60) 

and  

( ) Re exp( ) Re exp( )e

effT t p j t E j t                 (3.61) 

3.11 Electromagnetic Waves 

The transmission of electromagnetic energy is described by Maxwell’s equations which 

show that electromagnetic energy travels in the form of electromagnetic waves from 

the time-varying sources of current and charges. The electromagnetic waves are 

solutions of the Maxwell’s equations [107-112]. 

All EM waves are time-dependent electromagnetic fields and obey the Maxwell’s 

equations. If the EM waves are time-harmonic fields with sinusoidal time-variation, 

they have the form as: 

 ( ) cos( )o EE t E t                 (3.62) 

 ( ) sin( )o HH t H t                                   (3.63) 
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Where ω is the angular frequency (rad), φE is the initial phase of E and φH is the 

initial phase of H. If vacuum is considered as the medium, the equations can be 

transformed to the Helmholtz equations, which are also the general solution for EM 

waves propagating in 3D space. 

2 2 0E E   
               (3.64) 

2 2 0H H   
               (3.65) 

ε and μ are complex tensors in the Helmholtz equations. These two equations are 

uncoupled. Only one of the two equations needs to be solved in order to completely 

describe the whole problem. 

3.11.1  Power flow of EM waves 

 

The time-dependent power flow density of the EM wave is given by the instantaneous 

Poynting vector: 

 

( ) ( ) ( )P t E t H t 
                                                    (3.66)

         

The time-average power flow density for time-varying fields is given by: 

0 0

1 1
( ) ( ) ( ) ( )

T T

P t P t dt E t H t dt
T T

   
                       (3.67)

       

Where T is the period of the EM wave. 

If the EM waves are time-harmonic fields and E and H are represented in phasor 

forms, the complex Poynting vector is defined as: 

                            

                                                       (3.68) 

      where H* is the complex conjugate vector of H. 

It can be shown that: 

*P E H 
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 ( ) ReP t P
                                      (3.69) 

In a lossy medium, the field E and H are attenuated as the factor of 
j ze 

, the 

power density is attenuated as the factor of 
2j ze 

. 

 

 

  



   

CHAPTER 4 

METHODOLOGY 

The methodology adopted for this research work is briefly described. The design of the 

water flooding system for the electromagnetic enhanced oil recovery by using 

nanofluids is presented. The CASTEP simulations for zinc oxide and iron oxide is 

discussed in this chapter. In this chapter the synthesis of nanoparticles by sol gel method 

as well as the preparation of the nanofluids are discussed. The application of nanofluids 

for oil recovery in water flooding system is also explained. 

4.1  Scope of Work 

The scope of this research work includes a simulation study of zinc oxide and iron oxide 

using Accelrys software, CASTEP for determining the band structure which describes the 

range of energy of an electron within a solid structure and the density of state which 

describes the number of quantum state per unit energy. The scope of work also covers the 

synthesis and characterizations of two different types of metal oxides nanoparticles i.e. ZnO 

and Fe2O3 for EOR application. The dipole antenna was then used to provide the 

electromagnetic waves to the glass bead packed sample saturated with oil and 

nanofluids. 

The nanoparticles were synthesized by using sol-gel method. The structural properties 

of ZnO and Fe2O3 were analyzed using XRD, FESEM, EDX and TEM. Both nanoparticles 

were then dispersed into the base fluid to form a colloidal suspension of nanofluids of 

different concentrations. After that the designing of the experimental setup for the 

measurement of oil recovery with and without electromagnetic wave was carried out. The 

porous medium consisting of glass bead packed sample was prepared and characterized for 

its petro physical properties e.g. porosity, permeability and pore volume. The feasibility of 

this proposed technique was tested using a glass bead packed column of porous medium 
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connected with inlet and outlet tubings which were fed to the pump and oil collector. The 

porous medium was immerses in a water tank. The experiments were performed at 60°C 

and ambient pressure, electromagnetic waves from generated from the antenna during the 

water flooding experiment. 

4.2 Methodology Flow Chart 

This part focuses on the overall research workflow of using nanofluids combined with 

electromagnetic waves for oil recovery application. A new electromagnetic water 

flooding system was designed to study the oil recovery using nanofluids. The 

nanofluids were prepared using by nanoparticles of iron oxide and zinc oxide which 

were then used in the new water flooding system.  A flow chart of the methodology is 

shown in Figure 4.1. 
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Figure 4.1:  Flow chart of the methodology 
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4.3 Computational Method 

The geometry optimizations were performed using Cambridge Serial Total Energy 

Package (CASTEP) provided by the Material Studios 6.1 by Accelrys. CASTEP is a 

first-principle pseudo-potential method based on Density-Functional Theory (DFT). In 

CASTEP, pseudo-potential is replaced with the ionic potential and the wave function 

is described by a plane wave.  A generalized gradient approximation (GGA) is used to 

improve the exchange and correlative potential of electronic-electronic interactions 

[113-117] .  

The DFT calculations were performed using plane wave (PW) basis sets and 

ultrasoft pseudopotentials [118]. In the simulation, the exchange correlation functional 

used was the generalized gradient approximation (GGA) which was developed by 

Perdew, Burke and Ernzerhof (PBE) [113, 114, 119]. The ultrasoft pseudo-potentials 

represent the interactions between valence electrons and the ionic core.  The valence 

electron configurations used in the study included 3d104s2 for Zn, 3p6d64s2 for Fe, 

and O 2s2p4 for O.  

 For ZnO and Fe2O3 the kinetic energy cut-off is 340 eV for the plane wave basis. 

The Brillouin zone was sampled using Monkhorst and Pack special k-points of a 9×9×6 

grid ZnO and 5×5×5 grid for Fe2O3 for surface calculation [120]. The convergence 

criteria for ZnO for  structure optimization and energy calculation met the conditions 

of (a) an energy tolerance of 0.1000×10-4
 eV/atom; (b) maximum force tolerance of 

0.3000×10-1
  eV/Å; and (c) maximum displacement tolerance of 0.1000×10-2

 Å. The 

convergence criteria for Fe2O3 for structure optimization and energy calculation met 

the conditions of (a) an energy tolerance of 0.2000×10-4
 eV/atom; (b) maximum force 

tolerance of 0.5000×10-1
 eV/Å; and (c) maximum displacement tolerance of  

0.2000×10-2
 Å.  

4.4 Synthesis of Nanoparticles  

This section will discuss the preparation for zinc oxide (ZnO) and iron oxide (Fe2O3) 

nanoparticles using sol-gel method.  
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4.4.1 Preparation of Iron Oxide (Fe2O3) / Zinc Oxide (ZnO) Nanoparticles by Sol 

Gel Method 

Iron oxide (Fe2O3) and zinc oxide (ZnO) nanoparticles were prepared by sol-gel method 

using iron nitrate nonahydrate and zinc nitrate hexahydrate (Fe(NO3)3 9H2O)/(Zn 

(NO3)2 6H2O),and  nitric acid (HNO3). The iron nitrate nonahydrate (Fe(NO3)3 9H2O) 

/ zinc nitrate hexahydrate (Zn (NO3)2 6H2O) was dissolved separately in aqueous 

solution of 80 ml nitric acid HNO3.  

4.4.2 Zinc Oxide (ZnO) nanoparticles  

Using the sol gel method, ZnO nanoparticles were prepared by dissolving zinc nitrate 

hexahydrate (Zn(NO3)26H2O) in an aqueous solution of 80 ml nitric acid HNO3. The 

solution was stirred at 250 r.p.m for 7 days. After the 7 day period, the solution was 

heated using a hot plate stirrer; gradual heating was applied to reach the desired 

temperature of 80oC. After 30 min, temperature reached 80oC and gel was formed. The 

gel was dried in the oven at 120oC for 2 days, after which the dried powder was ground 

for 4 hours. Following that, the powder was sintered at 200oC and 300oC for 2 hours to 

get ZnO nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2:  Flow chart for preparation of ZnO nanoparticles by sol gel method 
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4.4.3 Iron Oxide (Fe2O3) nanoparticles  

Fe2O3 nanoparticles were prepared by sol-gel method using iron nitrate nonahydrate 

(Fe(NO3)2 .9H2O) and nitric acid (HNO3).  Iron nitrate nonahydrate (Fe(NO3)2 .9H2O) 

was dissolved in the aqueous solution of 80 ml nitric acid HNO3. The solution was 

stirred at 250 rpm for 7 days. The solution was subjected to gradual heating using the 

hot plate stirrer until the temperature reached 80oC and gel was formed. The gel was 

then dried in the oven at 120oC for 2 days and the dried powder was ground for 4 hours. 

After that, the powder was sintered at 200oC and 300oC for 2 hours to get Fe2O3 

nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Flow chart for preparation of Fe2O3 nanoparticles by sol gel method 

4.5 Nanofluid Preparation 

The nanofluids were prepared by directly mixing the stabilizer with the nanoparticles.  
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ZnO, and Fe2O3 nanoparticles were selected for our study. ZnO and Fe2O3 nanoparticles 

were prepared at three different concentrations of 0.001 %, 0.05 % and 0.1 %, with 

sodium dodecyl sulphate (SDS) stabilizer of concentration 0.05%. In order to get 

further dispersion of ZnO, and Fe2O3 in sodium dodecyl sulphate (SDS), they were 

sonicated for 2 hours.  

4.6 Core Flooding Experimental Setup 

The oil recovery due to the zinc oxide (ZnO), and iron oxide (Fe2O3) nanofluids were 

investigated by utilizing an acrylic column packed with glass beads.  The experimental 

setup was comprised of an acrylic column, injection pump, antenna with magnetic 

feeders and a water tank; the setup is shown as in Figure 4.4. The water tank was filled 

with salt water of 30000 ppm salinity and has a density of 1.006g/cc to simulate 

reservoir environment. There are three sections in the experimental setup namely 

injection section, displacement section and collection section.  The injection section 

consists of injection pump, valve, and pressure gauge and injection fluids such as brine, 

oil and nanofluids. In the injection section, all the components are connected with 

suitable connectors and nylon tubing. The displacement section consists of a porous 

medium made of glass beads packed in acrylic column, and the collection section 

consists of measuring cylinder, pressure gauge on the outlet and a control valve. A 

temperature controller is used to keep the temperature of the water at 60oC. 

  Electromagnetic waves were produced by connecting a function generator to 

supply electromagnetic waves to the antenna at a frequency 30MHz and 10Vpp voltage. 

The experiments were conducted with the injection of zinc oxide (ZnO), and iron oxide 

(Fe2O3) nanofluids into the packed acrylic column which was exposed to EM waves.  
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Figure 4.4:  Schematic diagram of the experimental setup for ZnO and Fe2O3 

nanofluids enhanced oil recovery 

4.7 Reservoir Rocks Characterization 

The acrylic column packed with glass beads was saturated with brine of salinity 30000 

ppm until a constant pressure was achieved. Brine was prepared by dissolving NaCl in 

deionized water. The flow rate (q), brine density (µ), length (L) and area (A) of the PVC 

column were fixed using the following values, 

q= 1ml/min, 

µ= 1.02cp, 

 L= 9cm, 

A = 7.0686 cm². 

Brine filled the pore/empty space between the glass beads in the PVC column. By 

using Darcy formula in equation 4.1, the permeability of the PVC column was 

calculated. 

Permeability, k = 
q L

A P



                      
(4.1)
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At a constant pressure (P), the permeability of the acrylic column packed with glass 

beads was calculated. When the pressure was constant, crude oil with the properties as 

shown in Table 4.1 was injected into the column. The crude oil replaced the brine in 

the column and the displaced brine was collected in a measuring cylinder. The volume 

of the displaced brine represents the volume of crude oil occupying the pores between 

the glass beads in the column. This volume of oil represents the amount of original oil 

in place (OOIP).  Water flooding was carried out by injecting brine for the second time 

into the column until it was confirmed that no more oil dropped from the outlet tube. 

Due to water flooding, some amount of oil was displaced from the column which 

represents the volume of oil recovered after water flooding. The amount of oil that 

remained in the column represents the residual oil in place (ROIP). 

The nanofluid was injected into the column following the water flooding.  During 

the injection of nanofluid, the column was exposed to electromagnetic waves emitted 

from the antenna. Such a condition is a simulation of enhanced oil recovery process by 

water flooding using nanoparticles combined with electromagnetic wave. During the 

nanofluid injection, the oil recovered was collected and the experiment was ceased 

when it was confirmed that no more oil dropped from the outlet tube. 

 

Table 4.1:  Details of the crude oil used in the water flooding experiment 

 

 

 

 

 

 

 

Type of crude oil Arabian heavy 

Origin Saudi Arabia 

Density @ 25˚C 0.889 

API Gravity 28.1 

Viscosity (mm2/s @ cSt) 20.25 



    

67 

4.7.1 Porosity 

It is the ratio of empty space in the rock to the matrix. This is an important petrophysical 

property which determines the amount of oil in the reservoir. More oil is likely to be 

present in more porous reservoir compared to less porous reservoir. Therefore, in 

reservoirs with high porosity, higher residual oil after the primary and secondary 

recoveries can be expected. The formula to calculate porosity is given in equation 4.2 

below, 

pore volume
Porosity = 

bulk volume
  

p

b

V

V
              (4.2) 

Where   = reservoir porosity, Vb= bulk volume , Vp = pore volume 

4.7.2 Permeability 

Permeability indicates the flow of fluids through the reservoir rocks due to a given 

pressure gradient. It is measured in Darcies (D) or millidarcies (mD). It depends on the 

size, shape and the interconnection between the pore spaces. Permeability can be 

calculated from Darcy’s law (equation 4.3).  

Permeability, k = 
q L

A P



                                             
(4.3) 

Where q = flow rate, µ = density, L = Length, and A = area, P = pressure gradient 

4.8 Core Flooding Test 

In the core flood experiments, four main stages were carried out to determine the effect 

of using nanofluid for oil recovery as shown in Figure 4.5. There are two approaches 

used in the experiments in order to classify the role of nanofluids in improving oil 

recovery, which are:  
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1. Injection of ZnO nanofluid and Fe2O3 nanofluid without electromagnetic waves 

to detect the role of nanoparticles alone in recovering more oil.  

2. Injection of ZnO nanofluid and Fe2O3 nanofluid with electromagnetic waves to 

examine the role of electromagnetic waves in stimulating nanoparticles. 

 These experiments were done at the temperature of 60°C and ambient pressure, by 

using the setup as shown in Figure 4.4. To simulate the reservoir condition the glass 

bead packed column was firstly saturated with brine by injecting brine of concentration 

30,000 ppm at a rate of 1 ml/min into the column.  When the differential pressure 

between the inlet and outlet had stabilized, the permeability of the column was 

calculated using equation 4.3. Then Arabian heavy crude oil was injected into the brine 

saturated column to flush out brine until some droplets of oil appeared from the outlet 

and were collected. The initial amount of oil held in the porous medium (acrylic column 

packed with glass beads) was also determined by water flooding process carried out by 

injecting brine at the same flow rate as before to duplicate the secondary recovery stage. 

During water flooding process, about 40% of the initial (original) oil in place will be 

displaced before reaching residual oil saturation. 

During the experimental enhanced oil recovery (EOR) in the laboratory, up to 4 

pore volumes of nanofluids were injected at a rate of 1 ml/min in the presence of 

electromagnetic waves; 30 MHz square wave at 10vpp   was imparted to the glass bead 

packed column during both nanofluid injections. The recovery efficiency for each stage, 

ER was calculated by equation 4.4 using the volume of oil recovered after the nanofluid 

injection for both with and without electromagnetic waves application as a percentage 

of the oil present after water flooding (ROIP). 

R

volumeof oil recovered in EOR fluid injection
E (%ROIP)= ×100

volume of remaining oil in place(ROIP)

 
 
 

                    (4.4) 
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Figure 4.5: Four stages of core flooding test 

4.9 Characterization of the Nanoparticles 

The synthesized nanoparticles are characterized by using equipment such as X-ray 

powder diffraction (XRD) which is used to observe the crystallization of the 

nanoparticles, Field Emission Scanning Electron Microscope (FESEM), Energy 

Dispersive X-ray (EDX) for the morphology analysis of powders sample and its 

composition. Transmission electron microscope is used to observe the morphology and 

electron diffraction patterns of materials. 
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4.9.1 X-Ray Diffraction (XRD) 

X-ray diffraction is a method that discloses detailed information about the 

crystallography and composition of materials. The principle of X-ray diffraction is 

based on the interference of the monochromatic X-ray waves from the crystalline 

sample. When incident rays interact with the crystallographic planes of the crystalline 

sample, the incident rays are diffracted from the sample and interfere constructively 

when the Bragg's law conditions are satisfied (Figure 4.6). Bragg's law relates the 

wavelength of X-rays to the lattice spacing between the crystallographic planes and the 

diffraction angle [121-124].  Bragg's law is defined as, 

2  dsin m                                          (4.5) 

 

 

 

 

 

 

 

Figure 4.6: Schematic description of Bragg’s diffraction law  

These diffracted rays are detected by a detector by scanning the sample through 2θ 

angles range. In the case of powder samples, all possible diffraction directions of the 

crystallographic planes must be obtained due to random orientation. The diffracted 

peaks obtained from the diffraction pattern can be used to obtain d-spacing between the 

crystallographic planes. These d-spacings are used for the identification of the materials 

by comparison with a standard d-spacing pattern because every material has a unique 

d-spacing.  
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For structural properties, X-ray diffraction (XRD) measurements were performed 

on a Bruker D8 advance X-ray diffractometer by Cu-kα radiation (λ = 1.5406 Å) with 

an accelerating voltage of 40 kV. From the XRD patterns, the crystallite size of the 

nanoparticles is calculated according to Scherrer equation (equation 4.6), 

 

           

                  (4.6) 

Whereas,  

θ = Bragg’s angle, ω = full width at half maximum (FWHM), λ = wavelength of 

incident radiation, 0.9 = shape factor for the metal oxide. 

4.9.2 Field Emission Scanning Electron Microscopy (FESEM) 

The shape, morphology and grain size of the nanoparticles were determined using field 

emission scanning electron microscopy (FESEM) as shown in Figure 4.7 (b).The 

scanning electron microscope is used to produce the magnified images by using an 

electron beam as compared to conventional light microscopes which use light waves. 

Therefore, SEM discloses 3D images of the samples as compared to light microscope. 

With the application of a powerful electric field close to the filament tip, electrons 

are emitted (Figure 4.7(a)). The size and closeness of the electric field to the filament 

causes the electrons to flow out. In a field emission scanning electron microscopy 

(FESEM), field emission cathode in the electron gun of a scanning electron microscope 

compromises finer probing beams both at low and high electron energy. Due to which, 

a better-quality spatial resolution is possible as well as reduced sample charging and 

destruction which is significant for the characterization of organic specimens like 

polymers. Coating free sample characterization can be done at low voltage which gives 

high resolution. The working principle of SEM is shown in Figure 4.7(a) [125]. 

Some of the applications of FESEM are to analyze the cross section of 

semiconductor devices, determine structure uniformity and coating thickness,   measure 

0.9

cos
D



 

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small contamination feature geometry, and elemental composition of materials. There 

are several advantages of FESEM. One of which is it is able to produce clear 

electrostatically distorted images with spatial resolution down to 1.5 nm.  At electron 

accelerating voltages smaller-area contamination spots can be scanned similar with 

energy dispersive X-ray spectroscopy. The penetration of low energy electrons can be 

reduced near to the material surface. Even at low voltage, high quality images are 

attainable with negligible electrical charging of samples [126-130]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: (a) A schematic diagram of scanning electron microscopy [125]               

(b) ZEISS Supra 55VP field emission scanning electron microscope 

4.9.3 High Resolution Transmission Electron Microscopy (HRTEM) 

High resolution transmission electron microscopy HRTEM (model Zeiss Libra 200FE) 

was used to characterize the morphology and structure of the products. 
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4.9.3.1 Working Principle of the Transmission Electron Microscope (TEM) 

In transmission electron microscopy (TEM) technique, beams of electrons interact and 

pass through a specimen. The magnetic lenses are used to focus and magnify the beams 

of electrons when emitted from the source. The schematic diagram of the transmission 

electron microscope (TEM) is shown in Figure 4.8.  Two condenser lenses are used to 

confine the electron beam which also controls the brightness of the beams. These 

electron beams pass through the condenser aperture and strike the sample surface. The 

electron beam, which is elastically scattered, is transmitted from the sample and passed 

through the objective lens. The image of the sample is formed by the objective lens. 

The elastically scattered electrons are chosen by the objective lens and the selected area 

aperture that will form the image of the sample. After that, the electron beam passes 

through the magnifying system which consists of three lenses, two intermediate lenses 

which controls the magnification of the image and the projector lens. The final image 

of the sample is shown either on a fluorescent screen or on a monitor [131-134]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: A schematic diagram of transmission electron microscope (TEM)  
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4.10 Vibrating Sample Magnetometer (VSM) 

The magnetization of any magnetic sample can be measured with a vibrating sample 

magnetometer. The working principle of a vibrating sample magnetometer is based on 

Faraday’s law of induction. The sample is magnetized with the help of a large magnet 

in vibrating sample magnetometer. The magnetized sample is placed in a pickup coil 

and it is vibrated vertically.  Due to this vibration of magnetized sample, an induced 

emf is produced in the coil.  The induced emf represents the value of magnetization in 

the sample. Due to this emf, an induced current is produced in the coil. The 

magnetization of sample is proportional to the induced current in the coil. Higher value 

of current represents a higher value of magnetization in the sample.  An amplifier is 

used to amplify the induced current. All the components are interfaced to a computer 

for plotting graph. A schematic diagram of a vibrating sample magnetometer is shown 

in Figure 4.9. 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Schematic of a vibrating sample magnetometer  
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CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter describes the CASTEP simulation of zinc oxide and iron oxide band 

structure and density of state. The nanoparticles characterization for the application of 

enhanced oil recovery in water flooding system is also discussed. This chapter is 

divided into different sections. The first section gives the simulation of the band 

structure and density of state of iron oxide and zinc oxide. The results and discussion 

on the characterizations of the nanoparticles and nanofluids are provided in the second 

section of the chapter. At the end of this chapter, the application of iron oxide and zinc 

oxide nanofluids for oil recovery with and without electromagnetic waves in water 

flooding system is presented.  

5.1 Band Structure and Density of State of ZnO and Fe2O3 

The electronic band structures of ZnO and Fe2O3 were calculated using density-

functional theory (DFT). The electron densities represent the potential with the 

minimum energy to obtain the Kohn-Sham equation. These electron densities can be 

solved using a local density approximation (LDA) as well as the generalized gradient 

approximation (GGA). The linear GGA is approximate because the actual atomic bonds 

include the exchange and correlation integrals; these integrals may be compared with 

the LDA. The analysis of density of states (DOS) could give an insight into the surface 

properties of the mineral at an electronic level. We calculated the band structures of 

ZnO and Fe2O3 using CASTEP code. The model of ZnO is shown in Figure 5.1 and the 

calculated band structure along with the density of states (DOS) is shown in Figure 5.3 

and Figure 5.4. The optimized lattice parameters of ZnO are a = 3.249270, b = 

3.249270, c = 5.205440 which are very close to the experimental values. The model of 

Fe2O3 is shown in Figure 5.2, and the calculated band structure along with the density 
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of states (DOS) is shown in Figure 5.5 and Figure 5.6. The optimized lattice parameters 

of Fe2O3 are a = 5.419021, b = 5.419021, c = 5.419021 which are very close to the 

experimental values. 

 

 

 

 

 

 

 

Figure 5.1: The wurtzite structure model of ZnO  

 

 

 

 

 

 

 

 

 

Figure 5.2:  Rhombohedrally centered hexagonal model of Fe2O3  
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Figure 5.3 shows the band structure of ZnO. It is observed that the direct band 

gap is about 0.808 eV at G point, which is in agreement with previous theoretical 

results. The underestimation of band gap is due to the choice of exchange-correlation 

energy. It is investigated that the band gap for ZnO calculated with LDA or GGA is 

about 0.5-1.0 eV. The calculation of band gap using LDA is always larger than the 

GGA.  The valence band mainly consists of the 2p, 2s states of O and 3d state of Zn. O 

2p state is predominantly found between -6 and 0 eV in the uppermost valence band as 

shown in Figure 5.4.  But O 2s state is seen in the range from -18.6 to - 16.6 eV, whichis 

very close to the previous calculated results. 

  It is observed that due to Zn 3d state, some bands in the energy range of 4-6 eV 

originated from the valence band maximum (VBM). This is due to splitting and a wave-

vector dispersion outside G. Zn 4s state predominates the lowest conduction band. 

Experimental results also show that it is originated due to O 2p and Zn 4s states. The 

Fermi energy was set at 0 eV (Ef = 0) in the DOS curve. The dielectric constant of the 

material is related to electronic charge.   

The dielectric property of the material represent interaction of the electronic charge 

in the material with the external electric field. This property shows that adjustment of 

the electronic charge can shield the external electric field. The highest effective 

screening can be obtain with larger dielectric constant value. For the adjustment of the 

electronic charge with effect of external electric field, the movement of the electrons 

must be easy which shows that each electronic state can change considering the a 

polarized configuration. Due to the large band gap in the presence of electric field, 

electronic states in the valence band cannot mix with the electronic states in the 

conduction band, therefore electrons cannot polarize much and the dielectric constant 

value is small [135, 136]. 
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Figure 5.3: The band structure of ZnO 

 

Figure 5.4: The total density of state of ZnO 
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Figure 5.5 shows the band structure of Fe2O3. It is observed that the indirect band 

gap is about 0.201eV; this is a low value as compared to experimental value of 2.1eV. 

The underestimation of band gap is due to the choice of exchange-correlation energy. 

The density of states is shown in Figure 5.6 and it is observed that the valence band is 

a mixture of O 2p state and a majority of Fe 3d state orbitals, while the conduction band 

consists of small amount of Fe 3d state orbitals. The upper part of the valance band 

ranges from 0 to -9ev and the lower part ranges from -16 to -20ev.  The states of Fe 3d 

and O 2p are strongly hybridized so the ranges in the valance band are contributed by 

the electronic states of oxygen and iron, which cannot be separated from each other. It 

is observed that in the valance band, the contribution of Fe 3d state is two times larger 

than the O 2p state in each range because the ionization cross section of O 2p is less 

than the ionization cross section of Fe 3d. The upper edge of the valance band is 

dominated mainly by O 2p state, but the lower part of the conduction band is mainly 

dominated by Fe 3d state.  

Due to the small band gap in the presence of electric field, electronic states in the 

valence band easily mix with the electronic states in the conduction band, therefore 

electrons can polarize much and the dielectric constant value is large. Therefore we 

obtain highest effective screening with larger dielectric constant value [135, 136].  

 

 

Figure 5.5: The band structure of Fe2O3 
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Figure 5.6: The total density of state of Fe2O3 

5.2 Characterization of Nanoparticles 

In this section, the results of the characterizations of zinc oxide and iron oxide samples 

by XRD, FESEM, HRTEM and magnetic measurements are presented. Also included 

in this section are the preparation of the zinc oxide and iron oxide nanofluids and the 

interfacial tension measurement.   

5.2.1 Characterization of Zinc Oxide (ZnO) Nanoparticles  

Figure 5.7 shows the XRD patterns of ZnO- nanoparticles with their plane number. The 

peak positions  at 2 = 31.85o, 34.29o, 36.18o, 47.55o, 56.63o, 62.85o, 66.38o,68.00o and 

69.22o are assigned to (100), (002), (101), (102), (110), (103), (200), (112) and(201) 

which show good agreement with those of the JCPDS (card no 80-0075) data of the 

zinc oxide (ZnO)with hexagonal wurtzite phase (lattice constants a ) 3.242 Å and c ) 

5.176 Å) [137, 138]. The crystallinity of ZnO increases with increasing temperature. 

The average particles size in nanometers, ‘D’ was determined by means of an X-ray 

line-broadening method using Scherer equation       
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                                           (5.1) 

  

Where,  

θ = Bragg’s angle, ω = full width at half maximum (FWHM), λ = wavelength of 

incident radiation, 0.9 = shape factor for the metal oxide. The results show that the ZnO 

nanoparticles have with an average particle size of 30-39 nm. 

 

Figure 5.7: XRD patterns of ZnO nanoparticles annealed at different temperatures 

(200-300°C) 

As shown in Table 5.1, it is observed that there is a small change in the lattice 

parameters when the sintering temperature is increased.  The change in lattice parameter 

can be affected by free charge, impurities, stress, particle size, quantum size effects and 

temperature. It is also observed that from the angle values, the ZnO crystal structure is 

hexagonal. There is an increase in d-spacing with increasing temperature. 
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Table 5.1:  d-spacing, lattice parameter, angles of ZnO nanoparticles sintered at different 

temperatures 

Sample  

d space 

(Å) 

lattice parameter αo βo 

 

γo 

Reference card 
(a) (b)      (c) 

ZnO 200oC 

 

2.475 

 

3.250 3.250 5.207 90 90 120 79-2205(C) 

ZnO 300oC 

 

2.473 

 

3.249 3.249 5.205 90 90 120 89-0511(C) 

5.2.1.1 FESEM and EDX Results of Zinc Oxide (ZnO) 

Field emission scanning electron microscopy (FESEM) is used to obtain the 

morphology of nanoparticles and the grain size of the samples. The FESEM graphs of 

zinc oxide (ZnO) samples annealed at 200oC and 300oC are shown in Figures 5.8 (a) 

and (b). From the graphs, it is observed that most of the nanoparticles are agglomerated 

with other nanoparticles. The average grain size of the samples annealed at 200oC and 

300oC is 31.32 nm and 51nm respectively. The grain size increases as the temperature 

increases from 200oC to 300oC.  

The EDX spectra in Figure 5.9 shows feature peaks that match the peaks of Zn and 

O elements, which illustrate the specific composition of ZnO nanoparticles. No 

contamination in the samples was found as indicated by the EDX analysis.  

Table 5.2 shows the weight percentage, atomic percentage and percentage 

difference for ZnO at 200°C and 300°C temperatures. EDX analysis shows that there 

is a high deviation in weight percentage for zinc oxide samples sintered at 200°C and 

300°C, however a low deviation was observed for the zinc oxide sample annealed at 

200°C. 

 



    

83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: FESEM images of ZnO nanoparticles annealed at temperatures (a) 200°C 

and (b) 300°C 
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Figure 5.9: EDX analysis of ZnO nanoparticles annealed at temperatures (a) 200°C 

and (b) 300°C 

 

Table 5.2: EDX data and percentage difference for ZnO at 200°C and 300°C 

Sample Element Measured 

weight 

(%) 

Standard 

atomic 

weight 

(g/mol)  

 

Theoretical 

percentage 

of weight 

(%)  

 

 

Percentage 

difference 

(%)  

 

 

Measured 

atomic 

ratio  

 

Theoretical 

atomic 

ratio  

 

Percentage 

difference 

(%)  

 

200oC O 21.84 15.99 

 

19.66  

 

11.08  30.54 50.00  

 

38.92 

Zn 50.08 65.38 

 

80.34  

 

37.66 17.14 50.00  

 

65.72 

300oC O 21.63 15.99 

 

19.66  

 

10.02 28.21 50.00  

 

43.58 

Zn 45.52 65.38 

 

80.34  

 

43.34 14.49 50.00  

 

71.02 

(a) 

(a) 

(b) 
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(a) 

(b) 

 

5.2.1.2 Transmission Electron Microscope (HRTEM) Results 

Figure 5.10 (a) and (b) shows high resolution transmission electron microscope 

(HRTEM) images of zinc oxide (ZnO)) prepared by the sol gel method. The HRTEM 

results show that for zinc oxide (ZnO), single phase with good crystallinity was 

achieved at the sintering temperature of 300oC; the average size of the ZnO 

nanoparticles is 34.50 nm. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: HRTEM images of ZnO nanoparticles annealed at temperature (a) 200°C 

and (b) 300°C 
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5.2.2 Iron Oxide (Fe2O3) Nanoparticles Characterization 

The XRD results of iron oxide (Fe2O3) nanoparticles sintered at temperature 300°C, 

400°C and 500°C are shown in Figure 5.11.   The reference patterns are displayed 

below. Each pattern correlates well with the values of 2θ as well as the relative 

intensities of each peak signifying the presence of the respective hematite particles. The 

2θ (relative intensity) value of three highest  peak of the [104], [110], and [116] lines 

of the sample is 33.3, 35.76, and 54.34, respectively [139]. 

The XRD patterns show that the samples have a single-phase structure at 400°Cand 

500°C. The crystallite size was measured from the X-ray diffraction patterns by using 

the Debye-Scherer formula as given in Equation 5.2 below, 

 
                    (5.2)

  

Where, 

k= varies with hkl & crystallite size equal to 0.9. 

θ = Bragg’s angle. 

ω = Full width at half maximum (FWHM). 

λ = wavelength of incident radiation. 

The crystallite size of iron oxide (Fe2O3) samples obtained are 30.27 nm, 34.10 nm  

and 37.60 nm at 300°C, 400°C  and 500°C  respectively. It is clear that the crystallite 

size increased as the sintering temperature was increased from 300°C to 400 and 500°C. 

Analysis of the XRD patterns showed a single phase crystal structure of iron oxide 

(Fe2O3) with a maximum intensity peak. 

 Hematite crystal structure contains an organization of Fe3+ ions in octahedral 

coordination with oxygen in hexagonal closest-packing, which consists of no net 

magnetization. Consequently, there is a loss of magnetic response due to the formation 

of antiferromagnetic oxides. 
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Figure 5.11: XRD results of iron oxide (Fe2O3) nanoparticles sintered at temperatures 

300°C, 400°C and 500°C. 

As shown in Table 5.3, it is observed that there is a small change in the lattice 

parameters when the sintering temperature is increased.  It is also observed that from 

the angle values, the iron oxide (Fe2O3) crystal structure is hexagonal. There is an 

increase in d-spacing with increasing temperature. 

 

Table 5.3: d-spacing, lattice parameter, angles of iron oxide (Fe2O3) nanoparticles 

sintered at different temperatures 

 

 

Sample  

d space 

(Å) 

lattice parameter αo βo 

 

γo 

Reference card 
(a) (b)     (c) 

Iron oxide 

300oC 

2.680 

 

5.032 

 

5.032 

 

13.733 

 

90 

 

90 

 

120 

 

89-0599 (C) 

 

Iron oxide 

400oC 

2.686 

 

5.031 

 

5.031 

 

13.737 

 

90 

 

90 

 

120 

 

13-0534 (D) 

 

Iron oxide 

500oC 

2.697 

 

5.038 

 

5.038 

 

13.772 

 

90 

 

90 

 

120 

 

24-0072 (D) 
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5.2.2.1 FESEM and EDX Results of Iron Oxide (Fe2O3) 

Field emission scanning electron microscopy (FESEM) is used to obtain the 

morphology of nanoparticles and the grain size of the samples. The FESEM graphs of 

iron oxide (Fe2O3) samples annealed at 300oC, 400oC and 500oC are shown in the 

Figures 5.12 (a), (b) and(c). From the graphs, it is observed that most of the 

nanoparticles are agglomerated with other nanoparticles due to high surface energy of 

the nanoparticles and large surface area. However, there is no agglomeration of the 

nanoparticles sintered at 500oC which shows uniform grain structure. The average grain 

size of the sample annealed at 300oC, 400oC and 500oC is 17.21nm, 22.41nm and 38.09 

nm respectively. The grain size increased as the temperature was increased from 300oC 

to 500oC.  
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Figure 5.12: FESEM images of Fe2O3 annealed at (a) 300°C, (b) 400°C and (c) 500°C 

5.2.2.2 EDX Results of Iron Oxide (Fe2O3) Samples 

The EDX results of iron oxide (Fe2O3) show that the iron and oxygen atoms are in the 

percentage of 51% and 49% respectively at 300oC. While the percentages of the iron 

and oxygen atoms are 44.11% and 55.89% at 400oC and 35.24% and 64.76% at 500oC 

respectively. It is observed that there is no impurity detected due to high purity of the 

starting materials used for synthesizing the samples as shown in Figure 5.13.  

The EDX analysis shows, that only Fe and O elements are present with low standard 

deviation as shown in Table 5.4 

.  
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Figure 5.13: EDX analysis of Fe2O3 annealed at (a) 300°C, (b) 400°C and (c) 500°C 

 

(a) 

(b

(c) 
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Table 5.4: EDX data and percentage difference for iron oxide at 300°C, 400°C and 

500°C 

sample Element 
Measured 

weight (%) 

Measured 

atomic ratio 

(%) 

 

Standard 

deviation (%) 

 

300oC 

O 21.58 49 18.33 

Fe 78.42 51 27.50 

400oC 

O 26.63 55.89 6.85 

Fe 73.37 44.11 10.27 

500oC 
O 34.49 64.76 7.93 

Fe 65.51 35.24 10.55 

5.2.2.3 High Resolution Transmission Electron Microscope (HRTEM) Results 

Figure 5.14 shows the high resolution transmission electron microscope (HRTEM) 

images of iron oxide (Fe2O3) prepared by the sol gel method. The HRTEM results show 

that for iron oxide (Fe2O3), single phase with the best crystallinity was attained at the 

sintering temperature of 500oC. The average grain size varies between 20nm to 37nm.  
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Figure 5.14: TEM images of Fe2O3 annealed at (a) 300°C, (b) 400°C and (c) 500°C 

 

(b) 

 (c) 
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5.2.3 Magnetic Measurements Results 

Magnetic properties of the iron oxide (Fe2O3) samples such as initial permeability, Q-

factor and loss factor of iron oxide (Fe2O3) samples were measured using the impedance 

LCR meter. These properties were measured from a series inductance (Ls) and Q values. 

Initial permeability is a significant property to observe the qualities of magnetic 

materials. It is influenced by the morphology, grain size, single phase structure, bulk 

density, porosity, and spin rotational contributions. 

 The initial permeability μi was calculated by using the following formula. 

 

                                  (5.3)

  

Where Ls is the series inductance, μo is the magnetic permeability, Do is the 

outer diameter of the toroid, Di is the inner diameter of the toroid, ‘N’ is the number of 

turns and ‘t’ is the thickness of the toroid. As the grain size increased the initial 

permeability increased in all samples. Figures 5.15 (a), (b) and (c) show the initial 

permeability, Q factor and relative loss factor of iron oxide (Fe2O3) powders in the 

toroidal form and sintered at 400°C and 500°C. High values of initial permeability and 

Q-factor were obtained for samples sintered at 500°C, and a low loss factor was 

observed for sample sintered at 500°C as compare to sample sintered at 400°C. 

The loss factor decreases at a higher frequency but the initial permeability 

increases as shown in Figure 5.15 (a). The relative loss factor decreases up to 10 MHz, 

and after this it remains smooth for the iron oxide (Fe2O3) samples sintered at 400°C 

and 500°C. The relative loss factor is the ratio of the tanδ to the initial permeability and 

can be calculated by the following equation given below.  
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The relative loss factor of iron oxide (Fe2O3) samples sintered at 400°C and 500°C is 

higher at low frequency whereas it decreases as the frequency increases as shown in 

Figure 5.15 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: (a) Initial permeability (b) relative loss factor and (c) Q-factor of iron 

oxide (Fe2O3) samples annealed at 400°C and 500°C 
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5.3 Vibrating Sample Magnetometer (VSM) Results 

Magnetic properties of the synthesized samples of Fe2O3 nanoparticles are studied by 

using vibrating sample magnetometer (VSM).  Figure 5.16 and Figure 5.17   represent 

the magnetic saturation (Ms) vs. applied magnetic field (B) for Fe2O3 nanoparticles at 

room temperature. The applied magnetic field ranges from +20000 to -20000.  

It is observed that magnetization increases with increasing magnetic field and 

saturates at higher magnetic fields. If the magnetic field is very strong, the magnetic 

moments of all particles in the field will orient themselves in the direction of the applied 

field direction giving rise to saturation of magnetization. The magnetic saturation (Ms), 

magnetic remanent (MR), and coercivity (Hc) were measured and calculated from the 

hysteresis loop. The values for the sample synthesized at 400°C are coercivity (Hci) = 

57.246 G, area = 1551 erg, magnetization (Ms) = 7.7484 emu and retentivity (Mr) = 

63.830×10-3 emu. The values for the sample synthesized at 500°C are coercivity (Hci) 

= 32.271 G, area = 0.61306 erg, magnetization (Ms) = 8.5729 emu and retentivity (Mr) 

= 38.497×10-3 emu. The percentage difference of saturation magnetization is 10.64%, 

which shows that with increasing particle size the magnetic saturation also increases. 

As the sample synthesized at 500°C has larger particle size, as confirmed from XRD 

results, compared to the sample synthesized at 500°C, so the sample at 500°C has high 

magnetic saturation.   

As the magnetic field decreases, the saturation magnetization decreases from 

plateau and becomes zero when the applied magnetic field is zero. This shows that the 

magnetic moments of the nanoparticles which consist of single-crystal domains are 

aligned. The reduction of magnetization with particles size is due to the small-particle 

surface effect. The disorientation of atomic spins on the particle surface is due to 

reduced coordination and broken exchange bonds between surface spins. As a result the 

sum of misaligned surface spins is comparatively unresponsive to the applied magnetic 

field, with some of the surface spins being disoriented even at high magnetic fields. 

This surface effect is very noticeable for nanosized particles because of their large 

surface-to-volume ratio. 
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Figure 5.16: VSM results of iron oxide sample at 500°C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: VSM results of iron oxide sample at 400°C 

5.3.1 Summary 

ZnO and iron oxide (Fe2O3) nanoparticles were prepared using the sol-gel method. The 

XRD results of the ZnO and iron oxide (Fe2O3) showed a single phase structure with a 

[101] and [104] major peak respectively. The particle size of the ZnO and iron oxide 

(Fe2O3) nanoparticles is in the range of 30-39 nm and 30.27-37.60nm respectively. 

FESEM and HRTEM images showed that the samples have good crystallinity and the 

grain size increased as temperature increased. Iron oxide (Fe2O3) samples sintered at 
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500°C showed a high initial permeability, Q-factor and low loss factor as compared to 

samples sintered at 500°C. From the hysteresis loop, it was observed that iron oxide 

(Fe2O3) samples sintered at 500°C showed a 10.64% high magnetic saturation (Ms) as 

compared to the sample sintered at 400°C. The sample had a very high initial 

permeability and low loss at low frequencies; due to this, it was suitable for the 

preparation of the nanofluid and oil recovery applications. 

5.4 Interfacial Tension (IFT) Measurement of Nanofluids 

For IFT measurements of the fluids, reliable density data was required. The refractive 

index (RI) for a denser phase was also required.  Since brine is denser than fluid, 

therefore the RI of brine can be used in the IFT measurements. The RI of brine was 

measured at 60oC by refractometer and its value is 1.3323. The density of brine and 

crude oil without nanofluids were measured at 60oC. The IFT measured at the 

equilibrium condition is shown in Figure 5.18 and Figure 5.19. The nanofluids were 

prepared in different concentrations of 0.001%, 0.005% and 0.1% with 0.05% SDS as 

surfactant. As light increase in IFT was noticed i.e. it can be seen that there is an 

increase in IFT to some extent as the concentration of the nanoparticles was increased 

from 0.001% to 0.1%. The interfacial tension increased to 19.77% for iron oxide 

(Fe2O3) and 9.19% for ZnO. 

 

 

 

 

 

 

 

 

 

 

Figure 5.18:  Interfacial tension values of the iron oxide (Fe2O3)  
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At the early stages of adsorption of the nanoparticles, the interfacial tension increases 

and then it reaches equilibrium state after some time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19: Interfacial tension values of the ZnO nanofluids 

At the equilibrium stage, the adsorption and desorption of nanoparticles becomes 

equal. Iron oxide nanoparticles have large nanoparticle size  compared to the ZnO 

nanoparticles as observed from XRD analysis, thus the ZnO nanoparticles with smaller 

size has smaller rate of adsorption. This phenomenon can be described as follows; due 

to the agglomeration of nanoparticles at the oil/water (o/w) interface, the total free 

energy decreases. The initial high interfacial energy Eo, between oil (O) and water (W) 

can be decreased to E1. A change of 
1E by the settlement of  one nanoparticle with an 

effective radius ‘r’ at the interface 
1E   is given below [140]. 
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 It can be observed that there are three types of interfacial energy that rise from 

the particle/oil p

O


, the particle/water p

w


, and the oil/water interfaces O
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

. From 

equation 5.5, it is observed that for a specified system with permanent  p
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  at the same temperature effect in terms of kBT ,the stability of the particle 
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gathering increases with increasing ‘r’ [140]. The total free energy gained by smaller 

particles is lower. Therefore, the interfaces with larger particles are more stable. 

5.5 Magnetic Field Measurement around Glass Bead Packed Column 

The schematic diagram of the experimental setup of the enhanced oil recovery is shown 

in Figure 5.20 which consists of glass bead packed column and three magnetic field 

sensor. Figure 5.21 represents the magnetic field measurement using three sensors 

around the glass bead packed column. The three sensors were placed at three different 

positions on the column i.e.Rx-1 which is on top, Rx-2 which is at the center and Rx-3 

which is at the bottom position. The magnetic field value at the top position (Rx-1) was 

74.37 % more than at the (Rx-2) center position of the column.  The magnetic field 

value at the top position (Rx-1) is 98 % more than the bottom position (Rx-3) of the 

sensor. When the glass bead packed column saturated with oil and brine was placed at 

the center in the front of the antenna, a decrease in magnetic field strength was 

observed. This shows that glass bead packed column saturated with oil and brine can 

absorb electromagnetic waves. When the magnetic field sensor was placed at the top 

position of the column, the magnetic field strength measured was larger than at the 

bottom position. The strength of the magnetic field decreases due to the skin depth of 

electromagnetic waves.  

 

 

 

 

 

 

 

Figure 5.20:  Schematic diagram of experimental setup for magnetic field 

measurement with three sensors 
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Figure 5.21: Magnetic field strength at three positions around the glass bead packed 

column 

The electromagnetic waves emitted from the antenna can be understood by 

looking at the radiation pattern of the antenna. An antenna radiation pattern is a 

graphical representation of the radiation characteristics of the antenna as a function of 

space coordinates. The simulated radiation patterns of the antenna are presented in 

Figure 5.22 and Figure 5.23. From the results, it can be seen that the E-field and H-field 

radiation patterns of the antenna are directional. Figure 5.22 depicts the E-field 

radiation patterns for the antenna, where it has a main lobe magnitude of 2.44×10-15 

V/m at 30MHz, and a main lobe direction in 177 degree. 

 

 

 

 

 

 

Figure 5.22:  E-field radiation pattern of antenna  

 



    

101 

 Figure 5.23 depicts the H-field radiation patterns for the antenna, where it has a main 

lobe magnitude of 5.8×10-17 A/m at 30MHz, and a main lobe direction in 177 degree. 

 

 

 

 

 

 

 

 

 

Figure 5.23: H-field radiation pattern of antenna  

5.6 Oil Recovery by Using Nanofluids in a Water Flooding System 

In this section the experimental results of the oil recovery by using zinc oxide and iron 

oxide nanofluids in different weight percentages are presented. A comparison of oil 

recovery between the nanofluids and with the presence of electromagnetic waves is 

given. The effects of electromagnetic waves and nanofluid on oil recovery were 

conducted by using a setup as shown in Figure 4.2.  It should be noted that;  

1. The simulated porous medium (glass bead packed column) was saturated by 

brine that was displaced by crude oil. 

2.  When only crude oil was produced at the outlet, the residual water volume was 

calculated.  

3. Then crude oil was displaced by the nanofluids in the presence of 

electromagnetic waves.  

4. For the purpose of comparison the same tests were conducted using nanofluids 

alone.  
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5.6.1 Oil Recovery Using Nanofluids without the Presence of Electromagnetic 

Waves 

In this section the effect of three different concentrations 0.001, 0.05, 0.1 wt.% of zinc 

oxide (ZnO)  and iron oxide (Fe2O3) nanofluids on oil recovery efficiency  without 

applying electromagnetic waves will be discussed. 

5.6.1.1 Zinc Oxide (ZnO) Nanofluid at 0.001 wt.% 

Using ZnO nanofluid of 0.001wt.%  the efficiency of oil recovery  obtained was 48.87 

% ROIP as shown in  Figure 5.24.  The characteristics of glass bead packed column 

and amount of original oil in place (OOIP) and residual oil in place are shown in 

Table.5.5. Due to the hydrophilic nature of ZnO nanoparticles, these particles can 

adsorb on the surface of glass beads. In enhanced oil recovery process, a change in 

wettability can affect the relative permeability for brine, which affects oil recovery 

efficiency due to a change in wettability from oilwet to partially water wet surface. ZnO 

can change the wettability; in this process, oxygen vacancies at the surface of ZnO 

nanoparticles are occupied by water molecule. This result in generation of OH groups, 

which makes the surface hydrophilic.  The wettability of the surface is controlled by 

the equilibrium of oxygen vacancy on the ZnO and hydroxyl group. Due to oxygen 

vacancy at reservoir conditions, the equilibrium between water and oxygen vacancy 

must be change to hydroxyl group and due to aliphatic chains in aqueous medium it 

must be same. Therefore, ZnO nanoparticles play the role of hydrophilic material in oil 

reservoir conditions. Due to the adsorption of ZnO nanoparticles on the rock surface, 

the system energy is decreased. 
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Figure 5.24: Oil recovery with respect to zinc oxide (ZnO) nanofluid injection without 

EM waves 

 

Table 5.5: Characteristics of the glass bead packed column and oil recovery for    

0.001 wt% zinc oxide (ZnO) nanofluid   

 NF Without EM 

Porosity (%) 24.00 

Permeability (mD) 87214.47 

Original oil in place (OOIP) (ml) 18.70 

Residual oil in place(ROIP)(ml) 6.20 

Volume recovered during water flooding 

(ml) 
12.50 

Recovery (ROIP) 48.87% 
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5.6.1.2 Zinc Oxide (ZnO) Nanofluid at 0.05 wt.% 

Using ZnO nanofluid at 0.05wt.%, the  oil recovery efficiency obtained was  44.03 % 

ROIP as shown in  Figure 5.25.  The characteristics of the glass bead packed column, 

amount of original oil in place (OOIP) and residual oil in place are shown in Table 5.6. 

Increasing the concentration of ZnO nanofluid from 0.001wt.%  to 0.05wt.%  decreased 

the posibility of fluid flow through the porous medium which affected  the oil recovery 

efficiency. Due this, the permeability of the flow can be decreased which can also affect 

the efficiency of oil recovery.  From the results, it is observed the oil recovery at 

nanofluid concentration of 0.05wt.%  is less than that at 0.001wt.%. This decrease in 

oil recovery with increase in the nanofluid concentration can also be related to 

interfacial tension between the nanofluids and oil. As from the interfacial tension 

results, we observed that the interfacial tension at 0.05wt.%  concentration of nanofluid 

is greater than  at 0.001wt.%. Therefore, the oil recovery at nanofluid concentration of 

0.05wt.% is less than that obtained at  nanofluid concentration of 0.001wt.%. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25: Oil recovery with respect to zinc oxide (ZnO) nanofluid injection without 

EM waves 
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Table 5.6: Characteristics of the glass bead packed column and oil recovery for      

0.05 wt% zinc oxide (ZnO) nanofluid   

 NF Without EM 

Porosity (%) 23.94 

Permeability (mD) 85830.12 

OOIP 18.80 

ROIP 6.20 

Vol recovered during WF 12.60 

Recovery (ROIP) 44.03% 

5.6.1.3 Zinc Oxide (ZnO) Nanofluid at 0.1 wt.% 

Using ZnO nanofluid at 0.1wt.%, the oil recovery efficiency obtained was 39.19 % 

ROIP as shown in  Figure 5.26.  The characteristics of the glass bead packed column, 

amount of original oil in place (OOIP) and residual oil in place is shown in Table 5.7.  

Increasing the concentration of ZnO nanofluid from 0.001wt.%  to 0.1wt.%  decreased 

the posibility of fluid flow through the porous medium which affected  the oil recovery 

efficiency. From the results, it is observed that the oil recovery at nanofluid 

concentration of 0.1wt.%   is less than  at 0.001wt.%. This decrease in oil recovery with 

increase in the nanofluid concentration can also be related to interfacial tension between 

the nanofluids and oil. From the interfacial tension results, we observed that the 

interfacial tension at 0.1wt.%  concentration of nanofluid is greater than at 0.001wt.%. 

Therefore, the oil recovery at nanofluid concentration of 0.1wt.% is less than at the 

nanofluid concentration of 0.001wt.%. 
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Figure 5.26: Oil recovery with respect to zinc oxide (ZnO) nanofluid injection without 

EM waves 

 

Table 5.7: Characteristics of the glass bead packed column and oil recovery for       

0.1 wt% zinc oxide (ZnO) nanofluid   

 NF Without EM 

Porosity (%) 22.74 

Permeability (mD) 83189.19 

Original oil in place (OOIP) (ml) 18.10 

Residual oil in place(ROIP)(ml) 6.20 

Volume recovered during water flooding 

(ml) 11.90 

Recovery (ROIP) 39.19% 
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5.6.1.4 Effect of ZnO Nanofluid Concentration On Fluid Mobility and Recovery 

Efficiency 

 The fluid mobility is affected by the injection of nanofluids in different concentration. 

In this section, the effect of three different concentrations 0.001, 0.05, and 0.1 wt.% of 

ZnO  nanofluid on fluid mobility will be discussed.  From Figure 5.27, it is observed 

that pressure increases with increase in concentration of the nanofluids. 

 

 

 

 

 

 

 

 

Figure 5.27: Pressure versus pore volume of ZnO nanofluid injected in different 

concentration  

Fluid mobility can be calculated by Mobility Reduction Factor (MRF),  

    1

2

P
MRF

P





                 (5.6)  

Where; ΔP1 is the pressure difference after water flooding stage. ΔP2 is the pressure 

difference before nanofluid injection (EOR stage). Mobility Reduction Factor (MRF) 

value greater than ‘1’ shows that the nanofluid causes blogging to the pores and 

channels. 
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Table 5.8: Value of mobility reduction factor for different concentration of ZnO 

nanofluid 

 0.001 wt.% 0.05wt.% 0.1wt.% 

Mobility reduction factor (MRF) 1.91 1.99 2.29 

From the Table 5.8, it can be seen that with increasing concentration of nanofluids, 

the mobility reduction factor is also increasing. This increase in the mobility reduction 

factor affected the permeability of porous medium such as glass bead packed column 

during nanofluid injection. Increasing the concentration of ZnO nanofluids reduced the 

chances of fluid flow through the porous medium which affected the oil recovery 

efficiency. This difficulty of fluid flow indicates that the permeability of the porous 

medium is reduced.  

Due to the hydrophilic nature of ZnO nanoparticles, these particles can adsorb on 

the surface of the glass beads. Therefore by increasing the concentration of ZnO 

nanoparticles, the chances of more adsorption of ZnO nanoparticles increase. Due to 

the high adsorption of ZnO nanoparticles, fluid flow through the porous medium 

becomes difficult.  The electro statistic charges on the surface of ZnO nanoparticles 

becomes neutralized at high concentration of ZnO nanofluid  resulting  in accumulation 

of nanoparticles in the medium, which blogs the channels and pore throats. Therefore 

the recovery efficiency at the highest concentration of 0.1wt.% is low as compared to 

the recovery at the lowest concentration of 0.001% which produced high recovery 

efficiency.  

5.6.1.5 Iron Oxide (Fe2O3) Nanofluid at 0.001 wt.% 

Using iron oxide (Fe2O3) nanofluid at 0.001wt.%, the oil recovery efficiency obtained 

was 48.87 % ROIP as shown in  Figure 5.28.  The characteristics of the glass bead 

packed column, amount of original oil in place (OOIP) and residual oil in place is shown 

in Table 5.9. Due to the hydrophilic nature of iron oxide nanoparticles, these particles 

can adsorb on the surface of the glass beads. Iron oxide can change the wettability; in 

this process, oxygen vacancies at the surface of iron oxide nanoparticles are occupied 

by water molecule. This results in the generation of OH groups, which makes the 
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surface hydrophilic.  The wettability of the surface is controlled by the equilibrium of 

oxygen vacancy on the iron oxide and the hydroxyl group.  

 

 

 

 

 

 

 

Figure 5.28: Oil recovery with respect to iron oxide (Fe2O3) nanofluid injection 

without EM waves 

 

Table 5.9: Characteristics of the glass bead packed column and oil recovery for    

0.001 wt% iron oxide (Fe2O3) nanofluid   

 NF without EM 

Porosity (%) 24.31 

Permeability (mD) 84489.02 

Original oil in place (OOIP) (ml) 18.70 

Residual oil in place(ROIP)(ml) 5.90 

Volume recovered during water flooding 

(ml) 
12.80 

Recovery (ROIP) 54.74% 
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5.6.1.6 Iron Oxide (Fe2O3) Nanofluid at 0.05 wt.% 

Using iron oxide (Fe2O3) nanofluid at 0.05wt.%, the oil recovery efficiency obtained 

was 47.86 % ROIP as shown in  Figure 5.29.  The characteristics of the glass bead 

packed column, amount of original oil in place (OOIP) and residual oil in place are 

shown in Table 5.10. Increasing the concentration of iron nanofluid from 0.001wt.% to 

0.05wt.%  decreased the posibility of fluid flow through the porous medium which 

affected  the oil recovery efficiency. From the interfacial tension results, we observed 

that interfacial tension at 0.05wt.%  concentration of nanofluid is greater than at the 

nanofluid concentration of 0.001wt.%. Therefore, the oil recovery at nanofluid 

concentration of 0.05wt.% is less than at nanofluid concentration of 0.001wt.%. 

 

 

 

 

 

 

 

 

 

 

Figure 5.29: Oil recovery with respect to iron oxide (Fe2O3) nanofluid injection 

without EM waves 
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Table 5.10: Characteristics of the glass bead packed column and oil recovery for    

0.05 wt% iron oxide (Fe2O3) nanofluid   

 NF without EM 

Porosity (%) 24.31 

Permeability (mD) 84489.02 

Original oil in place (OOIP) (ml) 18.8 

Residual oil in place(ROIP)(ml) 6.1 

Volume recovered during water flooding (ml) 12.7 

Recovery (ROIP) 47.86% 

5.6.1.7 Iron Oxide (Fe2O3) Nanofluid at 0.1 wt.% 

Using iron oxide (Fe2O3) nanofluid at 0.1wt.%, the oil recovery efficiency obtained was 

43.44 % ROIP as shown in  Figure 5.30.  The characteristics of the glass bead packed 

column, amount of original oil in place (OOIP) and residual oil in placeare shown in 

Table 5.11. Increasing the concentration of iron oxide nanofluid from 0.001wt.% to 

0.1wt.%  decreased the posibility of fluid flow through the porous medium which 

affected  the oil recovery efficiency. From the interfacial tension results, we observed 

that the interfacial tension at 0.1wt.%  concentration of nanofluid is greater than at  

nanofluid concentration of 0.001wt.%. Therefore, oil recovery at nanofluid 

concentration of 0.1wt.% is less than at nanofluid concentration of 0.001wt.%. 
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Figure 5.30: Oil recovery with respect to iron oxide (Fe2O3) nanofluid injection   

without EM waves 

 

Table 5.11: Characteristics of the glass bead packed column and oil recovery for     

0.1 wt% iron oxide (Fe2O3) nanofluid   

 

 NF without EM 

Porosity (%) 24.48 

Permeability (mD) 84489.02 

Original oil in place (OOIP) (ml) 18.70 

Residual oil in place (ROIP)(ml) 5.80 

Volume recovered during water 

flooding (ml) 12.90 

Recovery (ROIP) 43.44% 
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5.6.1.8 Effect of Iron Oxide (Fe2O3) Nanofluid Concentration on Fluid Mobility and 

Recovery Efficiency 

The fluid mobility is affected by the injection of nanofluids at different concentration. 

In this section, the effect of three different concentrations 0.001, 0.05, 0.1 wt.% of iron 

oxide  nanofluid on fluid mobility will be discussed. From the Figure 5.31, it is observed 

that pressure increases with increase in concentration of the nanofluids. 

 

Figure 5.31: Pressure versus pore volume of iron oxide nanofluid injected in different 

concentration  

Table 5.12: Value of mobility reduction factor for different concentration of iron 

oxide nanofluid 

 0.001 wt.% 0.05wt.% 0.1wt.% 

Mobility reduction factor (MRF) 1.68 1.73 2.12 

From the Table 5.12, it can be seen that by increasing the concentration of the iron 

oxide nanofluids the mobility reduction factor is also increasing. This increase in the 

mobility reduction factor affected the permeability of porous medium such as the glass 

bead packed column during nanofluid injection. Increasing the concentration of iron 

oxide nanofluids reduced the chances of fluid flow through the porous medium which 

affected the oil recovery efficiency. This difficulty of fluid flow indicates that 

permeability of the porous medium is reduced.  



    

114 

Due to the hydrophilic nature of iron oxide nanoparticles, these particles can adsorb 

on the surface of the glass beads. Therefore, by increasing the concentration of iron 

oxide nanoparticles, the chances of more adsorption of iron oxide nanoparticles 

increase. Due the high adsorption of iron oxide nanoparticles, fluid flow through the 

porous medium becomes difficult which blogs the channels and pore throats. Therefore 

the recovery efficiency at the highest concentration of 0.1% is low as compared to the 

lowest concentration of 0.001%, which produced high recovery efficiency.  

5.6.2 Oil Recovery Using Nanofluids in the Presence of Electromagnetic Waves 

In this section, the effect of three different concentrations 0.001, 0.05, 0.1 wt.% of Zinc 

oxide (ZnO)  and iron oxide (Fe2O3) nanofluids on oil recovery efficiency in the 

presence of electromagnetic waves will be discussed. 

5.6.2.1 Zinc Oxide (ZnO) Nanofluid at 0.001 wt.% 

Zinc oxide (ZnO) nanofluid at 0.001 wt.% in the presence of electromagnetic waves 

produced oil recovery of 64.26% as shown in Figure 5.32. The test result of using zinc 

oxide (ZnO) nanofluid at 0.001 wt.% are shown on Table 5.13. It is evident that the 

production rate of oil displaced by the nanofluid in the presence of electromagnetic 

waves was increased by 15.39% in comparison to using the nanofluid only. 

The effective moment is expressed by the following equation, 

                           
(5.7)

  

Where, is the Clausius-Mossotti function,  ‘a’ is the radius of the 

particle. 

The equation for instantaneous force applied on a dipole by a time-dependent 

electric field is given below, 

 

2

p f

p f

K
 

 






34eff f op Ka E



    

115 

         

                                                                      (5.8) 

is called dielectrophoretic (DEP) force which is applied on a polarizable 

particle when it is exposed to a non-uniform electric field. When nanoparticles are either 

adsorbed by the oil/water boundary or spread in  fluid phase in reservoir rock pores, 

and exposed to external electromagnetic field, the resulting particle movements 

displace the interface.This equation shows that particles will  displaced the oil water 

interface if the particles are attached to the oil water interface due to force experienced 

by the nanoparticles. This dielectrophoretic force depends on the particle size which 

shows that by increasing the particle size the dielectrophoretic force experienced by the 

nanoparticles will also increase.  These particles with large particle size experience 

large magnetic force when they were exposed to the electromagnetic waves. The 

dielectrophoretic force experienced by zinc oxide (ZnO) nanoparticles produced 

interfacial movement which improved the oil recovery.  The oil/water interfacial 

tension can show the elastic response to electromagnetic field oscillation. From the 

band structure of zinc oxide (ZnO), the band gap value obtained is 0.808ev as shown in 

Figure 5.3. The number of electron of zinc oxide (ZnO) which took part to produce the 

band structures are 36. The band gap is also related to dielectric constant, where the 

dielectric constant increases with decreasing band gap [135, 136]. As zinc oxide (ZnO) 

has the highst band gap, it has low dielectric constant. This shows that zinc oxide (ZnO) 

nanofluid in the presence of electromagnetic waves has low polarization due to high 

band gap value.  The apparent viscosity of nanofluid increases due to the polarization 

of ZnO nanoparticles which also increases the capillary number due to reduction of the 

capillary forces. Therefore oil displacement efficiency increases and it produced oil 

recovery of 64.26%  

 

( ) ( )dep effF t p E t 

depF
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Figure 5.32: Oil recovery with respect to zinc oxide (ZnO) nanofluid injection with 

EM waves 

 

Table 5.13: Characteristics of the glass bead packed column and oil recovery for zinc 

oxide (ZnO) nanofluid at 0.001 wt% 

 NF With EM 

Porosity (%) 24.22 

Permeability (mD) 85830.12 

Original oil in place (OOIP) (ml) 18.60 

Residual oil in place(ROIP)(ml) 6.10 

Volume recovered during water flooding (ml) 12.50 

Recovery (ROIP) 64.26% 
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5.6.2.2 Zinc Oxide (ZnO) Nanofluid at 0.05 wt.% 

Zinc oxide (ZnO) nanofluid at 0.05 wt.% in the presence of electromagnetic waves 

produced oil recovery of 57.16% as shown in Figure 5.33. The test result of using zinc 

oxide (ZnO) nanofluid at 0.05 wt.% are shown on Table 5.14.  Taking into account that 

the interfacial tension of zinc oxide (ZnO) nanoparticles had increased with increasing 

concentration of the nanoparticles. The zinc oxide (ZnO) nanofluid at concentration of 

0.001% has low interfacial tension as compared to the iron oxide (Fe2O3) nanofluid at 

concentration of 0.05%. Therefore, the nanofluid at 0.001% concentration showed high 

oil recovery as compared to the nanofluid at 0.05% concentration.  

 

 

 

 

 

 

 

 

Figure 5.33: Oil recovery with respect to zinc oxide (ZnO) nanofluid injection 

with EM waves 
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Table 5.14: Characteristics of the glass bead packed column and oil recovery for zinc 

oxide (ZnO) nanofluid at 0.05 wt% 

 NF With EM 

Porosity (%) 24.58 

Permeability (mD) 83189.19 

Original oil in place (OOIP) (ml) 18.70 

Residual oil in place(ROIP)(ml) 6 

Volume recovered during water 

flooding (ml) 
12.70 

Recovery (ROIP) 57.16% 

5.6.2.3 Zinc Oxide (ZnO) Nanofluid at 0.1 wt.% 

Zinc oxide (ZnO) nanofluid at 0.1wt.% in the presence of electromagnetic waves 

produced oil recovery of 49.53% and with nanofluid only the oil recovery is   39.19% 

as shown in Table 5.15. As shown in Figure 5.34, the production rate of oil displaced 

by the nanofluid in the presence of electromagnetic increased by 10.34% in comparison 

with nanofluid only. The interfacial tension of zinc oxide (ZnO) nanoparticles was 

observed to increase with increasing concentration of nanoparticles. This was observed 

as the zinc oxide (ZnO) nanofluid at the concentration of 0.1wt.% recorded high 

interfacial tension as compared to the zinc oxide (ZnO) nanofluid at concentrations of 

0.001wt.% and 0.05wt.%.  Therefore, the nanofluid at 0.1wt.% concentration showed 

the lowest oil recovery as compared to the nanofluid at 0.001wt.%  and 0.05wt.%  

concentration. 
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Figure 5.34: Oil recovery with respect to zinc oxide (ZnO) nanofluid injection with 

EM waves 

 

Table 5.15: Characteristics of the glass bead packed column and oil recovery for zinc 

oxide (ZnO) nanofluid at 0.1 wt% 

 NF With EM 

Porosity (%) 23.87 

Permeability (mD) 81928 

Original oil in place (OOIP) (ml) 18.90 

Residual oil in place(ROIP)(ml) 6.40 

Volume recovered during water flooding (ml) 12.50 

Recovery (ROIP) 49.53% 
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5.6.2.4 Effect of ZnO Nanofluid Concentration On Fluid Mobility and Recovery 

Efficiency 

For ZnO nanofluid, the highest recovery efficiency of 64.26% ROIP with the 

application of electromagnetic waves and 48.87% ROIP  without electromagnetic 

waves application was obtained from the lowest concentration of ZnO nanoparticles in 

the fluid (0.001 wt.%).  At the concentrationof 0.05wt.%, the effieciency  obtained was 

57.16% ROIP with  electromagnetic waves  and 44.03% ROIP without electromagnetic 

waves.  At 0.1wt.% of nanofluid concentration, the effiency of recovery obtained was 

49.53% ROIP with  electromagnetic waves and  39.19% ROIP without electromagnetic 

waves. The oil recovery efficiency of ZnO nanofluid with electromagnetic waves is 

higher than the oil recovery without electromagnetic waves. The pressure increased 

with electromagnetic waves as compared to without electromagnetic waves during 

nanofluid injection as shown in Figure 5.35.  

 

 

Figure 5.35: Pressure versus pore volume of ZnO nanofluid injected in different concentration 

with EM 
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From the Darcy’s equation (5.9)  

     ΔP
 

KA
µ

Lq
         (5.9) 

It is observed that the increase in pressure is related to the increase in apparent 

viscosity of the fluid.  

The apparent viscosity increases due to the polarization of ZnO nanoparticles; 

in the presence of the electromagnetic waves the nanoparticles align themselves in the 

direction of the electromagnetic field. This polarization produces momentarily chain 

like structure which increases the resistance of the fluid flow resulting in increasing the 

viscosity of the fluid; therefore pressure also increases. This increase in viscosity 

increases the capillary number which reduces the capillary forces.  

5.6.2.5 Iron Oxide (Fe2O3) Nanofluid at 0.001 wt.% 

Iron oxide (Fe2O3) nanofluid at 0.001 wt% in the presence of electromagnetic waves 

produce oil recovery of 71.66 % as shown in Figure 5.36. The test results for iron oxide 

(Fe2O3) nanofluid at 0.001 wt% are shown on Table 5.16. It is evident that the 

production rate of oil displaced by the nanofluid with electromagnetic was increased by 

16.92% in comparison to using nanofluid only. When magnetic nanoparticles are spread 

in fluid phase or adsorbed at the oil/water interface in reservoir rock pores, and exposed 

to external magnetic field, the subsequent particle movements displaces the interface. 

( )m o p pF V M H   

                                                ( )m p pF V M B                     (5.10) 

This equation shows that the nanofluid particles will be displaced from the oil water 

interface if the particles are attached to the oil water interface due to force experienced 

by the magnetic nanoparticles. This magnetic force depends on the particle size which 

shows that as the particle size increases, the magnetic force experienced by the 

nanoparticles will also be increased. These particles with large particle size experience 
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large magnetic force when these particles were exposed to electromagnetic waves. Due 

to the magnetic force experienced by iron oxide (Fe2O3), the nanoparticles produced 

interfacial movement which improved the oil recovery. From the band structure of iron 

oxide (Fe2O3), the band gap value obtained is 0.201ev as shown in Figure 5.5. The 

number of electron of iron oxide (Fe2O3) which took part to produce the band structures 

are 68.   The lowest band gap value of iron oxide (Fe2O3) shows that iron oxide requires 

smaller electromagnetic energy to shift its valence electrons to conduction band.  The 

band gap is also related to dielectric constant, where the dielectric constant increases 

with decreasing band gap [135, 136]. As iron oxide has the lowest band gap, it has high 

dielectric constant. This shows that iron oxide (Fe2O3) nanofluid in the presence of 

electromagnetic waves has high polarization due to low band gap. This high 

polarization effect the apparent viscosity of nanofluid which increase the oil 

displacement efficiency and it produced oil recovery of 71.66%  

 

 

 

 

 

 

 

Figure 5.36: Oil recovery with respect to iron oxide (Fe2O3) nanofluid injection with 

EM waves 

 



    

123 

Table 5.16: Characteristics of the glass bead packed column and oil recovery for iron 

oxide (Fe2O3) nanofluid at 0.001 wt% 

 NF with EM 

Porosity (%) 24.03 

Permeability (mD) 83189.19 

Original oil in place (OOIP) (ml) 18.60 

Residual oil in place(ROIP)(ml) 6 

Volume recovered during water flooding 

(ml) 
12.60 

Recovery (ROIP) 71.66% 

5.6.2.6 Iron Oxide (Fe2O3) Nanofluid at 0.05 wt.% 

Iron oxide (Fe2O3) nanofluid at 0.05 wt.% in the presence of electromagnetic waves 

produced oil recovery of 65.25 % as shown in Figure 5.37. The iron oxide (Fe2O3) 

nanofluid test results are shown on Table 5.17. The interfacial tension of iron oxide 

(Fe2O3) nanoparticles increases with increasing concentration of nanoparticles. The 

iron oxide (Fe2O3) nanofluid at the concentration of 0.001% has low interfacial tension 

as compared to the iron oxide (Fe2O3) nanofluid at the concentration of 0.05%. 

Therefore, the nanofluid at 0.001wt.% concentration showed high oil recovery as 

compared to the nanofluid at 0.05wt.% concentration as shown in Figure 5.37. It is 

evident that the reduction of interfacial tension at the nanofluid–oil interface and 

enhancement of pore wettability produced an energy decline of oil in linking with the 

porous medium surface due to which the oil flow rate increased. 
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Figure 5.37: Oil recovery with respect to iron oxide (Fe2O3) nanofluid injection with 

EM waves 

 

 

Table 5.17: Characteristics of the glass bead packed column and oil recovery for iron 

oxide (Fe2O3) nanofluid at 0.05 wt% 

 

 NF with EM 

Porosity (%) 24.37 

Permeability (mD) 85830.12 

OOIP (ml) 18.7 

ROIP 5.9 

Vol recovered during WF 12.8 

Recovery (ROIP) 65.25 
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5.6.2.7 Iron Oxide (Fe2O3) Nanofluid at 0.1 wt.% 

Iron oxide (Fe2O3) nanofluid at 0.1 wt.% in the presence of electromagnetic waves 

produced oil recovery of 55.24%. The iron oxide (Fe2O3) nanofluid test result is shown 

in Figure 5.38 and in Table 5.18. The interfacial tension of iron oxide (Fe2O3) 

nanoparticles increases with increasing concentration of nanoparticles. The iron oxide 

(Fe2O3) nanofluid at the concentration of 0.1wt.% has high interfacial tension as 

compared to the iron oxide (Fe2O3) nanofluid at concentrations of 0.001wt.% and 

0.05wt.%. Therefore, the nanofluid at 0.1wt.% concentration showed low oil recovery 

as compared to the nanofluid at 0.001wt.% and 0.05wt.% concentration. 

 

 

 

 

 

 

 

 

Figure 5.38: Oil recovery with respect to iron oxide (Fe2O3) nanofluid injection 

without EM waves 
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Table 5.18: Characteristics of the glass bead packed column and oil recovery for iron 

oxide (Fe2O3) nanofluid at 0.1 wt% 

 

 NF with EM 

Porosity (%) 24.41 

Permeability (mD) 83189.19 

Original oil in place (OOIP) (ml) 18.90 

Residual oil in place (ROIP)(ml) 6.10 

Volume recovered during water flooding 

(ml) 12.80 

Recovery (ROIP) 55.24% 

5.6.2.8 Effect of Iron Oxide (Fe2O3) Nanofluid Concentration on Fluid Mobility and 

Recovery Efficiency 

The highest recovery efficiency of  71.66% ROIP with  electromagnetic waves and 

54.74% ROIP without electromagnetic waves was obtained from the lowest 

concentration of iron oxide nanoparticles in the fluid (0.001 wt.%). The concentration 

0.05 wt.%.  produced 65.25% ROIP with electromagnetic waves and 47.86% ROIP 

without electromagnetic waves. The nanofluid at 0.1wt.% concentration produced 

55.24% ROIP with  electromagnetic waves and  43.44% ROIP without electromagnetic 

waves. The oil recovery efficiency of iron nanofluid with electromagnetic waves is 

higher than the oil recovery without electromagnetic waves. The pressure increased 

with electromagnetic waves as compared to without electromagnetic waves during 

nanofluid injection as shown in Figure 5.39.  
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Figure 5.39: Pressure versus pore volume of iron oxide nanofluid injected in different 

concentration with EM 

From the Darcy’s equation (5.10)  

     ΔP
 

KA
µ

Lq
       (5.10)  

It is observed that the increase in pressure is related to the increase in apparent viscosity 

of the fluid.  

The apparent viscosity increases due to the magnetic spin of the iron oxide 

nanoparticles; in the presence of electromagnetic waves the nanoparticles orient 

themselves in the direction of the electromagnetic field. This magnetic spin orientation 

produces momentarily chain like structure which increases the resistance of the fluid 

flow which results in increasing the viscosity of the fluid, therefore pressure is also 

increases. This increase in viscosity increases the capillary number but the capillary 

forces are reduced.  
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Table 5.19: Summary of the oil recovery with nanofluids and sample characteristics parameter 

 

zinc oxide (ZnO) 

nanofluid at 0.001 

wt.% 

zinc oxide (ZnO) 

nanofluid at 0.05 

wt.% 

zinc oxide nanofluid 

at 0.1 wt.% 

iron oxide (Fe2O3) 

nanofluid at 0.001 

wt.% 

iron oxide (Fe2O3) 

nanofluid at 0.05 

wt.% 

iron oxide (Fe2O3) 

nanofluid at 0.1 

wt.% 

NF 

With 

EM 

NF 

Without 

EM 

NF With 

EM 

NF 

Without 

EM 

NF With 

EM 

NF 

Without 

EM 

NF With 

EM 

NF 

Without 

EM 

NF With 

EM 

NF 

Without 

EM 

NF With 

EM 

NF 

Without 

EM 

Porosity (%) 
24.22 24.00 24.58 23.94 23.87 22.74 24.03 24.31 24.37 24.31 24.41 24.48 

Permeability 

(mD) 

85830.1

2 

87214.4

7 
83189.19 85830.12 81928 83189.19 83189.19 84489.02 85830.12 84489.02 83189.19 84489.02 

OOIP(ml) 
18.6 18.7 18.7 18.8 18.9 18.1 18.6 18.7 18.7 18.8 18.9 18.7 

ROIP(ml) 
6.1 6.2 6.0 6.2 6.4 6.2 6.0 5.9 5.9 6.1 6.1 5.8 

Volume 

recovered 

during WF 

(ml) 

12.5 12.5 12.7 12.6 12.5 11.9 12.6 12.8 12.8 12.7 12.8 12.9 

Recovery 

(ROIP) % 64.26 48.87 57.16 44.03 49.53 39.19 71.66 54.74 65.25 47.86 55.24 43.44 
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Table 5.20: Summary of the density of state, band structure, hysteresis loss, and mobility reduction factor of nanofluids and ROIP 

 

 

 

 

 Density of state (DOS) 
Band 

structure 
Particle size 

Crystal 

plane 

Mobility 

reduction factor  

(MRF) 

ROIP 

NF With 

EM 

NF 

Without 

EM 

ZnO 
Zn = 3d104s2,             

O = 2s2p4,  

number of 

electron = 36 
0.808ev 30-39nm [101] 1.91 64.26% 48.87% 

Fe2O3 
Fe = 3p6d64s2,            

O = 2s2p4,  

number of 

electron = 68 
0.201ev 30.27-37.60nm [104] 1.68 71.66% 54.74% 
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5.7 Summary 

The oil recovery by using iron oxide (Fe2O3) nanofluid at concentration of 0.001wt.%  

with EM was 71.66% of ROIP and without EM was 54.74% of ROIP. At 0.001% zinc 

oxide (ZnO) nanofluid, with EM the recovery of oil was 64.26 % of ROIP and without 

EM it was 48.87% of ROIP. These results imply that injecting iron oxide nanofluid of 

0.001wt.% coupled with electromagnetic waves has potential for enhanced oil recovery. 

From the density of state, it is observed that the electronic configuration for zinc oxide 

(ZnO) is Zn = 3d104s2, O = 2s2p4 and the number of electron of zinc oxide (ZnO) 

which took part to produce the band structures are 36. The electronic configuration for 

iron oxide (Fe2O3) is Fe = 3p6d64s2, O = 2s2p4 and the number of electron of iron 

oxide (Fe2O3) which took part to produce the band structures are 68. This shows that 

the number of electrons in iron oxide is higher than in zinc oxide which activates at the 

valence band and conduction band. From the band structure of zinc oxide (ZnO), the 

band gap value obtained is 0.808ev and for iron oxide, the band gap value is 0.201ev. 

The percentage difference between the band gap of zinc oxide and iron oxide (Fe2O3) 

is 301%. For the zinc oxide (ZnO), the band structure Zn 4s states predominates the 

lowest conduction band and O 2p states are predominantly found in the uppermost 

valence band.  For iron oxide (Fe2O3), it is observed that the valence band is a mixture 

of O 2p states and a majority of Fe 3d states orbitals, while the conduction band consists 

of small amount of Fe 3d states orbitals.  The lowest band gap value of iron oxide 

(Fe2O3) shows that iron oxide requires smaller electromagnetic energy to shift its 

valence electrons to conduction band. In comparison, zinc oxide (ZnO) requires high 

electromagnetic energy for shifting its valence electrons to conduction band. The band 

gap is also related to dielectric constant, where the dielectric constant increases with 

decreasing band gap. As iron oxide has the lowest band gap, it has greater dielectric 

constant than zinc oxide (ZnO) which has the highest band gap and therefore the lowest 

dielectric constant. This shows that iron oxide (Fe2O3) nanofluid in the presence of 

electromagnetic waves has high polarization due to low band gap.  Due to that, it 

produced high oil recovery of 71.66 % as compared to zinc oxide (ZnO) which has low 

polarization due to high band gap and consequently low oil recovery of 64.26%.  
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The XRD results of  zinc oxide (ZnO) and iron oxide (Fe2O3) showed a single 

phase structure with a [101] and [104] major peak respectively. The particle size of zinc 

oxide (ZnO) and iron oxide (Fe2O3) nanoparticles are in the range of 30-39 nm and 

30.27-37.60nm respectively. Iron oxide (Fe2O3) samples sintered at 500°C showed a 

high initial permeability, Q-factor and low loss factor as compared to samples sintered 

at 400°C. From the hysteresis loop, it was observed that iron oxide (Fe2O3) samples 

sintered at 500°C showed a 10.64% high magnetic saturation (Ms) as compared to the 

samples sintered at 400°C. In the new electromagnetic flooding system, it was observed 

that the magnetic field value at the top position (Rx-1) of the glass bead packed column 

is 74.37 % more than at the (Rx-2) center position of the column.   While the magnetic 

field value at the top position (Rx-1) is 98 % more than at the bottom position (Rx-3) of 

the column.  This shows that glass bead packed column saturated with oil, brine or 

nanofluids can absorb electromagnetic waves. From the simulation of radiation pattern  

of the antenna, it was observed that the E-field magnitude in the main lobe direction is 

2.44×10-15  V/m and the H-field magnitude in the main lobe direction is 5.8×10-17 A/m. 

Mobility reduction factor (MRF) value greater than ‘1’ shows that the nanofluid 

cause cause blogging to the pores and channels. This increase in the mobility reduction 

factor affected the permeability of porous medium such as glass bead packed column 

during nanofluid injection. This difficulty of fluid flow indicates that the permeability 

of the porous medium is reduced. As the mobility reduction factor of zinc oxide (ZnO) 

is greater since the particle size of ZnO is larger than that of iron oxide (Fe2O3), 

therefore oil recovery due to zinc oxide (ZnO) is less than iron oxide (Fe2O3). In the 

presence of electromagnetic field, the apparent viscosity increases due to the 

polarization of nanoparticles which align themselves in the direction of the 

electromagnetic field. This increase in viscosity increases the capillary number which 

results in reduction of the capillary forces. As the capillary number increases, 

the oil displacement efficiency also increases. Therefore oil recovery with 

electromagnetic waves is higher than oil recovery without electromagnetic waves.  

These results imply that injecting the iron oxide nanofluid at the concentration of 

0.001wt.% coupled with electromagnetic waves has potential for enhanced oil recovery. 

This is due to high strength of the magnetic force that acts on the nanoparticles which 
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is proportional to the magnetic field strength, and low band structure of iron oxide 

(Fe2O3) which produces high polarization as compared to zinc oxide (ZnO). 

 

  



   

CHAPTER 6 

CONCLUSION 

A new water flooding system has been designed to study the recovery of oil. ZnO and 

Fe2O3 nanoparticles were synthesized and their properties were obtained in terms of 

density of state and band structure. These nanoparticles with good dielectric and 

magnetic properties can recover oil. From the simulation, it is observed that from the 

band structure of zinc oxide (ZnO), the band gap value obtained is 0.808ev and for iron 

oxide the band gap value is 0.201ev. The percentage difference between the band gap 

of zinc oxide and iron oxide is 301%.  

  From the nanoparticles characterization, the XRD results of  zinc oxide (ZnO)  

and iron oxide (Fe2O3) prepared by sol gel method showed a single phase structure with 

a [101] and [104] major peak respectively. From the hysteresis loop, it is observed that 

iron oxide (Fe2O3) samples sintered at 500°C showed a 10.64% high magnetic 

saturation (Ms) compared to the sample sintered at 400°C.  

In the new electromagnetic flooding system, it is observed that the magnetic 

field value at the top position (Rx-1) of the glass bead packed column is 74.37 % more 

than at the (Rx-2) center position of the column. .  While the magnetic field value at the 

top position (Rx-1) is 98 % more than the bottom position (Rx-3) of the column.    

 Oil recovery through the usage of iron oxide (Fe2O3) nanofluid at 0.001wt.% and 

electromagnetic waves generated from the antenna was 71.66% ROIP. Oil recovery 

through the usage of 0.001wt.% zinc oxide (ZnO)  nanofluid and electromagnetic waves 

was 64.26 % ROIP. It is demonstrated that the new electromagnetic water flooding 

system with nanofluids have potential application in enhanced oil recovery. Therefore, 

it is concluded that the new electromagnetic system have potential for application in 

enhanced oil recovery process. 
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RESEARCH CONTRIBUTIONS 

The major contributions of this thesis are: 

1. CASTEP simulation shows that the band gap value of ZnO obtained is 0.808ev 

and for Fe2O3, the band gap value is 0.201ev. The percentage difference 

between the band gap of ZnO and Fe2O3 is 301%. For the ZnO band structure, 

Zn 4s state contributes to conduction band and O 2p state contributes to valence 

band. As for Fe2O3, the valence band is a mixture of O 2p state and a majority 

of Fe 3d state while the conduction band consists of Fe 3d state.   

2. New electromagnetic water flooding system with antenna and nanofluids. 

3. Zinc oxide (ZnO) and iron oxide (Fe2O3) nanoparticles with particle sizes of 30-

39nm and 30.27-37.60nm have been demonstrated as able to improve oil 

recovery when used in conjunction with electromagnetic waves. 

4. The induced electromagnetic field interacts with iron oxide (Fe2O3) 

nanoparticles at 0.001% wt.% to produce 71.66% of ROIP oil recovery. 
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RECOMENDATIONS 

Further works should be carried out in order to improve oil recovery by using nanofluids 

and antenna: 

1. Different metal oxide nanoparticles can be used to achieve higher oil recovery.  

2. Different kinds of nanofluids concentration can be experimented to find the 

optimum values for higher oil recovery. 

3. The stability of nanoparticles suspension should be quantitatively analyzed 

including the effect of temperature and/or pressure on the stability.  

4. The improvement in suspension stability would be achieved with the choice of 

additives and surface coating techniques. 

5. Optimized parameters such as nanofluid concentration, EM wave frequency, 

type and morphology of nanoparticles should be used. 
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APPENDIX A 

NANOPARTICLES SYNTHESIZES CALCULATIONS 
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Zinc Oxide Nanoparticles 

Zinc oxide nanoparticles are synthesized by using zinc nitrate hexahydrate, 

Zn(NO3)2.6H2O as starting material and 65% nitric acid. The calculation for the 

synthesizing the ZnO is based on the molecular weight for zinc nitrate hexahydrate. 

 The calculation is shown below: 

 Molecular weight of zinc nitrate hexahydrate, Zn(NO3)2.6H2O 

 Molecular weight of Zn(NO3)2.6H2O = 297.48 g 

 Molecular weight of zinc nitrate, Zn(NO3)2, 

 Molecular weight of Zn(NO3)2= 189.39 g 

In order to prepare 10 g of zinc oxide nanopowders, the estimated amount of zinc 

nitrate hexahydrate required as starting material is calculated by using the  formula 

given:  

   

Molecular weight of zinc nitrate hexahydrate
Amount of zinc nitrate hexahydrate Amount of Zinc Oxide 

Molecular weight of zinc nitrate 

                                                                  

 

                                                                      to be synthesize 

 

Amount of 65% nitric acid (HNO3) that needs to be used to prepare 10g of zinc oxide 

nanoparticles is five times the amount of zinc nitrate hexahydrate. 

Amount of 65% Nitric Acid 15.70 5

                                             = 78.5

ml

ml

 
 

By using the formula above, the estimated amount of zinc nitrate hexahydrate and 

65% nitric acid to be used to produce 10 g of zinc oxide nanopowders are 15.70 g and          

78.5 mL respectively. 

 

297.48g

189.39g

                         = 15.70 g

10gAmount of Zinc Nitrate Hexahydrate = X
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Iron Oxide (Fe2O3) Nanoparticles 

Iron oxide (Fe2O3) nanoparticles are synthesized by using iron nitrate (Fe(NO3)3 9H2O) as 

starting material and 65% nitric acid. The calculation for the synthesizing the iron oxide 

(Fe2O3) is based on the molecular weight for iron nitrate (Fe(NO3)3 9H2O). 

 The calculation is shown below: 

 Molecular weight of Iron nitrate (Fe(NO3)3 9H2O)., 

 Molecular weight of Fe(NO3)3 9H2O = 404g 

 Molecular weight of iron nitrate Fe(NO3)3 , 

 Molecular weight of iron nitrate Fe(NO3)3 = 241.86 g 

In order to prepare 10 g of iron oxide (Fe2O3) nanopowders, the estimated amount 

of iron nitrate (Fe(NO3)3 9H2O) required as starting material is calculated by using the 

formula given:  

   

 

 

 

 

 

Amount of 65% nitric acid (HNO3) that needs to be used to prepare 10g of iron oxide 

(Fe2O3)nanoparticles is five times the amount of Iron nitrate (Fe(NO3)3 9H2O). 

Amount of 65% Nitric Acid 16.70 5

                                             = 83.5

ml

ml

 
 

By using the formula above, the estimated amount of iron nitrate (Fe(NO3)3 9H2O) 

and 65% nitric acid to be used to produce 10 g of iron oxide (Fe2O3) nanopowders are        

16.70 g and 83.5 mL respectively. 

 

  
  3

3

3 2

3 2 2 3

Iron nitrate Fe NO  9H O
Iron nitrate Fe NO 9H O Iron oxide (Fe O

Iro

Molecular weight of 
Amount of = ×Amount of  ) 

Molecular weight of 

                                                 

n

 

 nitra

   

te 

                                                                                                        to be synthesize 

  3 23

404
Amount of = ×10g 

                                               

Iron nitrate Fe NO

                 

9H O
24

   = 

1.8

16

g

g

6  

.70

g


