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ABSTRACT 

This work is a contribution and value addition to edible oil verification and the waste oil recovery 

process. It comprised the development of a sensing technique that will primarily enable the ability to 

probe different oils and establish their differences for authentication, and in addition test free fatty acid 

levels in waste cooking oils, and methanol levels in the oil recovery process.  It does so in real time 

and in a cost-effective manner. Various techniques that have been applied to this so far, have proven 

to be either too sophisticated and require specialised trained persons to employ, or are too expensive 

for large scale implementation. 

Microwave spectroscopy is used to develop the sensor. Experiments were carried out using samples 

of different edible oils to probe and verify their differences, as a result each sample presented different 

signal spectra. To verify the authenticity of extra virgin olive oil diluted with sunflower oil, samples 

were mixed in different percentages of concentration, 0 to 50% of sunflower in extra virgin olive oil. 

The results were regressed and attained a value of correlation coefficient of 0.9739. To probe the levels 

of free fatty acid and methanol in oil, 0 to 17.5% of free fatty acid was mixed with vegetable oil, and 

the results attained a regression coefficient value of 0.9942. Levels 0 to 17.5% of free fatty acid were 

mixed with methanol and attained 0.9944. Levels 30 to 50% mixed with methanol gave a value of 

0.9846.  

Using the results of the experiments, computer aided models were evolved, which were simulated 

using COMSOL Multiphysics software. The simulated work produced results that were favourably 

comparable to the laboratory experiments. The design of a new conceptual industry model of the 

microwave spectroscopic resonant sensor for waste oil recovery was carried out and scaled out of the 

laboratory model. Finally, the industry model with a Q-factor of 7856 and resonant frequency of 2.3562 

GHz was attained as a result. 
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1.0 INTRODUCTION  

In the food industry, there has been the need to identify edible oils with the aim to establish 

their nature and most importantly to authenticate that they are fit for purpose. With the growing 

amount of food oil production, mainly from plant and seed sources, the ability to differentiate 

one kind from the other becomes essential, mainly for the purpose of quality control (Maggio 

et al., 2010). Many different approaches have been examined in this respect and have achieved 

some degree of success (Rohman and Man, 2010).  

In the waste oil industry, the recovery of used oils from domestic sources and restaurants, is 

not only beneficial to the environment, but also a source of income for many as demonstrated 

in Badday et al., (2012). The ability to monitor this process is of importance, not only for the 

purpose of quality assurance but also to improve the efficacy of the final product (Demirbas, 

2009). 

In this work, an effort is being made to address the problem regarding the verification of 

edible and waste oil products, by researching into a technology that would facilitate the solution 

in real time and in a cost-effective manner. Microwave technology is found to provide versatile 

solutions to this sort of problem as indicated in many sources, including Korostynska et al., 

(2013). In this work the microwave sensor was able to show different spectra of some edible 

oils but not as far as to establish authentication (i.e. show concentration of contaminant oils). 

The work being undertaken in this thesis shows the difference between oils including the level 

of contamination. 

Work carried out herein considered the use of a number of established tools, which include 

sensors and network analysers, in the lab environment to test numerous samples of oil sourced 

from the supermarkets. In addition to this, samples made of oil, free fatty acids and methanol 

were used to create a scenario similar to the waste oil recovery process. The samples were 
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measured principally for the process of determination of their dielectric properties. The tests 

were then subjected to quantifiable evaluation and verification and the results were used for 

the development of the microwave spectroscopic resonant sensor to be utilised for edible and 

waste oil verification. 

1.1 Background  

The verification of oil products of any sort has always proven challenging to researchers. 

Due to their nature, i.e. texture, colour, and volatility, etc, they tend to prove difficult in 

handling and measuring. The ability to find a suitable technique that has the potential to handle 

these products in real time and in a cost-effective manner is the essence of this work, which is 

to allow for the verification of oil types and to measure levels of free fatty acids and methanol 

in the waste oil recovery process. 

The ability to differentiate edible oils apart from the labels they carry is mostly impossible 

by human senses. This allowed for possible adulteration of the products for the purpose of 

cheating and/or profiteering. Any technique that can make this happen in real time and in a 

cost-effective way will not only be solving a problem of oil adulteration but also contribute in 

a good way to enhancement of knowledge. 

Edible oils also contribute to environmental issues, especially after use. These oils if not 

disposed of properly would run into sewers, and consequently into soils and rivers, therefore 

causing damage to the environment. One way of solving this problem is by what is termed as 

waste oil recovery. A process where the used oils are collected and processed into other forms 

of oils and/or fuels. This process does not only help to clean the environment from hazardous 

oils but also to bring back to life different kind of oils and it is linked to cleaner energy.  
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One of the main products of this waste oil recovery is biodiesel, which is known to be less 

harmful to the environment. A major part of this work includes the design of a sensor that is 

able to measure levels of some samples in the waste oil recovery process. 

Currently the industry depends on sophisticated techniques, like gas chromatography (GC), 

high performance liquid chromatography (HPLC), nuclear magnetic resonance (NMR) and 

other related methods, as shown in the following literature review section (1.2), which rely on 

highly qualified and specialised personnel to operate. Moreover, the systems are, more often, 

located in dedicated laboratories, where samples have to be carried for tests and the results 

relayed back later for action to be taken, therefore lacking the real time effect and incurring 

handling and time penalties. 

The work carried out here is the development of a sensor system based on microwave 

spectroscopy, capable of probing in real time, edible oils to establish their difference and 

identity leading to authenticity. To cater for the environment, it is linked to the after use of the 

oils, with the development of a sensor system that can monitor, in real time, the waste oil 

recovery process.  
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1.2 Literature Review  

1.2.1 Vegetable oil verification 

Vegetable oil production comes with numerous challenges. The toxic oil syndrome (TOS)  

epidemic (Europe, 1992) has long been known to have resulted from the consumption of 

rapeseed oil denatured with aniline, which caused mass food poisoning and many deaths in 

Spain during the 1980s. It necessitated researchers to look into the production of food oils in 

general and methods of their verification (Maggio et al., 2010). 

The importance of olive oil as an economically important product with a fine aroma and a 

pleasant taste, and which is internationally appreciated for its nutritional value and health 

benefits was demonstrated in Aparicio and Harwood, (2013). Costs of virgin olive oil are high 

when compared to other commonly used vegetable oils, making it prone to adulteration with 

less expensive oils in order to increase profits. Firestone (2001) in his paper, ‘Assuring the 

integrity of olive oil products’, suggested that the most common adulterants found in virgin 

olive oil are seed oils, such as sunflower, soy, corn and rapeseed oils as well as nut oils, 

including hazelnut and peanut oils.  

Several commercial categories of olive oil are legally defined by the European Community 

Council of Regulation (EC, 2001), which are marketed with different prices. Thus, there is 

also the possibility of mixing less expensive commercial categories such as refined olive oil 

and pomace oil with the highest quality product, extra virgin olive oil, for economic reasons. 

Detection of these two types of adulteration is often complicated with no single test available 

that can accomplish the task, especially when oils with chemical compositions similar to extra 

virgin olive oil are employed (Chester et al., 2007). 
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Detection and determination of the adulteration of extra virgin olive oil are not simple 

tasks; efforts to detect and determine adulteration traditionally demand monitoring of several 

organic compounds to establish a comparison with typical unadulterated oils in order to 

identify any change of composition that could be related to adulteration as demonstrated in 

Mueller, (2014). 

Complementary analytical techniques devoid of such problems, could act as supporting 

tools for currently used methods, being very helpful to improve the detection of extra virgin 

olive oil adulteration. Among them, calorimetric techniques and the application of differential 

scanning calorimetry to make evident the adulteration of extra virgin olive oil was recently 

reported (Baranska, 2013). On the other hand, nuclear magnetic resonance coupled with 

multivariate statistical analysis was applied to detect extra virgin olive oil adulteration with 

lampante olive oil and refined olive oil (Ramesh, 2016). 

Spectrofluorimetric methods also emerged as an alternative; excitation–emission 

fluorescence spectroscopy was reported for detecting adulteration of olive oil (Grimm et al., 

2007). Fourier Transform Infrared (FTIR) has been also used to detect olive oil adulteration 

and freshness (Smith, 2011). The latter technique is often coupled with chemometrics methods 

such as principal component analysis (PCA), linear discriminant analysis (LDA), support 

vector machine (SVM) and K-nearest neighbour (KNN) that can be used to assign the 

measured spectrum to a category in a training set. In addition, quantitative chemometrics 

strategies have been used for analysis of complex mixtures as they enabled rapid and 

simultaneous determination of each component in a mixture without time-consuming 

separations and with minimum sample preparation (Maggio et al, 2010).  

Among such methods, partial least squares (PLS) has been reported, and also a factorial 

multivariate calibration method, that decomposes spectral data into loadings and scores, 
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building the corresponding calibration models from new variables (Vinzi et al., 2010). The 

method, which requires analysts’ compliance with Beer’s Law, has been repeatedly coupled 

with FTIR spectroscopy and extensively used to obtain different quality parameters of edible 

oils (McDonald and Mossoba, 1997). Particularly, FTIR-PLS has been recently applied to the 

evaluation of the fatty acid composition and other quality parameters of virgin olive oil 

(Kiritsakis and Shahidi, 2017). 

Near infrared spectroscopy (NIR), has also become popular in the analysis of vegetable 

oils because of its benefits, which include rapidity, directness, relative cost-effectiveness, and 

usually no need for sample preparation is demonstrated in (Siesler et al., 2008). In that report, 

NIR was used to indicate tocopherols in vegetable oils as an alternative to HPLC. Samples, 

similarly to liquid chromatography, were extracted with an organic solvent (in this case 

ethanol). The discussed technique, in connection with chemometric analysis, has also found 

application in the direct determination of acidity and peroxide index screening in vegetable 

oils (Ozaki et al., 2006)).  

NIR, thanks to its low cost and short time of individual analysis, has also found application 

in the discovery of camellia oils adulterations with soybean oil (Singh, 2010), as well as at the 

differentiation and classification stages of vegetable oils (Li-Chan et al., 2011). Using mid-

infrared spectroscopy, the detection limit of extra virgin olive oil adulteration was determined 

as 5 % for corn – sunflower binary mixture, cottonseed and rapeseed oils (Preedy and Watson, 

2010). 

The use of Raman’s dispersion as a result of changes in polarization or the shape of the 

electron layout in the vibrating molecule, with the infrared radiation absorption requiring 

internal changes in the dipolar moment during the molecule’s vibration was demonstrated in 

(Lewis and Edwards, 2001). Not only were oil samples analysed, but also the unsaponifiable 
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matter. Coupling the above-mentioned technique with a statistical analysis of the results 

obtained, makes it possible to determine an addition of over 8% of hazelnut oil or even 5% of 

sunflower, corn or soybean oil to olive oil (Weber and Merlin, 2000). Other techniques also 

allow for the classification as well as determination of purity and authenticity of other 

vegetable oils, such as corn, peanut, canola, soybean, sunflower and coconut oils (Kneipp et 

al., 2006).  

Another important question in the analysis of oils is their oxidative stability developed 

from a respective method which is based on FTIR, and assumes that frequency changes in 

specific bonds allow for the differentiation of stages of the oxidation process and 

determination of the oxidation level of the analysed oil sample (Wilson and Lee, 2013). The 

proposed method is fast, easy and precise. Other studies to determine the influence of heating 

vegetable oils on the changes in oxidation levels and the emergence of trans-isomers of fatty 

acids were shown in Gunstone, (2004). Another study (Akoh, 2017) also determined the 

content of trans-isomeric fatty acids in vegetable oils, based on a method developed using the 

FTIR technique. They concluded that after applying two-dimensional correlation analysis, the 

fast and precise FTIR method for determining trans-isomers in fats and oils could compete 

with gas chromatography. For quantitative and qualitative determinations of trans-isomers 

undergoing the hydrogenation process in vegetable oils, a combination of Fourier transform 

and Raman spectroscopy technique was proved practical (Dijkstra et al., 2008).  

Two-dimensional analysis connected with FTIR and FT-Raman was also used in order to 

trace the lipid oxidation process in vegetable oils (Lees, 2003). The FTIR technique enables 

the determination of the peroxide value. In the experiments, this method has been utilised to 

examine mixtures of extra virgin olive oil with sunflower adulterations from 10 to 50 percent. 
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Moreover, a combination of different antennas into a single system could be an option if a 

complex mixture of different vegetable oils needs to be precisely determined.  

A new study published in Food Quality & Safety magazine, April/May 2014 demonstrated 

that a new form of this technique known as Supercritical Fluid Chromatography (SFC) in 

combination with evaporative light scattering detection (ELSD) is a valuable technique for 

the determination of the triglyceride composition of vegetable oils (Edwards, 2014).  

Over the past fifty years, nuclear magnetic resonance spectroscopy, commonly referred to 

as NMR, has become the pre-eminent technique for determining the structure of organic 

compounds. Of all the spectroscopic methods, it is the only one for which a complete analysis 

and interpretation of the entire spectrum is normally expected. Although larger amounts of 

sample are needed for mass spectroscopy. NMR is non-destructive, and with modern 

instruments good data may be obtained from samples weighing less than a milligram (Keeler, 

2011). 

Adulteration of olive oil with poor quality hazelnut oils is a case of fraud. The main 

analytical challenge is that hazelnut and olive oils have a very similar chemical composition, 

and therefore, different NMR methodologies have been proposed (Jacobsen, 2007). The 

method included using mixtures of virgin olive oil with various percentages of hazelnut oil 

and was performed using hydrogen-1 proton nuclear magnetic (1H NMR) spectroscopy. 

Another study using carbon-13 nuclear magnetic resonance (13C NMR) has been also used for 

the detection of hazelnut oil in virgin olive oil (Knothe and Kenar, 2004).  

An interesting method for rapid screening of olive oil adulteration with sunflower, soybean, 

hazelnut and peanut oils has been proposed (VIGLI et al., 2003). A high gradient diffusion 

NMR spectroscopy has been applied to measure diffusion coefficients of vegetable oil 

mixtures directly without any pre-treatment or solubilisation, to differentiate extra virgin olive 



CHAPTER I INTRODUCTION 
 

 

PhD Thesis - S B Osman  9 
 

oil adulterated with 10% of sunflower or soybean oils, and with more than 30% of hazelnut 

oil.  

There has not been a study beforehand that has demonstrated the use of microwave 

spectroscopy to completely verify the processes that culminate in oil identification  on the one 

hand and also facilitate the monitoring of waste oil recovery process. However works carried 

out, as proposed in a study, and as part of this work, using microwave spectroscopy have 

shown the ability of this method to identify the differences in some vegetable oil samples 

(Osman et al., 2014, Osman et al., 2015). Supermarket oils were sourced of different types, 

namely sunflower, rapeseed, groundnut, mixed refined , medium flavoured fruity flavoured 

and extra virgin olive oils. Experiments were performed on these oils using an interdigitated, 

IDE sensor connected to a vector network analyser (VNA). As a result each oil displayed a 

unique signal spectra. 

Additional works carried out herein and published as conference proceedings on 

authenticating vegetable oils, (Osman et al., 2015) using the cavity resonator connected to the 

VNA, saw mixtures of different oils analysed. Samples of different concentrations of 

sunflower oil (SFO) were used to adultrate extra virgin olive oil (EVOO) in 10, 20, 30, 40 and 

50 percentages and measured using microwave. The same samples were again meassured 

using the HP spectrophotometer. The results were regressed and the correlation coefficient 

rated in the proximity of one.  

 

1.2.2 Waste Oil Recovery Process 

Some analytical methods developed for analysing mixtures containing fatty acids, esters 

and mono-, di- and tri-glycerides have been utilised for the trans/esterification of used oils. 
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Some of these are, Gas Chromatography, high performance liquid chromatography, gel 

permeation chromatography, 1H NMR, and near infra-red (NIR) spectroscopy, 

1.2.2.1 Gas Chromatography (GC) 

A gas chromatographic method has been advanced for the determination of glycerol, 

mono-, di- and tri glycerides in vegetable oil methyl-esters. Tri-methyl-sialylation of glycerol, 

mono-, di-glycerides, followed by using GC. A capillary coated with a thin film of DB-5 

allows for the determination of all evaluations with a single GC run (Meher et al., 2006). Most 

of the reports on the use of GC for biodiesel analysis employ flame–ionisation detectors. 

The use of a microwave-spectrometric detector would eliminate uncertainties about the 

nature of eluting materials since the spectra attained is unique to the individual compounds. 

1.2.2.2 High Performance Liquid Chromatography (HPLC) 

The main advantage of HPLC compared to GC is that the time of analysis is reduced and 

analysis can be performed in a safer environment (GC works best with high temperature 

hydrogen as the carrier gas which presents serious risks). HPLC allows for the detection of 

mono-, di, and tri-glycerides as well as methyl esters as classes of compounds. The system is 

useful for the study of the degree of conversion of the transesterification reaction (Monteiro 

et al., 2008). 

In a study (Holcapek et al., 1999) a reverse phase, high performance liquid chromatography 

was used for the determination of compounds occurring during the production of biodiesel 

from rapeseed oil with various detection methods. UV detection, ELSD and atmospheric 

pressure chemical ionisation mass spectroscopy were utilised. However, despite this being an 

accurate method of analysis, it still has a time impact (typically up to 30 minutes), hence its 

unsuitability for real-time analysis. 
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1.2.2.3 Gel Permeation Chromatography (GPC) 

A method for concurrent analysis of transesterification reaction products-mono-glycerides, 

diglycerides, triglycerides, glycerol and methyl esters was studied using gel permeation 

chromatography together with refractive index detector (Knothe, 2006). The samples were 

then placed at 20oC pending analysis. GPC has made the quantitation of methyl esters, mono-

, di- and tri-glycerides and glycerol possible. 

1.2.2.4 Nuclear Magnetic Resonance (NMR) 

A report on spectroscopic determination of the yield of transesterification reaction utilised 

1H NMR showed its progressing spectrum (Knothe, 2001). The signal due to methylene 

protons adjacent to the ester group in triglycerides appears at 2.3 pulses per minute and after 

the reaction the methoxy protons of the methyl esters appear at 3.7 pulses per minute. The 

authors have used the areas of the signals of methylene and methoxy protons to monitor the 

yield of transesterification. 

The authors gave the equation: 

𝐶 = 100 × (
2𝐴𝑀𝐸

3𝐴𝐶𝐻2

)     (1.1) 

where C, percentage conversion of triglycerides to matching methyl ester; AME, 

integration value of the protons of the methyl esters; and ACH2, integration value of the 

methylene protons. 

1.2.2.5 Near Infra-Red (NIR) Spectroscopy 

NIR spectroscopy has been used to monitor the transesterification reaction (Knothe, 2000). 

The basis for quantitation of the turnover from triglyceride feedstock to methyl ester product 

is the differences in the NIR spectra of these classes of compounds. Using quantitation 

software, it was possible to develop a method for quantifying the turnover of triglycerides to 



CHAPTER I INTRODUCTION 
 

 

PhD Thesis - S B Osman  12 
 

methyl esters. The mid range IR spectra of triglycerides and methyl esters of fatty acids were 

almost identical and offer no possibility for distinguishing. 

NIR spectra were acquired with the aid of a fibre-optic probe coupled to the spectrometer, 

which renders their acquisition particularly easy and time-efficient, as denoted by Knothe, 

(1999). While the first NIR paper used a model system to describe monitoring of 

transesterification and for developing quantitation methods, a second paper applied the 

method to a transesterification reaction in progress on a 6L scale. Here spectroscopic results 

were obtained not only by NIR but also by 1H-NMR and NIR. The results of both 

spectroscopic methods, which were correlated by simple equations, were in good agreement.  
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1.3 Aim and Objectives 

The aim of this work is to develop a sensor system to offer a real time solution to the 

verification, and capable of rapidly differentiating, and authenticating edible oils, as well as 

determining the levels of free fatty acids and methanol in the waste oil recovery process using 

microwave spectroscopy. 

In order to realise this aim, a number of objectives for the work have been set, which 

include: 

• Critically evaluate the state-of-the-art techniques employed in the verification of 

edible and waste oils. Study of processes and procedures used to verify oils for the 

purposes of identification and authentication and of the formation of methyl-esters 

using vegetable oil, free fatty acids and methanol. 

• Conduct experiments to determine the feasibility of using microwave spectroscopy 

to detect variability in different edible oils. 

• Conduct experiments to determine levels of free fatty acids and methanol in oil. 

This is carried out to evaluate in percentage terms the amount of free fatty acids 

and methanol in oil for waste oil verification. 

• Conduct simulations of the microwave reactor to verify the measured dielectric 

parameters and create a modified computer aided simulation for the waste oil 

recovery industry. The sensor is scaled out of the findings of experiments and 

simulations. 
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1.4 Novelty 

The novelty of this work is mainly in the development of a method for the rapid verification 

of edible oils, and the monitoring of the waste oil recovery process.  

Currently the industry lacks a solution, which can provide rapid indication of oil 

authenticity, or inline non-invasive monitoring of the industrial waste oil recovery process. 

Those that do exist are typically intrusive /destructive in nature, meaning that, the sampling 

and testing of many products is not practical. In most situations, samples must be carried to 

dedicated laboratories for testing and therefore incurring handling and time penalties.  

In this work several oils were submitted to tests to establish a unique form of verification 

of type and identity. The ability to identify some supermarket oils was successfully probed, 

including the ability to verify the authenticity of extra virgin olive oil. The waste oil recovery 

process was probed with the development of a sensor capable of determining the levels of free 

fatty acids and methanol in oil.  

A unique combination of several techniques involving optical and microwave and other 

permutations, such as cavity perturbation and transmission/reflexion methods were utilised. 

Computer aided methods (COMSOL) were utilised to model and simulate the sensor.  

Furthermore, the solution as proposed herein offers a real-time, cost effective and low 

labour alternative to current techniques.  

Microwave spectroscopy, which was utilised extensively in the work offers the following 

features: 

• Non-invasive: input and output ports can be retro-fitted to outside of the sensing 

area. 

• Non-destructive: samples remain the same and can be reused. 



CHAPTER I INTRODUCTION 
 

 

PhD Thesis - S B Osman  15 
 

• Can be used for solids, liquids, gases and suspensions. 

• Can be used with different coloured samples. 

• Analyses whole samples and large volumes. 

• Offers real time measurements. 
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1.5 Contribution to Knowledge 

This thesis has contributed to addressing some of the pertinent issues surrounding the 

verification of oils. It has added a new method for oil type identification, in which different 

oils from the supermarket were tested and their differences were probed. A new method of oil 

authentication has been demonstrated by investigating the dilution of extra virgin olive oil with 

sunflower oil and opening the way to solving the problem of adulteration of oils. Using 

mixtures of vegetable oil, free fatty acid and methanol to portray the waste oil recovery process, 

facilitated the use of a simpler method over the handling of proper used oils. This allowed the 

achievement of the process avoiding the chemometrics involved. 

Physical properties of materials were determined using two methods, both of which are in 

the application of microwave spectroscopy. The cavity perturbation and the transmission/ 

reflection line methods were applied to determine the permittivity of the sample materials. This 

helped to address the transfer of experiments into data, necessary for the modelling and 

simulation work. The simulation allowed for the testing and trial of the product by merely using 

a computer aided software, without which things would have resorted into trial and error. 

An industry model of a resonant sensor was scaled out of the lab model. A new method 

based on old principles was realised to achieve this. The use of Bessel functions to scale the 

industry model is useful and is the basis for other applications towards this practical realisation. 

In all, knowledge in science and technology has seen an addition in this work. Methods of 

doing things, such as identifying ways of testing oils for verification and for use with other 

mixtures leading to the recovery of waste were proven. Mathematics, physics, computer 

science and engineering were applied to create a model of a sensor, the application of which 

will go further to enrich posterity and advance other contributions. 
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1.6 Overview 

Chapter 1 of the thesis presents the introduction, the literature review, the aim and objectives 

and the novelty. In here the problem is stated, as well as a brief description of the design 

consideration. Also featured are the sources from which the literature is derived. The aim of 

the work and the objectives to fulfil it are clearly outlined, and so is the novelty, i.e. what makes 

the work different from others. 

Chapter 2 is dedicated to the methodology employed in the work and gives detail of the 

methods used. Tools and components used, as well as the sample preparations are explained in 

detail. Equipment and instruments employed in the lab are also featured in detail. 

Chapter 3 captures the background of research in which microwave technology is featured 

broadly. The electromagnetic field and components, as well as the theoretical background of 

the work have been addressed, therefore paving the way for the much more practical elements 

to ensue afterwards. The theory and complete formulae for the determination of the complex 

relative permittivity and its components of the dielectric constant and the loss factor are also 

featured here.  

The work on the design procedure is covered in detail in chapter 4. Measures taken to arrive 

at the design, including the determination of the physical properties of the sample materials. 

The realisation of the lab cavity modelling and simulation, leading to the scaling and modelling 

of the industry model are all featured. 

Chapter 5 contains the results and the evaluation of the results to facilitate the quantification 

and understanding. 

Chapter 6 covers conclusions and future work. Details of conclusive remarks and 

underlining vital points, as well as clarifications are pointed out. Successes and achievements 
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have been outlined in bullet points. The chapter also features work that is being considered to 

be carried out in the future to complement this one. 
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2.0 BACKGROUND OF RESEARCH 

2.1 Introduction 

This chapter is dedicated to the theory of the techniques engaged in this work. Microwave 

spectroscopy is featured prominently here to complement the use of this technology in 

realising all the experiments. Theories and applications relating to this area have been 

explained and expanded in detail in the following pages to put emphasis on the place it 

occupies in the world of science and technology. Most of the mathematical expressions used 

in the thesis are explained exhaustively in this chapter. 

In the earlier stages of development of radio techniques only the low-end (radio waves) of 

the frequency spectrum was utilised because not only was there a limited number of users of 

these techniques, but the number of applications was also limited (Sterling, 2004). As the 

number of scientists and technicians became more cognisant of the field of radio, and as its 

applications became more extensive, the lower range of the frequency became overpopulated, 

resulting in conflict in the areas of transmission and reception (Jensen, 1994). To solve this 

problem, international conventions had to be formed to allocate usable frequencies among the 

multitude of national and international researchers, industrialists, commercial users, and 

governmental services employing them, as explained in Kizer, (2013). 

As techniques and components became more sophisticated, a wider bandwidth was 

essential for a full utilisation of these improvements, and the obvious direction was to reach 

for higher frequencies in the spectrum (Zhu et al., 2010). As a result, the bandwidth 

requirements for sophisticated communication and radar equipment became obvious in the 

microwave regions (Kharkovvsky and Zoughi, 2007). This further demonstrated that the 

increase in frequency meant the decrease in wavelength, and with that, the geometry of the 
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components used in the equipment became comparable to the wavelengths they use 

(Finkenzeller, 2003). Transmission line theory provides a solution to these problems in the 

microwave technology (Ida, 2015). 

Microwaves are widely used in modern technology (Bryant and Engineers, 1993). The 

television industry is one of the major fields. Transcontinental transmission of programme 

material in the microwave range using complex transmitters, relays and receivers throughout 

the world is an example (Gupta, 2005). Microwaves are used in national and local security 

applications, such as early warning radar, missile guidance systems and to control the speed 

of vehicles (RAO, 2015). Microwave communication networks and relay stations are used for 

routine multichannel communication transmissions in both local and long distance (Strobel, 

2016). Air and sea navigation are much more reliable since microwave technology has been 

applied to that area. Satellite communication and technology is another area where microwave 

is widely being applied (MITRA, 2005). These are just some of the everyday uses of 

microwaves, not forgetting the kitchen (Sobey, 2010). The field is progressively growing very 

fast (White, 2016). 

2.2 Electromagnetic field 

An electromagnetic field is a natural field shaped by electrically charged objects. The field 

expands indefinitely throughout space and is the combination of electrical and magnetic fields 

(Marcuvitz, 1951). The electrical field is a product of stationary charges and the magnetic field 

of moving charges (currents). The way in which charges and currents interact is defined by 

Maxwell equations (Huray, 2011). 

2.2.1 Microwave Spectrum 

The microwave spectrum forms part of the electromagnetic spectrum (Figure 3.1). 

Microwaves constitute an electromagnetic wave form of radiation that have wavelengths with 

https://en.wikipedia.org/wiki/Wavelength
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a range of one meter as the longest (100 cm long) and one millimetre as the shortest (0.1 cm 

short); and a range of frequencies between 300 MHz and 300 GHz (Bagad, 2009). This 

definition broadly includes both UHF and EHF, and in literature, various other sources use 

different boundaries. Nonetheless, in all cases, microwave includes the entire SHF band 

(between 3 and 30 GHz, or 10 and 1cm) at minimum, with RF engineering often restricting the 

range between 1 and 100 GHz (300cm and 3 mm) (Sorrentino and Bianchi, 2010). Figure 2.2 

illustrates the microwave region of the electromagnetic spectrum.  

 
Figure 2-1: Electromagnetic wave spectrum 

 
Figure 2-2: Microwave region of the electromagnetic spectrum 

Microwaves can generate heat in any material composed of mobile charges in a molecular 

solvent or a solid material (Ringle, 1974). The solvents produce heat due to a force that rotates 

with the field of the molecular component and they collide with each other (Meredith, 1998).  

2.3 Maxwell equations 

Maxwell equations are critical for understanding electromagnetic waves (Huray, 2011).  

They are a set of four equations that govern the behaviour of electric and magnetic fields 

(Fleisch, 2008). They stipulate that the flow of an electric current will produce a magnetic field 

and if the current flow varies with time, then the magnetic field will give rise to an electrical 

field (Stewart, 2001).  

https://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Ultra_high_frequency
https://en.wikipedia.org/wiki/Extremely_high_frequency
https://en.wikipedia.org/wiki/Super_high_frequency
https://en.wikipedia.org/wiki/RF_engineering
https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Solvents
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The three components of Maxwell equations are Gauss’s, Faraday’s and Ampere’s laws. 

2.3.1 Gauss’s law 

If there exists an electric charge, somewhere, then the deviation of E at that point is non-

zero, otherwise it is equal to zero. The deviation of the electrical field over any region of space 

is exactly equal to the net amount of charge in that region (Miller et al., 2009). 

∇ × 𝐸 =
𝜌

𝜀0
      (2.1) 

 where 

  ∇ × 𝐸= divergence of electric field 

  𝜌 = charge density 

  𝜀0 = electric constant 

The electric flux leaving is proportional to the change inside. Opposite charges attract and 

negative charges repel. 

2.3.2 Gauss’s law for magnetism 

The Gauss’s law for magnetism stated that the deviation in the magnetic field is zero in 

any volume (Miller et al., 2010), and expressed as: 

∇ × 𝐵 = 0      (2.2) 

where 

∇ ∙ 𝐵= divergence of magnetic field 

This expression supported the option that there are no magnetic monopoles and the total flux 

in a closed circuit is zero. 
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2.3.3 Faraday’s law 

Faraday's law states that a changing magnetic field within a loop gives rise to an induced 

current, which is due to a force or voltage within that circuit. Electric Current gives rise to 

magnetic fields. Magnetic fields around a circuit give rise to electric current. A Magnetic field 

changing in time gives rise to an E-field circulating around it. A circulating E-field in time 

gives rise to a Magnetic field changing in time (Fleisch, 2008). 

∇ × 𝐸 = −
𝜕𝐵

𝜕𝑡
      (2.3) 

  Where 

B = magnetic field 

t = time 

The voltage induced in a closed loop is proportional to the rate of change of the magnetic flux 

that the loop encloses. 

2.3.4 Ampere’s law 

Ampere’s law states that a flowing electric current gives rise to a magnetic field that 

encircles the current. A time-varying electric flux density gives rise to a magnetic field that 

circles the electric field (Stewart, 2001). 

∇ × 𝐵 = 𝜇0 (𝐽 + 𝜀0
𝜕𝐸

𝜕𝑡
)    (2.4) 

Where 

𝜇0 = magnetic constant 

The magnetic field induced around a closed loop is proportional to the electric current plus 

the displacement currents that the loops enclose. 
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2.4 Transmission line theory 

As the uses of the electromagnetic spectra increase, the equipment must be designed for 

much higher frequencies (Welton, 2011). As the frequency increases, the value of the 

components used in the network decreases (Caloz and Itoh, 2005). As the frequency of 

operation gets so high, the wavelength on the device or transmission system is generally 

comparable with its size (Rachidi and Tkachenko, 2008). Transmission line theory has been 

applied to analyse the behaviour of the device or transmission system (Voldman, 2005). 

A transmission line is essentially a system of material boundaries forming a continuous 

path from one place to another and capable of directing the transmission of electromagnetic 

energy along this path. If there is a change in the geometry at any point, there will be an 

interruption in the line (Wadell, 1991). 

2.4.1 Travelling waves 

When a sinewave is applied to an infinitely long transmission line, the wave will propagate 

along the line (da Silva and Bak, 2013). The voltage wave on a uniform, lossless transmission 

line is always accompanied by a current wave of similar shape, and regardless of the shape, 

the two waves will be propagated without any change in magnitude or shape (Van Bladel, 

2007). The length of the wave, 𝜆 is defined as the distance between sequential points with the 

same electrical phase (Fusco, 2005). The wavelength depends upon the frequency of the 

variation of the wave and the dielectric constant of the medium through which the wave is 

travelling (Pankov, 2005). Figure 2.3 shows travelling waves at three successive instants in 

time. 
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Figure 2-3: Travelling waves 

The following equation shows the relationship between the factors that determine the 

wavelength:  

𝜆 =
1

√𝜖𝑟
∙

𝑣

𝑓
      (2.5) 

where  

v  is the velocity of propagation in free space, 

f  is the frequency of oscillation, 

𝜖𝑟  is relative dielectric constant of the medium the wave is travelling in. 

The wavelength can also be defined as the distance in which the phase changes by 2π 

radiance, where 2𝜋 𝑟𝑎𝑑𝑖𝑎𝑛 = 360𝑜. 

 
Figure 2-4: wavelength and phase change. 

To comprehend fully the performance of signal propagation on a transmission line, it is not 

enough to understand the voltages between the conductors and the currents carried inside the 

conductors. If a signal is applied to an infinitely long, uniform transmission line, 

electromagnetic waves will be carried along its path. Voltage exists between the conductors 

and current flows through them. Electric and magnetic fields are formed between and around 
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the conductors and their behaviour and field, configurations are very important (Bewley, 

1963). 

2.4.2 Equivalent circuit 

2.4.3 Transmission line parameters 

The four components of the equivalent circuits of a uniform transmission line are divided 

into series and parallel groups defining the impedance and admittance of the transmission line 

(Bakshi, 2008). Two parameters can be divided using impedance and admittance expressions. 

The propagation constant is expressed as 

𝛾 = √𝑍𝑌 = √(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶)   (2.6) 

Since the square root of the product of two complex numbers is also complex, the 

propagation is expressed as 

𝛾 = 𝛼 + 𝑗𝛽     (2.7) 

where  

α is the attenuation constant and 

β is the phase constant. 

By definition, the other parameter is the characteristic impedance: 

𝑍0 = √
𝑍

𝑌
= √

𝑅+𝑗𝜔𝐿

𝐺+𝑗𝜔𝐺
 𝛺     (2.8) 

Considering if R and G are negligible in size, that is if there is no absorptive loss on the 

transmission line, then 

𝑍0 = √
𝐿

𝐶
 𝛺      (2.9) 
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The characteristic impedance then becomes a real number that is independent of frequency 

changes (if R = G = 0, 𝑗𝜔 𝑤𝑖𝑙𝑙 𝑐𝑎𝑛𝑐𝑒𝑙). 

The reciprocal characteristic impedance is defined as the characteristic admittance: 

𝑌0 =
1

𝑍0
 𝛺      (2.10) 

2.4.4 Reflections on transmission lines 

If a signal is applied to a uniform, practically lossless transmission line and if that 

transmission line is terminated with an impedance unequal to the characteristic impedance of 

the line, that impedance will not be able to absorb all the energy, and part of the signal will be 

reflected (White, 2016). Figure 2.5 shows a transmission line with terminated impedance 

different from the characteristic impedance. 

 
Figure 2-5: Transmission line with terminated impedance  

Ei is the incident signal travelling toward the termination and Er is the reflected signal 

travelling in the opposite direction. The ratio of these two voltages gives the reflective index, 

Γ. 

𝐸𝑟

𝐸𝑖
= Γ     (2.11) 

The reflective index is a vector, since it has magnitude and phase information. Both the 

incident and the reflected waves are travelling on the same transmission line but in opposite 

directions. Their relative phases are dependent on the terminating impedance and the distance 
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from the termination to the point of measurement. The magnitude of the reflected voltage 

depends on how much mismatch there is in terminating impedance. That is why the reflection 

coefficient serves as a Figure of merit for the termination at the end of any particular 

transmission line (Kumar, 2003). The absolute value of the reflection coefficient is 

|
𝐸𝑟

𝐸𝑖
| = |Γ| = 𝜌     (2.12) 

2.4.5 Coaxial transmission lines 

The preceding discussions are based on parallel wire transmissions; another name for them 

is Lecher wire and this has very serious limitations as far as radiation and losses are concerned. 

Coaxial transmission lines consist of a centre conductor with another conductor around it 

(Kogure et al., 2011). 

To analyse the coaxial transmission line, the equivalence of parameters has to be 

determined: the series inductance, the series resistance the parallel capacitance and the parallel 

conductance. The following equation describes these parameters. 

𝑙 = 0.4605 𝜇𝑟 (log
𝑏

𝑎
) × 10−8    (2.13) 

This equation neglects the current penetration into the conductor. 𝜇𝑟 stands for relative 

permeability factor. 

𝐶 =
0.241Ɛ𝑟

log
𝑏

𝑎

× 10−12    (2.14) 

where Ɛ𝑟 stands for the relative dielectric constant compared to air or air. 

𝑅 =
𝜌

2𝜋𝛿
(

1

𝑏
+

1

𝑎
) = √

𝑓𝜇𝑟𝜌

109 (
1

𝑏
+

1

𝑎
)   (2.15) 

where 𝛿 stands for skin depth, f is frequency and 𝜌  is the resistivity. 
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If a coaxial transmission line is air insulated, there is practically no parallel loss 

conductance involved. In most of the cables used for coaxial transmission lines, the dielectric 

loss involved corresponds to conductance loss. The following equation gives the equivalent 

parallel conductance equivalent circuit for coaxial transmission line (Dyson et al., 1970). 

𝐺 = 𝜔𝐶 tan 𝛿      (2.16) 

Where C is the capacitance,  tan 𝛿 stands for the dielectric loss tangent and is equal to 

2πf (f is the operating frequency). 

2.4.6 Waveguide transmission line 

If one makes a waveguide slotted line, one would find out that, for a particular frequency, 

the equivalent waveguide wavelength would be longer than the so-called free space 

wavelength because the effective velocity measured would be the phase velocity (Bartiromo 

and De Vincenzi, 2016). The waveguide wavelength relates to the cut-off frequency and to 

the free space wavelength. The relationship is 

𝜆𝑔 =
𝜆

√1−(
𝜆

𝜆𝑐
)

2
     (2.17) 

Where 𝜆𝑔 stands for the guide wavelength, 𝜆 is the free space wavelength and  𝜆𝑐 is the 

cut-off wavelength. It can be seen that if the free space wavelength approaches the cut-off 

wavelength the guide wavelength gets very long.  

If a waveguide filled with low loss dielectric constant is 𝜖𝑟, the waveguide expression will 

be  

𝜆𝑔 =
𝜆

√𝜖𝑟−(
𝜆

𝜆𝑐𝑜
)

2
    (2.18) 
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where 𝜆𝑐𝑜 is the cut-off wavelength of the empty waveguide, not the dielectric filled guide. 

2.4.7 Waveguide impedance 

The characteristic waveguide impedance is analogous to the characteristic impedance of 

two-wire and coaxial lines. The characteristic waveguide impedance represents the ratio of 

the electric and magnetic field, since the electric field is analogous to current (Olyslager, 

1999). There is little practical use for the characteristic waveguide impedance, but it can be 

determined from the following expressions: 

𝑍𝑇𝐸 =
𝜂

√1−(
𝜆

𝜆𝑐
)

2
      (2.19) 

𝑍𝑇𝑀 = √1 − (
𝜆

𝜆𝑐
)

2
(𝜂)     (2.20) 

where 𝜂 is the intrinsic impedance of the medium (377 Ω for free space). 

Because there are no unique currents and voltages, the characteristic waveguide impedance 

cannot be determined as easily for waveguides as for a coaxial line. This is not really a 

problem, since the process of normalisation eliminates characteristic impedance as a 

requirement for calculations (Cheremisinoff, 1997). The basic quantities for waveguides work 

are reflection coefficient, standing wave ratio and propagation constant. From these the 

normalised impedance at any point can be determined, and the complete waveguide system 

can be described in terms of performance and characteristics. 

2.4.8 Waveguides 

Waveguides are structures that guide electromagnetic waves or sound, with minimum loss of 

energy by restricting expansion to limited dimensions. There are different types of waveguides for 

each type of wave. The geometry of waveguides reflects in their function. The frequency of 
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transmission of wave also dictates the shape of a waveguide. As a rule of thumb, the width of a 

waveguide is of the same order of magnitude as the wavelength of a guided wave (Mahmoud, 1991).  

A propagation mode in a waveguide is one answer to the wave equations, or, in other terms, 

the structure of the wave.  Due to the limitations of the boundary conditions, there are only 

narrow frequencies and forms for the wave function, which can propagate in the waveguide. 

The lowest frequency in which a selected mode can propagate is the cut-off frequency of that 

mode. The mode with the smallest cut-off frequency is the underlying mode of the waveguide, 

and its cut-off frequency is the cut-off frequency of the waveguide (Olyslager, 1999). 

2.4.9 Rectangular waveguides 

Rectangular waveguides have been utilised as resonators to carry out experiments on the 

determination of properties of materials. The experiments using CPM and TR were both realised using 

waveguides of this nature. 

2.4.9.1 TM Modes for Rectangular waveguides 

The TM modes are the transverse magnetic modes where the magnetic field component of 

the electromagnetic waves vanishes along the waveguide. This amounts to 𝐵𝑧 = 0 everywhere 

inside the guide (Bakshi, 2009). 

Using Dirichlet boundary condition, 𝐸𝑧 = 0 

𝐸𝑧(0, 𝑦) = 𝐸𝑧(𝑎, 𝑦) = 𝐸𝑧(𝑥. 0) = 𝐸𝑧(𝑥. 𝑏) = 0   (2.21) 

𝐸𝑧(𝑥. 0) = 𝐸𝑧(𝑥. 𝑏) = 0    (2.22) 

𝐸𝑧(0. 𝑦) = 𝐸𝑧(𝑎. 𝑦) = 0    (2.23) 

A solution can be 

𝐸𝑧(𝑥. 0) = 𝐸0 sin(𝑚𝜋𝑥/𝑎) sin (𝑛𝜋𝑦/𝑏),   (2.24) 

https://en.wikipedia.org/wiki/Propagation_mode
https://en.wikipedia.org/wiki/Boundary_conditions
https://en.wikipedia.org/wiki/Cutoff_frequency
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To satisfy boundary conditions, with   𝑚, 𝑛 = 1,2,3 … and such a solution is called a TMmn 

mode if 

𝑘2 = (𝜔/𝑐)2 − (
𝑚𝜋

𝑎
)

2

− (𝑛𝜋/𝑏)2    (2.25) 

𝑘2 = 𝑘0
2 − (

𝑚𝜋

𝑎
)

2

− (𝑛𝜋/𝑏)2     (2.26) 

(2𝜋/𝜆)2 = (2𝜋/𝜆0)2 − (2𝜋/𝜆𝑐)2    (2.27) 

1

𝜆2
=

1

𝜆0
2 −

1

𝜆𝑐
2      (2.28) 

where λc is 

1

𝜆𝑐
=

1

2
√(

𝑚

𝑎
)

2

+ (
𝑛

𝑏
)

2

     (2.29) 

The cut-off wavelength, λ and λ0 are the effective wavelength inside and the guide and free 

space respectively. λc>λ0 condition for any propagation of the electromagnetic wave through 

the waveguide. The other way around and the square of the effective wavelength will be 

negative and becomes a complex number. 

Ex and Ey are calculated using the expressions: 

𝐸𝑥(𝑥, 𝑦) =
𝑖𝑘𝐸0

(𝑤/𝑐)2−𝑘2 (
𝑚𝜋

𝑎
) cos (𝑚𝜋𝑥/𝑎)sin (𝑛𝜋𝑦/𝑏)  (2.30) 

𝐸𝑦(𝑥, 𝑦) =
𝑖𝑘𝐸0

(𝑤/𝑐)2−𝑘2 (
𝑛𝜋

𝑏
) sin (𝑚𝜋𝑥/𝑎)cos (𝑛𝜋𝑦/𝑏)  (2.31) 

The components Bx and By are obtained by: 

𝐵𝑥(𝑥, 𝑦) =
𝑖𝑘𝐸0

(𝑤/𝑐)2−𝑐2𝑘2 (
𝑚𝜋

𝑎
) cos (𝑚𝜋𝑥/𝑎)sin (𝑛𝜋𝑦/𝑏)   (2.32) 

𝐵𝑦(𝑥, 𝑦) =
𝑖𝑘𝐸0

(𝑤/𝑐)2−𝑐2𝑘2 (
𝑛𝜋

𝑏
) sin (𝑚𝜋𝑥/𝑎)cos (𝑛𝜋𝑦/𝑏)   (2.33) 
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therefore 

𝐵𝑧(0, 𝑦) = 𝐵𝑧(𝑎, 𝑦) = 𝐵𝑧(𝑥. 0) = 𝐵𝑧(𝑥. 𝑏) = 0    (2.34) 

The above conditions satisfy 𝐵𝑥(0, 𝑦)  =  𝐵𝑥(𝑎, 𝑦)  =  0 and 𝐵𝑦(𝑥, 0) = 𝐵𝑦(𝑥, 𝑏) = 0, 

i.e. 𝐵 =  0 on the boundary condition. 

 

2.4.9.2 TE Modes for Rectangular Waveguides 

The transverse electric or TE modes have 𝐸𝑧 = 0 everywhere inside the waveguide. The 

solution for this becomes 

𝐵𝑧 = 𝐵0cos (𝑚𝜋𝑥/𝑎)cos (𝑛𝜋𝑥/𝑏)     (2.35) 

The solution denotes TEm,n, in which case either m or n can be zero but not both. 

On the boundary 𝑥 =  0&𝑎 the normal direction is x and on the boundary 𝑦 =  0&𝑏 the 

normal direction is y. 

𝐵𝑧(0, 𝑦) = 𝐵𝑧(𝑎, 𝑦) = 𝐵𝑧(𝑥. 0) = 𝐵𝑧(𝑥. 𝑏) = 0   (2.36) 

Boundary conditions 

𝐵𝑥(𝑥, 𝑦) =
𝑖𝑘𝐸0

(𝑤/𝑐)2−𝑘2 (
𝑚𝜋

𝑎
) sin(𝑚𝜋𝑥/𝑎) cos(𝑛𝜋𝑦/𝑏)  (2.37) 

𝐵𝑦(𝑥, 𝑦) =
𝑖𝑘𝐸0

(𝑤/𝑐)2−𝑘2 (
𝑛𝜋

𝑏
) cos(𝑚𝜋𝑥/𝑎) sin (𝑛𝜋𝑦/𝑏)  (2.38) 

 

2.4.10 Cylindrical waveguides 

2.4.10.1 TM Modes for Cylindrical Waveguides 

The equation of cylindrical co-ordinates 
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𝜕2𝐸𝑧

𝜕𝜌2
+

1

𝜌

𝜕𝐸𝑧

𝜕𝜌
+

1

𝜌2

𝜕2𝐸𝑧

𝜕∅2
+ (

𝜔2

𝑐2
− 𝑘2) 𝐸𝑧 = 0   (2.39) 

Assuming 𝐸𝑧 = 𝜉(𝜌)Φ(𝜙) and substituted. Dividing by 𝐸𝑧 and multiplying by 𝜌2  

The following arrangement is arrived at 

𝜌2

𝜉

𝜕2𝜉

𝜕𝜌2 +
𝜌

𝜉

𝜕𝜉

𝜕𝜌
+ 𝜌2 (

𝜔2

𝑐2 − 𝑘2) = −
1

Φ

𝜕2Φ

𝜕𝜙2    (2.40) 

In this way, the variables are separated from dependents. 

Φ(𝜙) = 𝐴𝑐𝑜𝑠(𝑝𝜙) or 𝐵𝑐𝑜𝑠(𝑝𝜙)     (2.41) 

Where 𝑝2 is the separation constant in the equation, since electric and magnetic fields are 

measurable quantities, a single value of Φ(𝜙) demands 𝑝𝑠 integer. 

The equation reduces to  

𝜌2 𝜕2𝜉

𝜕𝜌2
+ 𝜌

𝜕𝜉

𝜕𝜌
+ (𝜌2 𝜔2

𝑐2
− 𝑘2) − 𝑝2𝜉 = 0    (2.42) 

Cylindrical Bessel differential equation 

The solution for Bessel function: 

𝜉(𝜌) = 𝐽𝑝(√(𝜔/𝑐)2 − 𝑘2𝜌)    (2.43) 

 
Figure 2-6: Cylindrical Bessel functions 

Two solutions for each non-zero integer 
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𝐸𝑧(𝜌,𝜙) = 𝐴𝐽𝑝 (√(𝜔/𝑐)2 − 𝑘2𝜌) 𝑐𝑜𝑠(𝑝𝜙)    (2.44) 

and 

𝐸𝑧(𝜌,𝜙) = 𝐴𝐽𝑝 (√(𝜔/𝑐)2 − 𝑘2𝜌) 𝑠𝑖𝑛(𝑝𝜙)    (2.45) 

For 𝑝 = 0 there is only one solution, 

𝐸𝑧(𝜌,𝜙) = 𝐴𝐽𝑝 (√(𝜔/𝑐)2 − 𝑘2𝜌)    (2.46) 

Imposing boundary conditions, 𝐸𝑧(𝑅, 𝜙) = 0 (tangential component),  

√(𝜔/𝑐)2 − 𝑘2 𝑅 = 𝜌𝑛,𝑚,     (2.47) 

where  𝜌𝑛,𝑚 is the nth zero of the pth order Bessel function 𝐽𝑝. The first few zeros of 

Bessel function are: 

 𝜌0,1 = 2.4048, 𝜌1,1=3.8317, 𝜌2,1 = 5.1356, 𝜌0,2 = 5.5201, 𝜌3,1 = 6.3802, etc... 

Then 

𝑘2 = (𝜔/𝑐)2 − (𝜌𝑝,𝑛/𝑅)
2
    (2.48) 

𝑘2 = 𝑘2 − (𝜌𝑝,𝑛/𝑅)
2
     (2.49) 

(2𝜋/𝜆)2 = (2𝜋/𝜆0)2 − (2𝜋/𝜆𝑐)2   (2.50) 

1

𝜆2
=

1

𝜆2
−

1

𝜆2
     (2.51) 

where the cut-off 𝜆𝑐 is defined as  

𝜆𝑐 =
2𝜋𝑅

𝜌𝑝,𝑛
     (2.52) 
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The modes are designated by TMp,n, such as TM01, TM12 etc.. 

 

2.4.10.2 TE Modes for Cylindrical Waveguides 

For TE modes of cylindrical waveguide, analysis is similar to that of the TM case, in which 

case Bz and Ez are the fields and the boundary condition is Neeumann. 

𝐸𝐵𝑧(𝜌,𝜙) = 𝐴𝐽𝑝 (√(𝜔/𝑐)2 − 𝑘2𝜌) 𝑐𝑜𝑠(𝑝𝜙)   (2.53) 

and 

𝐵𝑧(𝜌,𝜙) = 𝐴𝐽𝑝 (√(𝜔/𝑐)2 − 𝑘2𝜌) 𝑠𝑖𝑛(𝑝𝜙)   (2.54) 

 

For non-zero integer 

𝐵𝑧(𝜌,𝜙) = 𝐴𝐽𝑝 (√(𝜔/𝑐)2 − 𝑘2𝜌)    (2.55) 

Imposing boundary conditions, 𝑝 = 0 (tangential component),  

√(𝜔/𝑐)2 − 𝑘2 𝑅 = 𝜌𝑛,𝑚,      (2.56) 

where  𝜌𝑛,𝑚 is the nth zero of the pth order Bessel function 𝐽𝑝. The first few zeros of 

Bessel function are: 

𝜌′
1,1

= 1.8412, 𝜌′
2,1

= 3.0542, 𝜌′
0,1

= 3.8317, 𝜌′
3,1

= 4.2012, 𝜌′
1,2

= 5.3312 

etc.. 

𝜆𝑐 =
2𝜋𝑅

𝜌′𝑝,𝑛
     (2.57) 

The modes designated by TEp,n are TE11, TE02 etc... 
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2.5 Microwave Cavity 

Microwave cavities are widely used as means of material property characterization. A 

cavity is formed usually when the two ends of a segment of a waveguide are shortened. A 

cavity is therefore said to resonate when it has been excited at a corresponding frequency. 

Resonant mode is said to happen when the electric and magnetic fields form a standing wave, 

which depends on the internal dimensions of the cavity and the dielectric properties of the 

material under test (Yeh and Shimabukuro, 2008). 

Air-filled microwave cavities confine electric and magnetic fields to the air spaces between 

their walls. Electric losses in such cavities are almost exclusively due to currents flowing in 

cavity walls. While losses from wall currents are small, cavities are frequently silver plated to 

increase their electrical conductivity and reduce these losses even further. Copper cavities 

may frequently oxidise, which increases their electric loss. Silver or gold plating prevents 

oxidation and reduces electrical losses in cavity walls. Even though gold is not quite as good 

a conductor as copper, it still prevents oxidation and the resulting deterioration of Q factor 

over time. Microwave cavities act as a resonant circuit with extremely low loss at their 

frequency of operation, with quality factors (Q factors) up to the order of 106, and are used in 

place of resonant circuits at microwave frequencies (Jerinic, 1966).  

Therefore, the relative permittivity (𝜀𝑟) of the said material will change. The resonant 

frequency for TEnml and TMnml modes in a circular waveguide can be calculated using equation 

(Paillet et al.). 

𝑓𝑛𝑚𝑙 =
𝑐

2𝜋√𝜇𝑟𝜀𝑟
√[(

𝑃𝑛𝑚

𝑅
)

2
+ (

𝑙𝜋

𝐻
)

2

]           (2.58) 

https://en.wikipedia.org/wiki/Plated
https://en.wikipedia.org/wiki/Electrical_conductivity
https://en.wikipedia.org/wiki/Copper
https://en.wikipedia.org/wiki/Gold
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 Where: 

c   -  Speed of light 

𝜇𝑟  -  Relative permeability 

𝜀𝑟  - Relative permittivity 

𝑃𝑛𝑚 - Value of the Bessel function for the TE or TM modes of a circular 

waveguide 

R   -  Radius of the cavity 

H -  Height of the cavity 

From the equation, it can be said that all TE and TM modes are proportionally dependant 

on√𝜀𝑟, so when the range of frequencies excite the waveguide, the highest signal spectrum 

is reached and the peaks of resonance of the modes will shift to lower frequencies with the 

increase of the permittivity. 

The cylindrical cavity has the advantage of high-Q factors, and has been utilised as the 

resonant cavity sensor for the experiment. Two holes in opposite sides of the midsection of 

the cylindrical waveguide provide room for inserting the feed source antennas terminated with 

SMA connectors. Dielectric constant 

A material is categorised as “dielectric” if it has the capability to store energy when an 

exterior electric field is applied. If a DC voltage source is positioned across a parallel plate 

capacitor, more charge is accumulated when a dielectric material is connecting the plates than 

if air is connecting the plates. The dielectric material increases the storage capacity of the 

capacitor by neutralizing charges at the electrodes, which ordinarily would contribute to the 
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external field. The capacitance with the dielectric material is directly linked to dielectric 

constant (Lododa et al., 2000).  

The dielectric material increases the loading capability of the capacitor by 

counterbalancing charges at the electrodes, which generally would add to the external field. 

When complex permittivity is depicted as a simple vector schema (Figure 2.7) the real and 

imaginary components are 90° out of phase. The vector sum forms an angle 𝛿 with the real 

axis (ε'). The relative loss of a material is the ratio of the energy lost to the energy stored 

(Singh, 2000). 

 
Figure 2-7: Simple vector schema 

tan 𝛿 =
𝜀′′

𝜀′
= 𝐷 =

1

𝑄
=

𝐸𝑛𝑒𝑟𝑔𝑦 𝐿𝑜𝑠𝑡 𝑝𝑒𝑟 𝐶𝑦𝑐𝑙𝑒

𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑜𝑟𝑒𝑑 𝑝𝑒𝑟 𝐶𝑦𝑐𝑙𝑒
  (2.59) 

 

The loss tangent or tan 𝛿 is expressed as the ratio of the imaginary part of the dielectric 

constant to the real part. D represents dissipation factor and Q is quality factor. The loss 

tangent, 𝑡𝑎𝑛 𝛿 is termed tan delta, tangent loss or dissipation factor. Occasionally the phrase 

“quality factor or Q-factor” is used regarding an electronic microwave material, which is equal 

to the loss tangent. For very low loss materials, since 𝑡𝑎𝑛 𝛿 ≈  𝛿, the loss tangent can be 

expressed in angle units, milli-radians or micro radians (Case et al., 1998). 
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2.5.1 Permeability 

Permeability, μ, defines the interaction of a material with a magnetic field. A comparable 

analysis can be done for permeability using an inductor with resistance to characterise core 

losses in a magnetic material. If a DC current source is located across an inductor, the 

inductance with the core material can be linked to permeability (Paillet et al., 1990). 

If an AC sinusoidal current source is located across the same inductor, the subsequent 

voltage will be formulated out of an induced voltage and a loss voltage that is linked to 

permeability. The complex permeability (μ) consists of a real part (μ') that represents the 

energy storage term and an imaginary part (μ'') that represents the energy loss term 

(Cheremisinoff, 1997). Relative permittivity µr is the permittivity relative to free space: 

𝜇𝑟 =
𝜇

𝜇0
= 𝜇′𝑟 − 𝑗𝜇"𝑟     (2.60) 

Where 

𝜇0 = 4𝜋 𝑥 10−7 H/m  is permeability of free space. 

Some materials such as iron (ferrites), cobalt, nickel, and their alloys have substantial 

magnetic properties; however, many materials are non-magnetic, making the permeability 

very close to the permeability of free space (μr = 1). All materials, on the other hand, have 

dielectric properties, so the focus of this discussion will mostly be on permittivity 

measurements (Amiet et al., 2003). 

 

2.6 Cavity Perturbation Technique 

The perturbation technique is a method for finding an approximate solution to a problem 

by starting from the exact solution of a related, simpler problem. The main feature of this 

technique is a middle step that breaks the problem into perturbation parts (Wiesel and 
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Technology, 2003). Perturbation methods start with a simplified form of the original problem, 

which is simple enough to be solved exactly.  

Cavity perturbation theory is a derived form of the perturbation formulae for performance 

changes of a cavity resonator (Li et al., 1981b). The cavity perturbation technique is mostly 

used to measure properties of homogenous biochemical materials because of simplicity, easy 

data reduction and accuracy. The resonant cavities are designed in the standard mode of 

propagation, TM (transverse magnetic) or TE (transverse electric) of the electromagnetic 

fields (Meng et al., 1995). This is based on the resonant frequency shift and the change in the 

characteristics of absorption of a tuned resonant cavity, due to insertion of a sample of a 

material under test. The measurement is carried out by placing the sample into the centre of a 

circular or rectangular waveguide made into cavity (Linfeng Chen et al., 1999). Changes that 

occur in the centre frequency and the width due to the insertion of the sample provide 

information used to calculate the dielectric constant. The ratio of the energy stored to the 

energy dissipated is known as the Q-factor, and changes in this are used to estimate the 

dielectric loss (Kumar and Sharma). 

2.6.1 Filled or partially filled resonant system 

When a rectangular waveguide or cylindrical cavity filled or partially filled with a test 

material is used for an applicator, the resulting system is called the filled or partially filled 

(perturbation) cavity resonant system (Lin et al., 2005). The 𝜀 of the test material is calculated 

by taking note of the change in the resonant frequency, and the quality factor of the cavity 

when it is empty and when filled with the test material (Sheen, 2009). If 𝑓𝑜 and 𝑓𝑠 𝑄𝑜 and 

𝑄𝑠 are the resonant frequencies and the quality factors before and after filling with test 

material, then the permittivity, 𝜀 can be calculated by: 
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(a) Filled 

𝜀′ =  (
𝑓𝑜

𝑓𝑠
)

2
       (2.61) 

𝜀′′ = (
1

𝑄𝑠
−

1

𝑄𝑜
√

𝑓𝑜

𝑓𝑠
) (

𝑓𝑜

𝑓𝑠
)

2

     (2.62) 

in which: 

𝑄0 =
𝑓0

𝑓𝑠(3𝑑𝐵)
      (2.63) 

𝑄𝑠 =  
𝑓𝑠

𝑓𝑠(3𝑑𝐵)
      (2.64) 

(b) Partially filled 

𝜀′ =  
1

2
(

𝑓𝑜

𝑓𝑠
− 1)

𝑉𝑐

𝑉𝑠
− 1     (2.65) 

𝜀′′ =
1

4
(

1

𝑄𝑠
−

1

𝑄0
)

𝑉𝑐

𝑉𝑠
     (2.66) 

where subscripts o and s indicate without and with sample respectively, and: 

Q  =  quality factor, 

Fo(3dB)  =  3dB frequency bandwidth for empty cavity, 

Fs(3dB)  =  3dB frequency bandwidth for filled cavity, 

Vs =  volume of test material, and 

Vc =  volume of cavity. 

 

2.7 Transmission / Reflexion line method 

The transmission/reflection (TR) method has been known for its relative simplicity and is 

mostly used for broadband measurement. Using the TR method, a sample has been placed in 

a section of a waveguide to measure the two port scattering parameters by a VNA. The 

measured scattering parameters have then been related through the scattering equation to the 
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permittivity and permeability of the material. A system of equations with the complex 

permittivity and permeability as unknown has been utilised (Baker-Jarvis et al., 1990). The 

scattering equations are products of analysis of the electric fields EI, EII and EIII, in the regions 

I, II and III (Figure 2.8).  

 
Figure 2-8: Dielectric sample in a transmission line waveguide  

The spatial distribution of the electric field with electric field incident equal to one can be 

expressed as: 

𝐸𝐼 = exp(−𝛾0𝑥) + 𝐶1 exp(𝛾0𝑥)     (2.67) 

𝐸𝐼𝐼 = 𝐶2 exp(−𝛾𝑥) + 𝐶3 exp(𝛾𝑥)     (2.68) 

𝐸𝐼𝐼𝐼 = 𝐶4 exp(−𝛾0𝑥) + 𝐶5 exp(𝛾0𝑥)    (2.69) 

where 

𝛾 = 𝑗√
𝜔2𝜇𝑅

∗ 𝜖𝑅
∗

𝐶𝑣𝑎𝑐
2 − (

2𝜋

𝜆𝑐
)

2

     (2.70) 

𝛾0 = 𝑗√(
𝜔

𝐶𝑙𝑎𝑏
)

2

− (
2𝜋

𝜆𝑐
)

2

     (2.71) 

𝜀 = [𝜀𝑅
′ − 𝑗𝜀𝑅

′′]𝜀0 = 𝜀𝑅
∗ 𝜀0     (2.72) 

𝜇 = [𝜇𝑅
′ − 𝑗𝜀𝜇𝑅

′′]𝜇0 = 𝜇𝑅
∗ 𝜇0     (2.73) 
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where 𝑗 = √−1, 𝐶𝑣𝑎𝑐  and 𝐶𝑙𝑎𝑏  are the speed of light in air and air respectively, 𝜔, angular 

frequency, 𝜆𝑐, cut-off wavelength, 𝜖0 and 𝜇0 , permittivity and permeability respectively of 

air, 𝜀𝑅
∗  and 𝜇𝑅

∗ , the complex permittivity and permeability in relation to the air, and 𝛾 and 𝛾0 

are constants of the material and air respectively. The boundary condition on the electric is 

the continuity of the tangential component of the magnetic field. The boundary condition on 

the magnetic field assumes that no surface current is generated (Li et al., 1981a). 

The expressions for the measured scattering parameters follow the solution of equation 

(3.1) to (3.3), for a two-port device. Considering S matrix symmetrical, S12 = S21. Hence the 

following expressions  

𝑆11 = 𝑅1
2 [

Г(1−𝑧2)

1−Г2𝑧2
]     (2.74) 

𝑆22 = 𝑅12
2 [

Г(1−𝑧2)

1−Г2𝑧2
]    (2.75) 

𝑆21 = 𝑅1𝑅2 [
𝑧(1−Г2)

1−Г2𝑧2
]    (2.76) 

where  

𝑅1 = exp(−𝛾0𝐿1)     (2.77) 

𝑅2 = exp(−𝛾0𝐿2)     (2.78) 

and where 𝐿1 and 𝐿2 are the distances from the reference planes to the sample ends, and 𝑅1 

and 𝑅2 are the transformation expressions for the reference planes. The definition of reflection 

coefficient is hereby 

Г =

𝛾0
𝜇0

 − 
𝛾

𝜇
𝛾0
𝜇0

 + 
𝛾

𝜇

     (2.79) 

By the transmission line theory, the transmission coefficient S21 is expressed by 

 𝑆21 =
4Г1Г0

(Г1+Г0)
2

𝑒
Г1𝐿

−(Г1+Г0)
2

𝑒
−Г1𝐿   (2.80) 
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  where 

 Г0 = 𝑗𝛽0      (2.81) 

and 

Г1 = 𝛼1 +  𝑗𝛽1     (2.82) 

The propagation of air-filled waveguide is 

𝛽0 =
2𝜋

𝜆0

[1 − (
2𝜆0

𝜆𝑐

)
2

]
1/2

   (2.81) 

The propagation coefficient of loaded waveguide is 

𝛼1 +  𝑗𝛽1 =
2𝜋

𝜆0

[(
𝜆0

𝜆𝑐

)
2

− 𝜀𝑟]
1/2

   (2.82) 

λ0 and λc are the wavelengths of free space and cut-off of the waveguide for the TE10 

mode. 

 

2.8 Properties of Materials 

When microwaves are directed from a source towards a material under test (MUT), part of 

the resultant energy is reflected, some part of it is transmitted through the surface, and a third 

part of this quantity is absorbed. The proportions of energies that fall into these three 

categories are known to form the dielectric properties of the material (Venkatesh M S, 2005). 

The fundamental property of electrical nature through which the interactions manifest is 

referred to as the complex relative permittivity, ε. The mathematical expression is as follows: 

𝜀 = 𝜀′ − 𝑗𝜀′′     (2.83) 

where 

  𝜀′ = 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, and 
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  𝜀′′ = 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑙𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟. 

 Whereby the absolute permittivity in air, 𝜀0 is expressed by: 

𝐶𝑜𝜇𝑜Ԑ𝑜 = 1     (2.84) 

where 

  𝐶𝑜 = speed of light, and 

  𝜇𝑜 = magnetic constant. 

Using this formula, the value is Ԑ𝑜 =
1

𝐶0
2𝜇0

=
1

35 950 207 149.4727
𝐹/𝑚 ≈8.854 x 10-12 

F/m  

The relative permittivity of a material, Ԑ𝑟 = Ԑ𝑎𝑏𝑠/Ԑ𝑜, where Ԑ𝑎𝑏𝑠 is the absolute permittivity 

of the material. 

Materials that do not contain magnetic components, respond only to the electric field. The 

depth of penetration, dp is known as the depth into which the microwave power is dropped 1/e 

or 36.8% of its transmitted value in a sample. Sometimes, dp has the definition of the distance 

where the microwave power attenuation is 50% of the power transmitted, (Ptrans). 

𝛿𝑝 =
𝜆0√𝜀′

2𝜋𝜀′′
     (2.85) 

Permittivity, in general is not a constant, and varies with the position occupied in the 

medium, the frequency of the electromagnetic field applied, humidity, temperature, and other 

parameters. The permittivity can also depend on the strength of the electric field in a non-

linear medium. Permittivity as a function of frequency takes the form of real or complex 

values. The unit of permittivity is farad per meter, F/m. 
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Materials can be classified based on permittivity (YU and Cardona, 2005) as follows: 

𝜀′′

𝜀′
= 0, perfect dielectric (lossless medium) 

𝜀′′

𝜀′
≪ 1, low conductor and good dielectric (low loss medium)  

𝜀′′

𝜀′
≈ 1, lossy conductor, lossy propagation medium 

𝜀′′

𝜀′
≫ 1, good conductor, high loss medium 

𝜀′′

𝜀′
= ∞, perfect conductor 

There are several measurement techniques employed for the determination of the 

permittivity of materials (Chen et al., 2004). In this study the perturbation and transmission 

line methods have been applied to determine the permittivity of the materials used in the 

experiments. 

2.9 Waste cooking oil (WCO) 

Waste cooking oils and fats from domestic and commercial handlers constitute a bulk of 

everyday commodities societies deal with as part of necessity. There are a number of interests 

in WCO recovery from restaurant chains and other entities who produce them (Rinco et al., 

2005). Organisations dedicated to this have ways of collecting used cooking oil from their 

clients. One way is to distribute containers made specifically to handle this type of material 

and arrange for their collection (Rincon et al., 2007). 

WCO is contaminated with a variety of contaminants that include, lead, magnesium, 

copper, zinc, chromium, arsenic, chlorides, cadmium, and chlorinated compounds (Abo-Dief 

et al., 2014). A gallon of waste oil if mal handled can spoil a million gallons of potable water. 

The recycling of WCO for the purposes of reuse in other ways is therefore essential to promote 
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environmental cohesion and cleanliness. Used oils may contain impurities such as water, food 

residues, and high free fatty acids (FFA) concentration, depending on the cooking process and 

successive storage (Rinco et al., 2005). Figure 2.9 illustrates three-phase recovery process of 

waste cooking oil from the drains. Phase 1 is the transportation to a depository, followed by 

phase 2 of classification into hazardous or non-hazardous and then phase 3, the treatment 

process. 

 
Figure 2-9: Some waste cooking oil recovery. Source: Advance Waste Services 

Methanolysis is one form of recycling WCO (Tomasevic and Siler-Marinkovic, 2003). It 

consists of placing used frying oil into a dry reaction flask equipped with reflux condenser 

and magnetic stirrer. The blended reaction mixture at a temperature of 25o C is then separated 

into layers. The ester layer is separated from the glycerol layer in a separating funnel. Crude 

ester layer forms methyl-ester (ME), which is then refined and washed with hot water, until 

the washings are neutral. The ester layer is allowed to dry over sodium sulphate and then 

filtered. 

Used frying oils (UFO) are useful ingredients for the preparation of biodiesels. The main 

issues with these is how to adjust their acidity and water content primarily to achieve the 

required values,  they then are transformed into ME in a similar way as in the case of fresh 
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oils and fats, and the properties of ME are equivalent in both cases (Cvengroš and 

Cvengrošová, 2004).  

 

2.10 Methanol  

Methanol is the simplest alcohol and is the only methyl group related to the hydroxyl group. 

It is a low weight, volatile, colourless, combustible liquid with a characteristic smell very 

comparable to that of ethanol. However, unlike ethanol, methanol is extremely toxic and 

unhealthy for consumption. At room temperature, it is a polar liquid, and can be used as an 

antifreeze, solvent, fuel, and to denature ethanol. It can also be used for biodiesel production 

via transesterification reaction (Cheng, 1994). 

Methanol is used primarily as a raw material for the manufacture of chemicals, and as 

a fuel for specialized vehicles. As mentioned above, it is a commonly used as a denaturing 

agent. As a common laboratory solvent, is useful for application in HPLC, UV/VIS 

spectroscopy, and LC-MS due to its low UV cut-off (de Reuck and Craven, 1993). 

In the chemical industry methanol is primarily used in making other chemicals. About 40% 

of methanol is transformed into formaldehyde, and from there into more products like plastics, 

plywood, paints, explosives, and permanent press textiles (Sheldon, 2013). 

Condensation of methanol molecules to produce hydrocarbon chains and 

even aromatic systems has been demonstrated with loss of water, carbon monoxide, and/or 

carbon dioxide. An aromatisation reaction, which generated hex methylbenzene as a minor 

product with a mixture of mostly aliphatic hydrocarbons directly from methanol, using zinc 

chloride as catalyst, has been demonstrated (Chang, 1983).  

https://en.wikipedia.org/wiki/Feedstock
https://en.wikipedia.org/wiki/Fuel
https://en.wikipedia.org/wiki/Vehicle
https://en.wikipedia.org/wiki/High-performance_liquid_chromatography
https://en.wikipedia.org/wiki/UV/VIS_spectroscopy
https://en.wikipedia.org/wiki/UV/VIS_spectroscopy
https://en.wikipedia.org/wiki/Liquid_chromatography%E2%80%93mass_spectrometry
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Formaldehyde
https://en.wikipedia.org/wiki/Plywood
https://en.wikipedia.org/wiki/Paint
https://en.wikipedia.org/wiki/Explosive
https://en.wikipedia.org/wiki/Permanent_press
https://en.wikipedia.org/wiki/Hydrocarbon
https://en.wikipedia.org/wiki/Aromatic_hydrocarbon
https://en.wikipedia.org/wiki/Aromatisation
https://en.wikipedia.org/wiki/Hexamethylbenzene
https://en.wikipedia.org/wiki/Zinc_chloride
https://en.wikipedia.org/wiki/Zinc_chloride
https://en.wikipedia.org/wiki/Catalyst
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Other chemical derivatives of methanol include acetic acid and dimethyl ether (DME), the 

latter of which has replaced chlorofluorocarbons as an aerosol spray propellant. Dimethyl ether 

can also be blended with liquefied petroleum gas (LPG) for home heating and cooking, and 

can be used as a replacement for transportation diesel fuel (Bajpai and Chandrasekhar, 2016). 

Of high interest to the petrochemical marketplace, methanol is an important component in 

new and lower-cost methods for producing propylene, which is much in demand. Such 

methods include methanol-to-olefins (MTO), methanol-to-propylene (MTO/MTP), 

metathesis, propane dehydrogenation (PDH), high severity FCC, and olefins cracking (Bao and 

Xu, 2004). 

Methanol is sometimes used to fuel internal combustion engines. Pure methanol is 

mandatory to be used in sprint cars and other dirt track series, mainly because, in the event of 

an accident, methanol does not generate an opaque cloud of smoke. Since the late 1940s, 

Methanol has also been used as the main fuel ingredient in the power plants for radio 

control, control line, free flight airplanes, cars and trucks; such engines use 

a platinum filament glow plug that fires the methanol vapour via a catalytic reaction (Lee, 

1989).   

Methanol burns in oxygen, including open air, forming carbon dioxide and water (Masterton 

and Hurley, 2015): 

2 𝐶𝐻3𝑂𝐻 +  3 𝑂2 →  2 𝐶𝑂2 +  4 𝐻2𝑂    (2.86) 

One problem with high concentrations of methanol in fuel is that alcohols corrode some 

metals, particularly aluminium. An acid, even though weak, methanol damages the oxide 

coating that normally protects the aluminium from corrosion (Behrens, 1991): 

6 𝐶𝐻3𝑂𝐻 +  𝐴𝑙2𝑂3 →  2 𝐴𝑙(𝑂𝐶𝐻3)3 +  3 𝐻2𝑂   (2.87) 
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https://en.wikipedia.org/wiki/Dimethyl_ether
https://en.wikipedia.org/wiki/Chlorofluorocarbon
https://en.wikipedia.org/wiki/Aerosol_propellants
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https://en.wikipedia.org/wiki/Petrochemical
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https://en.wikipedia.org/wiki/Propylene
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https://en.wikipedia.org/wiki/Radio_controlled_model
https://en.wikipedia.org/wiki/Radio_controlled_model
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The resulting methoxide salts are soluble in methanol, resulting in a clean aluminium 

surface, which is readily oxidised by dissolved oxygen. Also, the methanol can act as an 

oxidiser (Garverick, 1994): 

6 𝐶𝐻3𝑂𝐻 +  2 𝐴𝑙 →  2 𝐴𝑙(𝑂𝐶𝐻3)3 +  3 𝐻2   (2.88) 

This reciprocal process in effect fuels corrosion until either the metal is eaten away or the 

concentration of CH3OH is negligible. Methanol's tendency to corrosiveness has been 

addressed with methanol-compatible materials and fuel additives that serve as corrosion 

inhibitors (Carroll, 2014). 

Organic methanol, produced from wood or other organic materials (bio-alcohol), has been 

suggested as a renewable alternative to petroleum-based hydrocarbons. Low levels of methanol 

can be used in existing vehicles with the addition of solvents and corrosion inhibitors 

(Kuznetsov, 2013). 

Methanol fuel has been proposed for ground transportation. The main advantage of a 

methanol economy is that it could be adapted to gasoline internal combustion engines with 

minimum modification to the engines and to the infrastructure that transports and stores liquid 

fuel (Boshier and Moy, 1982). 

The European Fuel Quality Directive allows up to 3% methanol with an equivalent amount 

of solvent to be mixed together with gasoline sold in Europe. China uses above one billion 

gallons of methanol per year as a transportation fuel in low level blends for normal vehicles 

and high level blends in vehicles intended for methanol fuels (Folkson, 2014). 

Stoichiometry for methanol production of syngas requires the ratio of H2 / CO to equal 2. 

The partial oxidation process yields a ratio of 2, and the steam reforming process yields a ratio 

of 3. The H2 / CO ratio can be lowered to some extent by the reverse water-gas shift reaction 

(Stuart and El-Halwagi, 2012), 

https://en.wikipedia.org/wiki/Methoxide
https://en.wikipedia.org/wiki/Dissolved_oxygen
https://en.wikipedia.org/wiki/Bioalcohol
https://en.wikipedia.org/wiki/Hydrocarbon
https://en.wikipedia.org/w/index.php?title=European_Fuel_Quality_Directive&action=edit&redlink=1
https://en.wikipedia.org/wiki/China
https://en.wikipedia.org/wiki/Stoichiometry
https://en.wikipedia.org/wiki/Water_gas_shift_reaction
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𝐶𝑂2 + 𝐻2 →  𝐶𝑂 +  𝐻2𝑂,    (2.89) 

to provide the suitable stoichiometry for methanol synthesis. 

Methanol is freely biodegradable in both aerobic and anaerobic environments. Methanol 

will not persist in the environment. The half-life for methanol in groundwater is just one to 

seven days, while many common gasoline components have half-lives in the hundreds of days. 

Since methanol is miscible with water and biodegradable, it is unlikely to accumulate in 

groundwater, surface water, air or soil (Clary, 2013).  

2.11 Biodiesel  

Biodiesel refers to diesel fuel that is animal fat or vegetable oil based and consists of long-

chain alkyl esters (ethyl, methyl or propyl). Biodiesel is made by chemically 

reacting triglycerides, animal fat (tallow), and vegetable oil with alcohol, which produce fatty 

acid esters. The major advantage of biodiesel is that it enhances the life of the engine, and 

unlike petroleum, it does not pollute the environment (Sarin, 2012).  

The global biodiesel market is mainly motivated by escalating apprehension of energy 

security and fossil fuel costs. Biodiesel is a direct alternative to fossil fuel, and 

notwithstanding the ongoing misunderstanding in the biofuels sector concerning the 

sustainability, quality of raw materials, and significant slowdown in financing, the global 

biodiesel market will continue to grow at a steady rate (Luque et al., 2016). The top five-

biodiesel producers in the world are the U.S., Germany, France, Argentina and Brazil. 

Australia is the largest producer of biodiesel in the Asia Pacific region, followed by China 

and India (Luque and Melero, 2011). 

Since Rudolf Diesel, a German inventor, introduced the diesel engine (Bryant, 1965), there 

has been a great deal of research and development in the design area of finding appropriate 

fuel to use for these engines. For over the years, readily available petroleum products did not 
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do much to incentivise this area of research. It was the crisis of the 1970s and the subsequent 

rise of petroleum prices that ignited the need for alternative fuels. Also, with the advent of 

climate concerns, many have proposed an environmentally friendly alternative to the fossil 

fuel-based products that we are used to so far. The use of vegetable oils and other 

biodegradable fats for biodiesel production then became prominent. The cost and conflict with 

farmers, who would prefer the use of land for food crops, then became evident (Romano and 

Sorichetti, 2010). 

The production of biodiesel is the result of the conversion of triglycerides (vegetable oils 

or animal fats) to alkyl or methyl esters. The consequence is an alternative diesel with a high 

level of viscosity, around 10 to 17 times greater than that of the conventional diesel 

(Rachmanto et al., 2014). It is therefore inconvenient to utilise directly in a diesel engine 

designed to operate with common diesel. Working with the alkyl or methyl ester-based fuel 

as prescribed can lead to increased carbon deposits, injector coking, oil ring sticking, and the 

possibility of lubrication oil degradation caused by contamination with vegetable oil. The 

main technical challenge of using biodiesel from low quality used oil is the pre-treatment of 

FFA. 

Numerous methods have been anticipated to try to reduce the viscosity of vegetable oils 

and fats to meet diesel fuel standards. One of which is transesterification, a technique widely 

used for the production of biodiesel. 
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Figure 2-10: Biodiesel production process chart showing area of study 

The processes involved in biodiesel production as shown in Figure 2.10, are esterification, 

transesterification, methanol recovery and washing. The WCO is to possess free fatty acids in 

excess of 2.5% and the reaction with methanol is to be used for the process (Scragg, 2009).  

In this work, 3 to 10 percent of FFA was utilised in the experiments. The other processes, 

such as transesterification, are not touched in detail in this work and may require other 

expertise to be performed. The area of study is highlighted in Figure 2.10. 

2.11.1 Esterification 

The presence of FFA in the oil is detrimental during the alkali transesterification process 

due to the possible materialisation of soap, yield loss and increased difficulty in product 

separation. The acid catalysed transesterification can straightforwardly transform both FFA 

and oil into biodiesel. Conversely, this has not been much practised by biodiesel producers 

due to the much longer reaction time and low yield (Chai et al., 2014). Instead, a two-step 

conversion process made of an acid catalysed esterification pre-treatment to first lower the 

FFA content, followed by the traditional alkali-catalysed transesterification is widely used 
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both in laboratory and industry. The acid-catalysed esterification requires additional acid and 

methanol usage, but the majority of the methanol is recovered through a system that has 

commonly been installed by the manufacturers.  

The elimination of FFA uses a well-known esterification reaction: 

𝑅1 – 𝐶𝑂𝑂𝐻 − 𝐶𝑂𝑂 − 𝑅2 + 𝐻2𝑂    (2.90) 

  which is catalysed by acids. R1 is a linear chain of carbon atoms containing a variable 

number of unsaturation, which depends in particular to the origin of the material and R2 is 

methyl related radical (Berrios et al., 2007). The reaction is heterogeneous, since methanol is 

only sparsely soluble in vegetable oil and therefore requires agitation to avoid mass transfer 

in the process. 

The goal of this study is to evaluate the amount of FFA in the oil by combining from zero 

up to 20% in vegetable oil (VO) and try to assimilate a system of monitoring of this process 

in the laboratory environment. The same FFA combinations added to methanol (M) allow for 

monitoring using the same process. Further combinations were carried out to evaluate the 

saturation of M in higher percentages of 50, 60 and 70 in oil (VO). 

2.11.2 Transesterification  

Triglycerides and free fatty acids go through a reversible reaction with alcohol, out of 

which they form glycerol and fatty acid alkyl/methyl esters. During the reactions, 

monoglycerides and diglycerides are made and as final products are glycerol and methyl ester 

(De Boni and Lima da Silva, 2011). This process is with or without catalyst; however, alkali 

or acid catalyst is mostly used in commercial applications. A catalyst free reaction is achieved 

under critical conditions. Equations (2.91), (2.92) and (2.93) show different combinations of 

transesterification reaction processes without the use of catalyst. 
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3.0 METHODOLOGY  

3.1 Introduction  

Work started with the probing of the difference in edible oils sourced from supermarkets. 

The simple aim was to use the sensor to identify and establish the difference in the oils. The 

next experiments were carried out on mixtures with the aim of authenticating extra virgin olive 

oil (EVOO), for which sunflower oil (SFO) was used as adulterant in the tests.  

The physical properties, especially the complex permittivity of the samples of materials 

were determined, with the aim of using those parameters to design a model of the sensor. 

Experiments were carried out using the rectangular waveguide cavity to set up the perturbation 

method. In addition, the other method used to determine the properties is the 

transmission/reflection line where the tape sealed cavity experiment was utilised.  

Experiments relating to waste oil recovery were realised using the cylindrical cavity 

resonator. Sample preparation for the experiments are herein explained in detail. Computer 

modelling and simulation was carried using COMSOL software. 

 

3.2 Experiments on Oil Type Differentiation 

Tests were carried out with the intent to verify the differences in the types of edible oils. 

Nine different oils were sourced from the commonplace supermarkets (Table 3.1, Figure 3.1) 

for the experiments. Samples were prepared and labelled out of these and each sample 

submitted to tests. The goal was to compare them and establish the differences between them 

using their microwave generated signal spectra, results shown in 5.2.1.  
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Table 3.1: Oils from the Supermarket 

ITEM PRODUCT 

1 Sunflower oil 

2 Grape seed oil 

3 Groundnut oil 

5 Mixed refined olive oil (ASDA) 

4 Mixed refined olive oil (Felippo Berrio) 

6 Medium flavour olive oil (Napolina) 

7 Fruity flavour olive oil (Napolina) 

8 Extra virgin olive oil (ASDA) 

9 Extra virgin olive oil (Felippo Berrio) 

 

 
Figure 3-1: Edible oils sourced from supermarket 

Seven samples were finally tested for the differentiation of oil types. Table 3.2 shows the 

exact samples used for the oil type verification experiments. 
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Table 3.2: Samples for Oil Type Verification Experiment 

SAMPLES DESCRIPTION 

1 Sunflower Oil (SFO) 

2 Grape seed Oil (GSO) 

3 Groundnut Oil (GNO) 

4 Olive Oil (Mixed Refined) (ROO) 

5 Olive Oil (Medium Flavour) (MFOO) 

6 Olive Oil (Fruity Flavour) (FFOO) 

7 Olive Oil (Extra Virgin) (EVOO) 

 

The seven samples were prepared and labelled in test tubes for the realisation of the 

experiments. The IDE sensor (Figure 3.2) was connected to port 1 of the VNA to read the 

reflection coefficient, S11. S11 is part of scattering parameters (S11, S21, S12, S22) that helps to 

determine what happens to the signal applied to the sensor port when interacting with the 

material, i.e. describe the flow of the signal. It measures the input reflection coefficient of the 

device in the form of reflected microwave signal. S21 on the other hand defines the 

transmission coefficient in the case of a two-port sensor device. The sensing area, or antenna, 

of the sensor was adequately cleaned and dried with nonabrasive wipes and the samples of oil 

applied to the area, using pipettes and making sure the small squared area (0.16cm2) fencing 

the digitated platform is covered with the oil sample (50 µl). Figure 3.2 shows the IDE sensor 

as used for the experiment and described by Korostynska et al., (2013). 
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Figure 3-2: The interdigitated electrode sensor (IDE) used for oil type differentiation 

The Rohde and Schwarz, ZVL 6 GHz was used for the set-up of the experiment. Figure 

3.3 illustrates the setup of the experiment to verify the difference in the oils. 

 

 
Figure 3-3: Set-up for oil type verification test showing samples, VNA and sensor 

Readings from the VNA were taken and saved in a formatted form to the computer. Each 

cycle was repeated (n=10) for each sample. All 10 readings were aggregated together, and an 

average chart was used for analyses. Data processing was carried using Microsoft Excel 

platform. The results for these experiments can be found in section 5.2.1. 
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3.3 Experiments on Dilution of EVOO 

Tests were carried out to establish the adulteration of extra virgin olive oil using sunflower 

oil (SFO) as the adulterant. An extra virgin olive oil (EVOO) was mixed with 10%, 20%, 

30%, 40%, and 50% of sunflower oil (SFO), as a form of dilution. These percentages were 

selected purposely and primarily to test the ability of the sensor to verify the percentages of 

concentration of SFO in EVOO. The reason the tests were limited to 50 percent is that 

adulteration beyond this limit begins to shift pigmentation and lose the intensity of the EVOO. 

The dominance of the SFO then becomes obvious. Since most adulterations are for profit, 

becoming too obvious could raise suspicion and deter buyers from patronising. Samples have 

been prepared according to table 3.3.  

Table 3.3: Sample of Mixtures of SFO and EVOO 

SAMPLES SFO/EVOO 

1 SFO 10% / EVOO 90% 

2 SFO 20% / EVOO 80% 

3 SFO 30% / EVOO 70% 

4 SFO 40% / EVOO 60% 

5 SFO 50% / EVOO 50% 

For best results, samples were prepared using weight to compensate for the difference in 

densities of the materials under test. Samples were weighed using KERN scale, with 

maximum range of 100g (shown in Figure 3.6). Ten grams was adequate for maximum sample 

weight, owing to the fact that it is enough to be pipetted into the NMR tubes for the 

measurements. Table 3.4 shows the distribution of the mixtures by weight and percentages. 
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Table 3.4: Sample Preparation of SFO in EVOO 

SAMPLES MIXTURE  WEIGHT 

1 SFO0% / EVOO 100% 0:10g 

2 SFO 10% / EVOO 90% 9g:1g 

3 SFO 20% / EVOO 80% 8g:2g 

4 SFO 30% / EVOO 70% 7g:3g 

5 SFO 40% / EVOO 60% 6g:4g 

6 SFO 50% / EVOO 50% 5g:5g 

 

3.3.1 Set-up of Authentication of EVOO using Microwave. 

Tests were carried out on samples of extra virgin olive oil diluted with sunflower oil of 0 

to 50% in 10% intervals using weight. The pancake cavity sensor (Figure 3.4), expected to 

operate here within the range of 4 to 6GHz, has an internal diameter of 13cm and a height of 

2cm, connected to two ports (to read the transmitted, S21 and reflected, S11 parameters/signals) 

of the Rohde & Schwarz ZVA24. Samples were pipetted into NMR tubes and labelled and 

were inserted one by one into the pancake cavity resonator for tests. The test cycle was 

repeated (n=10) for each sample. The sum of all 10 readings were accumulated and an average 

chart used to process the data. Data processing was carried out using Microsoft® Excel 

platform. The results for these experiments can be found in section 5.2.2. 
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Figure 3-4: Set-up for microwave spectroscopic tests using the pancake cavity sensor 

3.3.2 Set-up of Authentication of EVOO using Spectrophotometer   

The spectrophotometric readings were carried out using the HP spectrophotometer (Figure 

3.5). Samples were pipetted into cuvettes and labelled and were each slotted into the 

spectrophotometer for measurement. In the beginning air, water, sunflower and extra virgin 

oil were each trialled as blank, leading to the realisation that air (empty cuvette) provided the 

best blank for the best readings. Samples used were prepared according to table 3-4. All 10 

readings were added together, and an average chart used for the analyses. Data processing 

was carried out using Microsoft® Excel platform. Figure 3.5 illustrates the HP 

spectrophotometer used for the experiments. The results for these experiments can be found 

in section 5.2.2. 
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Figure 3-5: HP spectrophotometer used for tests 

 

3.4 Experiments on Waste Oil Recovery Process 

The aim of this experiment is to assimilate the process leading to waste oil recovery by 

combination in various preparations of mixtures of vegetable oil (VO), free fatty acids (FFA) 

and methanol (M) in a way that would mimic the samples as applied in the industry. A 

laboratory scale was utilised to measure samples by weight instead of just relying on volume 

of the mixtures. Mixing substances with different densities by volume has its own challenges, 

for which reason it is advisable to use weight. The type of measurements, as carried out here, 

which is to determine the properties of the materials, also rely on the conditions under which 

they are measured. Figure 3.6 shows the laboratory scale as used to weigh the samples for the 

experiment, a product of KERN brand, with maximum range of 100g, read out of 0.001g, 

reproducibility of 0.001g and linearity of ±0.003g. 
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Figure 3-6: Laboratory scale for measurements 

VO, M and FFA were prepared as samples and placed in 15 millilitre test tubes and labelled 

(as shown in Figure 3.7). Mixture pairings were prepared of methanol and vegetable oil 

(denominated MO), FFA and VO (denominated FO), and FFA and M (denominated FAM). 

For the purposes of these experiments, all mixture samples were prepared in the same day and 

at the same temperature in an air-conditioned environment (at room temperature of 200C). 

3.4.1 FFA in Vegetable Oil (FO) 

The aim of this experiment is to identify the changes occurring in the variation of the 

percentages of mixture concentration of FFA in the oil using microwave technology. This 

would lead to the measurement of the stages of occurrences during the processes needed to 

reduce FFA in the oil. VO mixture with FFA is to identify the presence of fatty acids in the 

oil during esterification. The fact is that waste oil is most likely to contain a large amount of 

FFA, and it is key to reduce it in the process to an adequate level (about 2.5%). Figure 3.7 

illustrates the labelled test tubes containing the samples as used for the measurements. 
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Figure 3-7: Test tubes containing samples for measurements 

The mixture of Vegetable oil with FFA was realised to trace the amount of fatty acids 

present in the oil during the process. The allocation of these percentages of 2.5 to 17.5 of FFA 

in VO represent the tests to ascertain the traces of free fatty acids in the vegetable oil during 

the esterification process. The levels of FFA at this stage should prevail at this range to give 

meaning to the process. Table 3.5 shows the distribution of mixtures by weight and 

percentages of FFA vegetable oil. 

Table 3.5: Sample measurement by weight of FFA in oil 

VO (g) FFA (g) VO (%) FFA (%) 

40 0 100 0 

39 1 97.5 2.5 

38 2 95 5 

37 3 92.5 7.5 

36 4 90 10 

35 5 87.5 12.5 

34 6 85 15 

33 7 82.5 17.5 
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3.4.2 FFA in Methanol  

The mixture of FFA in methanol (FAM) was realised to trace the amount of fatty acids in 

methanol. Adding 0 to 17.5 percent of FFA to methanol would allow for the tests of detecting 

the amount of FFA in methanol, vital for monitoring the presence of the substance in the 

alcohol during the esterification process. It is important to note that at the temperature at which 

this is being carried out (20c), shaking is vital for this type of mixture since the substances 

tend to separate if allowed in time. It is therefore important to vigorously shake the mixture 

just before any measurement is realised. Table 3.6 shows the distribution of mixtures of FFA 

in methanol. 

Table 3.6: Sample measurement by weight of FFA in methanol 

M (g) FFA (g) M (%) FFA (%) 

40 0 100 0 

39 1 97.5 2.5 

38 2 95 5 

37 3 92.5 7.5 

36 4 90 10 

35 5 87.5 12.5 

34 6 85 15 

33 7 82.5 17.5 

 

3.4.3 Methanol in Vegetable Oil 

The mixture of methanol in vegetable oil (MO) was realised to detect the concentration of 

the alcohol present in the oil. In the waste oil recovery process, a large amount of methanol is 

utilised to leach out FFA from the oil. The ability to test the presence of large amounts of 
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methanol saturated in vegetable oil was realised in this experiment by mixing 50 to 70% of 

MO. It is important to note also that at the temperature at which this is being carried (20o C), 

shaking is necessary to maintain the composition of the mixture, which tends to decompose 

if allowed, in time. It is therefore important to consistently shake the mixture just before any 

measurement is realised. Table 3.7 shows the distribution of mixtures of VO and methanol. 

Table 3.7: Sample measurement by weight of methanol in oil 

VO (g) VO (%) M (g) M (%) 

20 50 20 50 

19 47.5 21 52.5 

18 45 22 55 

17 42.5 23 57.5 

16 40 24 60 

15 37.5 25 62.7 

14 35 26 65 

13 32.5 27 67.5 

12 30 28 70 

 

Initially all measurements were carried out in a larger container that is capable of 

containing the 40g of the mixture of the liquid samples, in this case a 100ml beaker before 

later transferring into the 15 millilitre test tubes that were used for the measurements.  
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3.5 Set-up of Experiments on Waste Oil Recovery 

To set up the experiment for the waste oil recovery process, the Rohde and Schwarz, 

ZNB20 Vector Network Analyser was utilised. The VNA was set to read both the S11 and S21 

parameters respectively at frequencies ranging from 100 kHz to 20GHz (full range). A 

cylindrical cavity resonator, as the sensor, expected to operate within 2 to 5GHZ range, was 

connected to the ports 1 and 2 of the VNA. Figure 3.8 illustrates the experimental set-up of 

the waste oil recovery process verification using 1. VNA, 2. Cylindrical cavity resonator and 

3. Samples in test tubes. 

 
Figure 3-8: Experimental set-up for FFA, M and VO verification.  

[1. VNA, 2.  Cavity Resonator (Sensor) and 3. Samples] 

The sample-filled test tubes (3 in picture) were inserted one by one into the cavity sensor 

(2 in picture) and the readings were taken by the VNA (1 in picture). Reading cycles were 

realised (n=10) and recorded in complete format (both real and imaginary) for analyses. It is 

important to allow for a complete sweep before reading is started and up to three sweeps 

during the reading period before recording is carried out. Recorded readings were exported 

for data processing using Microsoft Office Excel. All 10 times readings were summed 

1 

3 

2 
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together, and a determined average chart was utilised for the processing. Processed data was 

analysed for regression using Curve Expert software 

 

3.6 Experiments on Determining Properties of Materials 

Two distinct methods were utilised for the purpose of determining the properties of the materials 

used in the experiments. The cavity perturbation method (CPM) was used to determine the complex 

relative permittivity of all the materials with the exception of methanol. For the determination of the 

complex permittivity of methanol, the transmission/reflection line method (TR) was suitably utilised as 

Methanol is a high loss material and the cavity perturbation method is suitable for low loss materials at 

high frequencies. 

3.6.1 Experiments using the CPM 

The cavity perturbation method was utilised to determine the properties of most of the 

materials used in the experiments. To realise this experiment, a specially designed rectangular 

waveguide cavity was utilised as the sensor. The NMR tube containing each sample of the 

material was inserted into the middle slot of the waveguide cavity (Figure 3.9) connected to 

the VNA, which was purposely set to read the transmission coefficient, S21. Readings of the 

full spectra were then narrowed to a single resonant peak for processing by visually looking 

at the spectrum alongside the VNA signal processing capability to identify the resonant 

frequencies. At each reading a snapshot of the peak was taken in a way to preserve the 

recordings. 
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Figure 3-9: Set-up for Cavity Perturbation Experiments 

The main active peak of the spectra was selected, and the frequency associated with this 

was marked alongside the associated amplitude. Then the frequencies corresponding to ∓3dB 

shift from the peak to the left and right sides and their amplitudes were also marked. These 

marked frequencies and amplitudes, alongside the overall dimensions of the cavity are useful 

for the tabulation of the dielectric constant, ε̍ and the loss factor, ε̎ using the CPM.  

3.6.2 Experiments using TR 

Another method used to determine the permittivity of materials, used here purposely to 

determine the complex relative permittivity of methanol, is the transmission/reflection line 

method. Due to its volatile nature, a new approach has to be used (please see 3.7). A sample of 

approximately 100 millilitres of methanol is placed in a container, the bottom of which is sealed 

with a light duct tape to prevent leakage. The container is fastened with nut and screws and 

sandwiched between two separate waveguides and connected to the input and output ports of 

ZVB20 (Figure 3.10).  
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Figure 3-10: Set-up for experiment on transmission/reflection line method 

The S-parameter readings were taken and exported for data processing using the Microsoft Excel 

platform. Data processing here included a series of spreadsheet calculations to determine the dielectric 

constant, ε̍ and the loss factor, ε̎. 
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4.0 DESIGN PROCEDURE 

4.1 Introduction  

The design procedure is different from the methodology and as such does emphasize more 

on the process of developments leading to the creation of the model of the dielectric 

spectroscopic sensor. This chapter takes into account the procedure utilised in arriving at the 

preferred design of the microwave spectroscopic sensor for use in the industrial waste oil 

recovery system. Figure 4.1 illustrates the flowchart for the design procedure. 

 
Figure 4-1: Flowchart of design procedure 
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The process begins with the verification of the oil samples, which are the main materials 

under test. Determining the electrical properties of the samples used in the lab experiments set 

the process off and is the way to transfer the physical properties of the laboratory samples into 

numbers. These numbers are used to represent the samples mathematically in order to model 

the sensor. They then are also used to facilitate the computer aided simulation of the model. 

The modelling of the laboratory work was carried by recreating the geometry of the 

cylindrical cavity resonator, used for the experiments, as a model that has all the dimensions 

of the real cavity. The model, which would be translated into physics and numbers and in 

combination of the determined electrical properties of the sample materials are utilised for the 

simulation. Furthermore, the values attained in the lab model are scaled up physically and 

through mathematical formulae to attain the dimensions of the targeted sensor, which is for the 

industrial waste oil recovery process. 
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4.2 Determining the Properties of the Materials 

The physical properties of the sample materials, such as the relative complex permittivity 

form part of the design process. The aim here is to determine the physical properties of the 

samples as used in the experiments and use those for the computer aided simulation. Simulated 

results would tell us whether the lab experiments are according to expectations. 

The dielectric properties of materials used in the lab work were determined by using 

microwave spectroscopy. Two techniques were essentially applied for that, namely the cavity 

perturbation and the transmission / reflection line methods. 

4.2.1 Application of Cavity Perturbation Method  

The cavity perturbation method (detailed in section 3.6) was utilised to determine the 

complex relative permittivity of the sample materials used in the realisation of the experiments. 

The main feature of the CPM is the rectangular waveguide cavity resonator (shown in Figure 

4.2). The waveguide works under the principles as subscribed in section 3.4.8. 

The rectangular waveguide cavity resonator (Figure 4.2), which has two slots (one in the 

middle and one offset) is used in this work to realise these experiments relating to the CPM.  
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Figure 4-2: The waveguide cavity used for the perturbation method 

The transmitted signals in this rectangular waveguide follow the principles as displayed in 

the transmission line theory (section 3.4). The waveguide is connected to ports 1 and 2 of the 

VNA. The material under test, consisting of the sample in an NMR tube, is placed in the middle 

slot for the test to be carried. The spectra generated by the sample material are used for the 

process data as follows. The full range is worked on by observing the peaks with significant 

amplitudes and this is further narrowed to a single most active peak. 

The frequency and the amplitude of the peak is located and marked, and so are the 

frequencies corresponding to -3dB and +3dB to the left and right of the peak. The snapshot of 

each display is taken to preserve the data (Figure 4.3). The complex relative permittivity is 

determined using the formulae displayed in section 2.6.1. The following section shows an 

example of the determination of the permittivity, using air sample as an example. Other 

samples were treated using similar pattern. Figure 4.3 illustrates the snapshot of the peak of the 

marked frequencies and amplitudes for the determination of permittivity of air sample. 
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4.2.2 Permittivity of air (Empty tube) 

 
Figure 4-3: Selected peak for permittivity determination of air sample  

The permittivity of an empty NMR tube (air) was determined using the CPM. An empty 

NMR tube was inserted into the sample slot. Then the waveguide cavity was connected to the 

VNA, which has been set to read the transmission coefficient, S21. The range of the spectra 

was reduced to a single peak at 3.0435GHz and at -19.645dB. The first marker, M1 has been 

set on the centre of the peak, the second marker; M2 set to 3dB lower at approximately -

22.684dB corresponding to 3.0425GHz and the third marker, M3, set to 3dB higher at 

approximately – 22.6023dB and at 3.0443GHz. This enables calculations of quality factor and 

subsequently the permittivity of the material as discussed in section 4.2.3 below.    

4.2.3 The complex permittivity of the sample materials 

This method was applied to determine the complex relative permittivity of all the 

remaining sample materials, namely VO, FFA, ROO and EVOO. Table 4.1 shows the peak 

data of the frequencies and amplitudes as used for the calculations of the permittivity of the 

sample materials. 



CHAPTER IV – DESIGN PROCEDURE 

 

PhD Thesis - S B Osman  78 
 

Table 4.1: Peak data for material samples used for the calculations 

SAMPLE ANOTATION LEFT CENTRE RIGHT 

AIR Frequency  3.0425 GHz 3.0435 GHz 3.0425 GHz 

Amplitude  -22.684dB -19.645dB -22.6023dB 

VO Frequency  3.0340GHz 3.0354GHz 3.0370GHz 

Amplitude  -27.801dB -24.772dB – 27.762dB 

FFA Frequency  3.0374GHz 3.0362GHz 3.0351GHz 

Amplitude  – 25.213dB -22.179dB -25.296dB 

ROO Frequency  3.0340GHz 3.0354GHz 3.0370GHz 

Amplitude  -27.788dB -24.725dB – 27.717dB 

EVOO Frequency  3.03395GHz 3.03565GHz 3.0371GHz 

Amplitude  -27.709dB -24.743dB – 27.632dB 

 

The complex permittivity of the materials was arrived at using the values obtained from 

the air and also using the dimensions of the containers, the waveguide and the NMR tube. The 

volume of the rectangular waveguide, V is 4.9104x106 mm3, whilst that of the NMR tube, v 

is 4.5817x102 mm3. Using equation (3.6) and (3.7) the Q factor values were determined, and 

finally with (3.8) and (3.9) the dielectric constant, ε' and loss factor, ε" were determined. As 

a result, the dielectric constant and loss factors of the following materials were attained. Table 

4.2 displays the determined relative complex permittivity of the sample materials. 
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Table 4.2: The relative complex permittivity of materials as determined 

Material Dielectric Constant, Ɛ' Loss factor, Ɛ " Permittivity, Ɛ 

VO 2.3859 0.1151 2.3859+j0.1151 

FFA 2.2708 0.0445 2.2708+j0.0445 

ROO 2.3947 0.1151 2.3947+j0.1151 

EVOO 2.5536 0.1108 2.5536+j0.1108 

 

4.2.4 Application of Transmission/Reflection Line Method  

Applying the TR method (section 3.7) allows for determination of the complex permittivity 

of the sample of methanol. The parameterisation of the dielectric properties of methanol using 

the single Debye function can only be valid over a limited frequency and temperature range, 

for which reason careful attention has to be given to the use of the liquid. Safety standards 

and guidelines are therefore to be adhered to at all times. 

A container was filled with the liquid, methanol, of approximately 100 millilitres. A tiny 

flexible tape (with not much influence on the material) was used to seal the bottom of the 

cavity to prevent leakage. The container was then fastened with nuts and screws and tightened 

with the aid of spanners to the mid-section of the waveguide between ports 1 and 2. The signal 

was transmitted through the liquid to read the transmitted and reflected powers. Figure 4.4 

illustrates the sketch of the cross section of the waveguide containing the sample, using 

adhesive tape to seal the bottom. 
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Figure 4-4: Cross section for TR measurement using tape sealed container 

A series of frequencies and the corresponding S21 readings were recorded and used for 

tabulating the results. Using equations (3.69) – (3.82) in section 3.7, the various parameters 

were determined and plotted. The results then were corroborated using the Debye model and 

verified by comparing with results from a National Physics Laboratory (NPL) report. The 

complex relative permittivity of methanol was attained using this method, and is shown in 

table 4.3. 

Table 4.3: The complex permittivity of methanol at 20oC 

Material Dielectric Constant, Ɛ' Loss factor, Ɛ" 

M 21.33 13.89 
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4.3 Modelling of the Lab Cavity 

The cylindrical cavity resonator was used as the sensor to realise all the experiments in the 

laboratory. The model of the Cavity consists of two cylinders representing the resonator and 

the sample tube. The heights of both cylinders are aligned with the z-axis. The radius of the 

resonator is taken to be 6 cm and the height is 10 cm. The cylinder representing the sample 

tube has the radius of 0.4 cm and the height of 10 cm. Two ports representing input (Port 1) 

and output (Port 2) ports. Figure 4.5 illustrates the lab model of the cavity resonator used for 

the computer aided simulation. 

 
Figure 4-5: model of lab cavity resonator used for the simulation 

A total of 3 space dimensions, 6 domains, 32 boundaries, 58 edges and 34 vertices were 

generated for the model and used for the calculations. Cavity boundaries made of an 

aluminium conductor and that of the sample tube of a non-conductive polyvinyl (PVC) 

material were declared in the software.  
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4.3.1 Mesh Selection 

Similar to the standard cavity model, the industry model of the cavity uses an auto 

generated mesh to enhance the refinement of its elements. Table 4.4 shows the mesh set-up 

for the lab model using the free tetrahedral. 

Table 4.4: Mesh set-up for lab model 

Element  Size 

maximum element size 6.66 

minimum element size 0.484 

curvature factor 0.4 

resolution 0.7 

growth rate 1.4 

 

For the selection of the mesh a free tetrahedral was selected to allow for finer but not too 

complicated resolution. Figure 4.6 illustrates the mesh set-up for the study of the lab model. 
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Figure 4-6: Mesh for the study of the lab cavity model 

 

4.3.2 Sample domains  

When relative permittivity is selected, the default relative permittivity takes values from the 

material used. The inbuilt refractive index, remnant electric displacement, relative 

permeability, flux density, magnetisation, resistivity, and conductivity of the material have all 

been preselected in the software. For the air sample domain, the inbuilt relative permittivity, 

𝜀 = 1 was utilised. Figure 4.7 illustrates the normalised electric field distribution of the air 

sample domain. 
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Figure 4-7: Electric field distribution in air sample domain  

For the VO sample the main cavity domain area remained air, instead, the sample domain 

area was changed to reflect the sample material, in this case vegetable oil. The mesh settings 

remain the same, and for vegetable oil sample domain the relative permittivity used is 

Ɛ=2.3859+j0.1151, as determined in the laboratory and at the normalised frequency of 

2.3887GHz. 

For the FFA sample the main cavity domain area remained air, instead the sample domain 

area was changed to reflect the sample material of FFA. The relative permittivity used for 

FFA is Ɛ=2.2708+j0.0445 and at the normalised frequency of 2.3924 GHz. 

For the methanol sample domain, the relative permittivity used is Ɛ=21.33-j13.89 at the 

normalised frequency of 2.313 GHz. 

4.3.3 S-Parameter Plots 

In this model, there are two ports with the numbers 1 and 2, and Port 1 is the input port, 

the software generates the variables S11 for the reflected power. For expediency, the variables 

for the S-parameters on a dB scale, S11dB, is also defined using the following relation:  
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𝑆11(𝑑𝐵) = 20 log 10 (|𝑆11|)    (4.1) 

The S-parameter variables are inserted to the predefined quantities in applicable plot lists. 

𝑆11 = √
𝑃𝑜𝑤𝑒𝑟 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑜𝑟𝑡 1

𝑃𝑜𝑤𝑒𝑟 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑜𝑛 𝑝𝑜𝑟𝑡 2 
    (4.2) 
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4.4 Modelling for Industry 

Having obtained significant values from the experiments, having used those values to 

simulate the lab and having ascertained the validity of the model in comparison to the 

experiments, it is in order to model the industry system using these values. Conditions 

imposed here include, but are not limited to, the adjustment of volume, and addition of flow 

system capability.  

The system is to enable the monitoring of the pre-esterification part of the process. The 

amount of free fatty acids in the oil, the amount of methanol used to leach out the fatty acids 

in the oil, and the amount of fatty acids mixed in the methanol. Figure 4.8 illustrates the process 

flow diagram of the industry sensor system. 

 
Figure 4-8: Process flow diagram for industry sensor system 

The question of the dimensions of the cavity could be addressed in two ways; one is to take 

into consideration the actual dimensions of the pipeline and build a cavity proportional to it. 

The other alternative is a flexible system that could continuously draw samples from the 

pipeline, supply the cavity sensor and feedback into the system. The second alternative was 

chosen since it is much more adaptable and can be implemented everywhere. It allows for the 

laboratory system to be scaled using existing dimensions. Figure 4.9 illustrates the design 

concept for the industry cavity resonator system. 
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Figure 4-9: Concept design of industry resonant cavity sensor system 

For the flow, a smaller pipeline would draw the sample to be measured, from the main 

pipeline through into the midsection of the cavity and return the sample back to the line 

without any influence on the content. This would allow the system to perform just as the test 

tube does in the lab system, but at the same time allowing for a continuous flow. The real-

time feature of microwave technology is herein applied. Microwave spectroscopy allows for 

real-time readings at the same time as the continuous flow takes place.  

 
Figure 4-10: P&ID of Biodiesel Process showing how sensor system will fit in industry 
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Figure 4-10 illustrates the P&ID of a biodiesel plant indicating where the sensor will fit in 

the industry. The microwave sensor (S) is in the dotted yellow square. Connected after the 

reactor (D). A differential measurement would allow the microwave impact to be assessed. The 

flow is 1m3/hr and the temperature is maintained at 73oC. As this is a pumped system, the 

valves V11 and V12 will allow a small sample to flow through the sensor whilst the main flow 

stays in the full pipe.  

  

4.4.1 The Scale of the model 

The industrial model of the cavity sensor was scaled based on Bessel functions and using 

equations 3.45-3.54 of section 3.4.9.1. The essence of the design of a cylindrical cavity is to 

determine the Q-factor and resonant frequency for which the dominant mode is requisite. The 

mode applied here is TM010 because the ratio between the height and radius is 1 < 2.03, for 

which the Q-factor is determined by 

𝑄𝑇𝑀010=
ƞ

𝑅𝑠(1+
𝑎
ℎ

)

.      (4.3) 

Where  

  a is the radius 

  h is the height 

  𝑅𝑠  is surface resistance 

 ƞ  is the characteristic impedance of free space 

the resonant frequency is determined by  

𝑓𝑇𝑀010
=

1

2𝜋√𝜇𝜀
√(

2

𝑎
)

2
      (4.4) 
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The resonant frequency of 2.3562 GHz was attained and the Q-factor value of 7856 was 

attained using equation 3.67 and 3.68 respectively of section 3.61. Table 4.5 displays the 

values of the Q-factor and the resonant frequency of the model. 

Table 4.5: Values attained for Industry model of the cavity resonator 

Resonant Frequency Q-Factor 

2.3562 GHz 7856 

Since, the developed sensor and proposed flexible design arrangement only draws a sample 

from the main line, the dimensions and subsequently the measurement frequencies, i.e. 

resonant frequencies, will effectively remain the same. The benefit being the sensor will 

maintain the performance of the original sensor.    

4.4.2 Geometry of the industry model  

The dimensions of the interior part of the cylinder that constitutes the main cavity, after 

scaling should measure, radius of 300mm and height of 300mm. the sample pipe should 

measure 26mm radius and run across the total length of the main cylinder. The geometry has 

3 dimensions, 2 domains, 40 boundaries, 74 edges and 42 vertices. It has been oriented on the 

x-axis to go with the flow system. Figure 4.11 illustrates the AutoCAD drawing of the 

proposed prototype industry-based cavity with the assigned dimensions. 
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Figure 4-11: AutoCAD design of industry-based prototype cavity with dimensions  

Conditions followed for the physics of this work were the same as preparations done with 

the laboratory work. The only change here is the axis, which now lays in the x-axis. This 

horizontal orientation is necessary because the design takes recognition of the flow of the fluid 

through the pipe. In the experimental work test tubes were utilised and had to stand upright 

inside the cavity, hence the vertical orientation. Figure 4.12 illustrates the 3D geometry as 

inputted for the model simulation showing the different parts of the cavity, the sample pipe 

and the input and output ports. 
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Figure 4-12: COMSOL® generated geometry of industry cavity model 

4.4.3 Mesh creation of the industry model 

For the selection of the mesh a free tetrahedral mesh option was selected to allow for finer 

yet processing efficient resolution. Table 4.6 shows the proposed mesh set-up parameters and 

their values for the industry model using the free tetrahedral option. Figure 4.13 illustrates the 

outcome of the finer mesh set-up. 

Table 4.6: Mesh set-up for industry model 

ELEMENT  SIZE 

maximum element size 4.5 

minimum element size 0.81 

curvature factor 0.6 

resolution 0.5 

growth rate 1.5 
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Figure 4-13: Mesh setup for model simulation 

4.4.4 Physics of the model 

The frequency domain electromagnetic wave study was utilised with allocated frequencies 

ranging from 2.4 to 3.4 GHz and intervals of 1 MHz in between. The initial results of the 

laboratory work dictated the chosen frequency range. Table 4.7 shows domain parameter 

settings using the properties of the copper material (domain). 

Table 4.7: Basic settings for copper domain 

DESCRIPTION VALUE 

Relative permeability 1 

Electrical conductivity 5.998 x 107[S/m 

Coefficient of thermal 

expansion 

17 x 10-6 1/K 

Heat capacity at constant 

pressure 

385[J/(kgK)] 
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DESCRIPTION VALUE 

Relative permittivity 1 

Density 8700[kg/m3] 

Thermal conductivity 400W/mK, 
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5.0 RESULTS  

5.1 Introduction  

This chapter outlines the results of the work carried out on the various experiments as attained. For 

clarity of purpose these are subdivided into different formats, beginning with oil verification and 

culminating in the design for industry. The oil verification has two facets, one is the differentiation and 

the other is authentication. Then came the formation of the waste oil recovery process, under which 

different permutations of samples to assimilate the process are evaluated. 

Modelling and simulating of lab work gave out some results. The various sample materials were 

evaluated independently and as a mixture with others. The electromagnetic aspects of all the sample 

domains were measured and the electric field distribution observed in its different forms. Plots from 

simulated models were extrapolated and compared with actual plots of the experiments.  

The results of the design of the industry model also feature in this chapter. It shows the results of 

scaling, modelling and simulation of the industry model. Aspects of the electric field distribution and 

the S-parameter plots were attained using the normalised frequencies used in the lab model. 

 

5.2 Oil Verification 

Oil verification was carried out in a two-fold process consisting of differentiation and the 

dilution of EVOO, and the results are as follows in section 5.2.1 and 5.2.2. 

5.2.1 Differentiation of Oil Samples 

Different oils from the supermarket were tested to verify their difference. The results 

indicated that each of the samples displays a distinct character signal spectrum from the rest 

except the Groundnut oil and the Extra virgin oil showing minor differences. Figure 5.1 shows 
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the results of the microwave spectra readings between 2 and 5.5 GHz of the different samples 

of the oils, sunflower, grape seed, groundnut and the 4 different forms of olive oils. 

 
Figure 5-1: Microwave Spectra verifying differences in vegetable oils 

The test results (as illustrated in Figure 5.1) show that each sample presented unique signal 

spectra with some needing advance analysis techniques to provide a clear difference between 

samples, paving the way for potential identification of different oils with this method. One 

could see patterns and sequences in the peaks between 3.5 and 4 GHz and around 5GHz zone. 

The values of frequency associated with these peaks could be valuable analytical tools for 

further investigations and could be handy when it comes to the development of electronics. It 

also means that with this capability, the microwave sensor system can verify the differences 

in supermarket oils. 

5.2.2 Dilution of Extra Virgin Oil with Sunflower Oil 

The dilution of EVOO was carried using same sample preparation with two different 

techniques, microwave spectroscopy and spectrophotometry and the results are shown as 

follows in section 5.2.2.1 and 5.2.2.2. 
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5.2.2.1 Microwave Spectroscopy Approach  

The spectra of the microwave spectroscopic readings show the peaks of the samples with a 

drop pattern in amplitude as the percentage of the dilution increased of the extra virgin olive 

oil. Figure 5.2 illustrates the microwave spectra of SFO percentages in EVOO. 

 
Figure 5-2: Microwave spectra of mixtures of SFO (0-50%) in EVOO 

The frequency range from 5.20 GHz to 5.60 GHz was selected from the direct sorting of the 

peaks with higher amplitude and greater level of activities of interest converging in the area. 

The frequency of 5.42 GHz is used here, as a reference line in order to regress the values of the 

amplitudes against the percentages of concentration of the sample mixture. This allows for the 

establishment of the linear relationship for statistical analysis. Figure 5.3 illustrates the 

regression plot of SFO in EVOO at 5.42 GHz using microwave. 
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Figure 5-3: Regression plot of concentration of SFO in EVOO 5.42GHz using µW spectroscopy 

5.2.2.2 Spectrophotometer Approach 

The spectrophotometric readings show a pattern of ascendance in the amplitude of the 

absorbance with the increase in the percentages of concentration of the mixture. Figure 5.4 

illustrates the spectrophotometric readings of the mixture SFO in EVOO.  

 
Figure 5-4: Spectrophotometer readings of mixtures of SFO (0-50%) in EVOO 
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The wavelength of 670nm was utilised as a reference line to regress the percentages of 

concentration against the amplitude of the absorbance of the sample mixture. Figure 5.5 

illustrates regression of percentages of concentration against the amplitude of the mixture using 

the spectrophotometer. 

 
Figure 5-5: Regression plot of concentration of SFO in EVOO at 670nm using spectrophotometer 
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5.3 Formation of Waste Oil Recovery Process 

For the results of the measurements on the formation of the waste oil recovery process, 

samples were measured of VO, FFA and methanol, after which combinations of their mixtures 

were carried. Section 5.3.1 to 5.3.6 show the results relating to this. Even though nothing was 

required out of the results of the individual samples, the spectra of the S11-parameter readings 

are significant for comparing with the S-parameter plots generated from the simulated model, 

as.in section 5.5. Section 5.4 is dedicated to the results of the lab cavity model simulation and 

5.6 is for the industry model. 

5.3.1 Sample of 100% Vegetable Oil 

The results from the laboratory work carried on the VO sample gave a peak with amplitude 

of approximately 25 dB at the frequency of 2.3887 GHz. Figure 5.6 illustrates the signal 

spectra of the VO sample attained from the lab tests. 

 
Figure 5-6: S11 parameter plot of 100% VO from experiments 
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5.3.2 Sample of 100% FFA 

The results from the laboratory work carried on the FFA sample gave a peak amplitude of 

about 12 dB at the reference frequency of 2.3924GHz. Figure 5.7 illustrates the signal spectra 

of the selected peak of FFA sample from the experiments. 

 
Figure 5-7: S11 parameter plot of 100% FFA from experiments 

5.3.3 Sample of 100% Methanol 

The results from the laboratory work carried on methanol gave a peak of about 1.5 dB at 

the frequency of 2.313GHz. Figure 5.8 illustrates the signal spectra peak of 100% methanol 

from the lab experiments. 



CHAPTER V – RESULTS  

 

PhD Thesis - S B Osman  101 
 

 
Figure 5-8: S11 parameter plot of 100% Methanol from experiments 

It is of interest to observe the narrow peak amplitude in the methanol sample. Compared to 

the samples of VO and FFA, it is quite negligible. This is characteristic of the volatile sample 

material which tends to flatten in its spectra, The reason for which is that CPM is not performed 

on it but rather TR. The perturbation method operates on peaks. Figure 5.9 paints the picture 

of the combined samples, showing the difference in peaks and positions. 
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Figure 5-9: The spectra of the combined FFA, M and VO 

 

5.3.4 Mixture of FFA in VO (FO) Sample 

At the frequencies of 2.36 to 2.42GHz and at the amplitude of -9.65 to -15.67dB are the 

peak spectra that represent FO sample. Figure 5.9 illustrates the signature spectra of the 

sample mixture in percentages of 2.5 to 17.5 of FFA in vegetable oil.  

 
Figure 5-10: Spectra of samples of 2.5 to 17.5 percentages of FO 
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The regression of the percentages of concentration was realised against the amplitudes of 

the reflected power, S11 of the sample mixtures, using the reference frequency of 2.39 GHz. 

Figure 5.11 represents the plot of regression of the FO sample.  

 
Figure 5-11: Plot of regression of the FO samples at 2.39 GHz 

5.3.5 Mixture of FFA in M (FAM) Sample 

The spectra of the mixture of FAM sample is shown in Figure 5.12. Frequencies ranging 

from 4.700 to 4.730 GHz and the relative peak amplitudes of -11.6095 to -13.5459 

representing 2.5%, 5%, 7.5%,10%, 12.5%, 15% and 17.5% of FAM are shown.  
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Figure 5-12: Spectra of 2.5 to 17.5 percentages of FAM sample  

 

The correlation of the peak of amplitudes was realised against the percentages of 

concentration of the mixture sample. The frequency of 4.717 GHz is used as a reference line 

for the regression using linear fit. Figure 5.13 represents the regression plot of the FAM 

sample. 

 
Figure 5-13: Plot of the concentration of the mixture of FFA in M at 4.717 GHz 
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5.3.6 Mixture of Methanol in Vegetable Oil (MO) Sample 

Representing the combination of vegetable oil and methanol and frequencies ranging from 

3.63 to 3.65 GHz and -11 to -34 dB peak amplitudes is the selected spectra of 50%, 

52.5%,55%, 57.5%, 60%,62.5%,65%,67.5%, and 70% of MO). Figure 5.14 represents the 

spectra of the MO sample. 

 
Figure 5-14: Spectra of 50 to 70 percentages of MO sample 

The regression of the peak amplitudes was realised against the percentages of concentration 

of the mixtures. The frequency of 3.628 GHz was used as the reference line to regress the 

mixture sample using linear fit. Figure 5.15 represents the regression of the amplitudes against 

the percentages of concentration of MO.  
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Figure 5-15: Plot of the concentration of the mixture of M in VO at 3.628 GHz 

5.4 Model of the Lab Cavity 

As a result of simulating the model of the cavity resonator used for the lab, different forms 

of electromagnetic transactions manifested. The significance of these is the electrical field 

distributions, which are shown in multi-slice fashion in the following sections. 

5.4.1 Sample domains  

The simulated model of the cavity using the VO sample showed a domain of active 

distribution of electric field at the sample tube area. Figure 5.16 illustrates the normalised 

electric field distribution at frequency of 2.3887 GHz. 
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Figure 5-16: Electric field distribution in vegetable oil at 2.3887 GHz 

The simulated FFA sample domain showed the normalised electric field distributed along 

the sample tube area. The electric field distribution of FFA at the normalised frequency is 

2.3924 GHz. 

For the methanol sample domain, the relative permittivity used has the value of 35.22, the 

electric field distribution at the normalised frequency is 2.313 GHz. 

5.4.2 S-Parameter Plots of Simulated Model 

The COMSOL generated S11-parameter in function of frequency plot for the vegetable oil 

sample domain is illustrated in Figure 5.17.  
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Figure 5-17: S-parameter plot of VO sample domain model 

The COMSOL generated S11-parameter in function of frequency plot for the free fatty acid 

sample domain is illustrated in Figure 5.18.  

 
Figure 5-18: S-parameter plot of FFA sample domain model 
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The COMSOL generated S11-parameter in function of frequency plot for the methanol 

sample domain is illustrated in Figure 5.19.  

 
Figure 5-19: S-parameter plot of Methanol domain model 

5.5 Comparing Computer Model with Experiments 

The S-parameter plots produced by the simulation model of the VO sample domain when 

superimposed on the experimental plots, showed negligible variation in the signal spectra at 

the peak area. There is a slight shift of amplitude in favour of the simulated sample. This could 

be due to minor equipment or measurement errors in the lab work. Figure 5.20 shows the 

combined plots of the simulated model and experiment of vegetable oil. 
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Figure 5-20: S11 parameter plot of model and experiment of vegetable oil sample 

The S-parameter plots produced by the simulating the model of the FFA sample was 

superimposed on the experimental plots, and showed tiny variation at the peak area. The 

pattern follows as the previous situation. There is a slight shift, here also, of amplitude in 

favour of the simulated sample at peak. This could be due minor equipment or measurement 

errors in the lab work. Figure 5.21 shows the combined plots of model and experiment of 

FFA. 
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Figure 5-21: S11 parameter plot of model and experiment of FFA sample 

The S-parameter plots produced by the simulating the model of the methanol sample was 

superimposed on the experimental plots and showed proportional variation along the entire 

spectra. There is a slight shift of the entire value of the spectra in favour of the simulated 

sample. This could be attributed to the same equipment or measurement errors associated with 

the two other samples. Figure 5.22 shows the combined plots of the model and experiment of 

the methanol sample. 
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Figure 5-22: S11 parameter plot of model and experiment of vegetable oil sample 

5.6 Modelling for Industry 

After scaling the industry model and determining the Q-factor of 7856 and the resonant 

frequency of 2.3562 GHz (section 4.5.4), the new model genenerated characteristics that are 

more industry friendly but yet carried the performance required and adequacy as expected of 

the lab model.  

5.6.1 Electric Field Distribution of Samples 

The simulated electric field distribution yielded results that show activity in the flow tube 

when excited through the ports. Figure 5.23 illustrates the cross section of the normalised 

electric field of the air sample domain, permittivity, Ɛ=1 and using the resonant frequency of 

2.3562 GHz. 
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Figure 5-23: Cross section of normalised electric field for air sample domain at 2.3562 GHz 

Alternatively, the sample domain and the frequencies as used in the laboratory were inputted 

for the simulation of the industry model and the generated results are as predicted. Figure 5.24 

illustrates the cross section of the normalised electric field of the VO sample domain, Ɛ=2.501 

at the frequency of 2.3887 GHz. 

 
Figure 5-24: Cross section of normalised electric field for VO sample domain at 2.3887 GHz 
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When inputted Ɛ=2.3153 for the sample domain of FFA and the frequency of 2.3924 GHz the 

following normalised field was generated (Figure 5.25). 

 
Figure 5-25: Cross section of normalised electric field for FFA sample domain at 2.3924GHz 

Moreover, using the transmission /reflection line method, the relative complex permittivity 

of Ɛ=35.22 was attained for methanol. Figure 5.26 illustrates the normalised electric field of 

the M sample domain at the frequency of 2.313 GHz for the industry model. 
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Figure 5-26: Cross section of normalised electric field for M sample domain at 2.313 GHz 

 

5.6.2 S-Parameter Plots of Industry Model 

Simulating the industry model with the material properties determined using the CPM and 

TR methods had enabled the generation of S-parameter vs frequency signal plots. The 

following figures 5.27 to 5.29 have been generated using the properties of VO, M and FFA 

for the simulated industry model and demonstrate that a different spectrum is observed with 

each material and can therefore be used as a sensing system.  
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Figure 5-27: S-parameter plot of VO sample domain of industrial model 

 

 
Figure 5-28: S-parameter plot of Methanol sample domain of industrial model 
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Figure 5-29: S-parameter plot of FFA sample domain of industrial model 
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6.0 CONCLUSIONS AND FUTURE WORK 

6.1 Introduction  

Work has been carried out to develop a microwave spectroscopic resonant sensor for the 

verification of food and waste oils. Edible oil products were sampled as main materials to be 

used for the measurements with the aim to establish difference and authenticity.  Other samples, 

such as methanol and free fatty acid were used as part of the formation of the waste oil. 

A critical understanding of the nature of edible oils, especially the ones in commonplace 

supermarkets was necessary to start this work. The nature, composition, taste and texture of 

the oils have played an important role in their characteristics. Oils present different values due 

to their origin and the way they are produced. While some oils are simple to produce some 

are really complicated and that affects the value. 

Samples have to be prepared according to procedure. Experiments were realised to establish 

the difference and authenticate some of the oils. Tests were carried out to determine some levels 

of free fatty acids and methanol in waste oil. Models of sensors were created out of the test 

results and simulated. Simulated results were used to create a new sensor for the waste oil 

recovery industry. 
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6.2 Conclusions  

Before providing an overall conclusion, the individual objectives are summarised below: 

• Several methods were investigated to analyse edible oils, and the microwave 

spectroscopy results identified in this thesis were chosen to be used in both cases 

since they are able to be used in a way that does not result in contamination of the oil 

(important for food grade oil) and lend themselves to continuous sampling, so the 

process can be monitored and results generated in near real time.  The continuous 

flow approach means it is suitable for both edible and waste oil industries. 

• Edible oil verification was undertaken that showed that the Microwave Spectroscopy 

approach gave an R2 value of 0.9485 compared to 0.9845 for an Optical Spectroscopy 

approach.  Even though the correlation coefficient of the optical method is higher than 

that of the microwave in this case, it is not reliable to use the spectrophotometer alone 

as a sole technique for authentication of oils. The reason being that it relies mostly on 

the pigmentation of the material and would be open to falsification by use of dyes or 

other colorants to achieve similar optical response at the test wavelength. This type of 

manipulation is not possible with the microwave, which relies on the electrical 

properties of the material under test, which are impractical to recreate. 

• For the determination of levels of FFA in oil and methanol R2 values in excess of 0.96 

were seen, exact figures depended upon the particular parameter that was being 

investigated.  For determining the free fatty acids present in the waste oil, the R2 value 

was 0.9884, for free fatty acids in the methanol stream (post separation) it was 0.9888 

while the determination of the amount of methanol in the oil (post separation) was 

slightly lower at 0.9694 these values suggest that they can be used to monitor the 

consistency of the waste oil plant output, but further verification would need to be 

undertaken on the output oil at the final output stage. 

• Based on the findings of the previous two objectives, subsequent simulations of the 

cavities showed that the simulation engines matched the real world results. This meant 
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that the primary problem with the waste oil monitoring system could be overcome.  The 

waste oil incoming the plant is normally either very viscous or is set solid, so the 

pumping of the oil is difficult.  For the initial development small bore sampling was 

proposed, but this would likely block and render the monitoring ineffective.  Since the 

results of the simulation match the practical results, a cavity system was simulated that 

would be able to accommodate a larger bore of pipe, thus allowing it to be used with 

the viscous incoming oil stream. 

The overall conclusion can be best summed up with separate consideration of the edible and 

waste oil analysis methods and requirements separately. 

The edible oil analysis methods using field test equipment showed that the accuracy using 

optical spectroscopy was slightly higher than that using microwave spectroscopy (0.98 

compared to 0.95) but the microwave approach has two major benefits, namely the 

implemented analysis hardware will be smaller and lighter thus more portable and potentially 

cheaper than the optical approach.  More importantly the bulk oil properties are used in the 

microwave analysis of the oil compared to just its optical absorption when using optical 

approaches, hence it is harder to fool the sensor. 

For the waste oil industry the work has shown for two of the three oil streams (FFA in waste 

oil, FFA in the wash methanol) encountered in the parameters a very high level of accuracy of 

the predictions, and the other value is slightly less (Methanol in the final oil stream), but still 

good enough to monitor the process for consistent performance.  The important one of these 

streams is the incoming to the process stream (FFA in oil), with an R2 value of 0.9884 shows 

the level of the contaminant can be monitored accurately and thus the plant process can be 

optimised to deal with this, thus improving operations. 
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6.3 Future Work 

The testing of vegetable oils in order to verify their differences and authenticity needs 

further works in laboratory and field environments. The idea was initially to design a system 

that involved all the electronics, under which the application would have included the building 

of a hand-held device that probe the oils in real time. That will require more experiments and 

electronic work to be carried out. That aspect of the work is highly recommended for further 

scrutiny.  

Tests performed to evaluate the authenticity of extra virgin olive oil could trigger additional 

work using other cheaper oils and the results could be compared with what has been achieved 

thus far. For example, other cheaper oils like palm nut oil, rapeseed oil, or groundnut oil could 

be mixed with the extra virgin olive oil and be evaluated for more results and for additional 

comparative analysis. This could go further to prove the authenticity of the product even more. 

In addition, a circuitry combination of the electronics of microwave plus spectrometry could 

go far to offer a suitable formula to address the problem of testing adulteration of oils and this 

is recommended for further study.  

Industry samples of the waste oil recovery process have to be sorted out into their elements 

to enable further tests to compliment the works carried out using vegetable oil, methanol and 

free fatty acids. This would allow for further tests to compare with what has been carried out 

so far. An existing case study should be included in the way forward. This will move the work 

from being just conceptual into much more practical in nature.  

The industry model of the sensor for monitoring waste oil recovery was successful through 

lab experiments and computer modelling and simulation. The next step would be to have a 

prototype of this model built to allow for more tests, especially in the field environment to be 
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carried out, even though this will require further scrutiny and certifications to meet regulation 

and standards of the industry, for which reason it must be recommended for further work. 

Simulated work carried out thus far must be taken into consideration and will therefore serve 

as a guide. 

6.4 Research Limitations 

The work carried out is mainly of a conceptual basis and is arrived at using theoretical 

definitions, experiments and computer aided simulations. Even though tests and trials are 

reliable, it was carried out devoid of field visits or tests. There are so many establishments in 

the waste oil recovery industry, which could serve as a case study of sorts, if resources and 

time were to permit. Samples used, especially of waste oil, were not derived from any actual 

plant or depot of such nature. 

The design of the industry model of microwave spectroscopic resonant sensor, even though 

demonstrated by the results carried in the lab and modelled through mathematical and physical 

simulations, have not been tried and tested in an established field to probe actual industry 

conditions. Due to typical site safety requirements and commercial confidentiality, it was not 

possible to visit sites to see how this system could be implemented in reality.  

Samples used in the lab for the process of waste oil recovery are made of combinations of 

vegetable oil, free fatty acids and methanol. This method is accurate for the fact that it allows 

for the testing and simulation of the process leading to the esterification of waste oil. The lack 

of use of real waste oil, which contains much more impurities, would have been much more 

realistic. Further tests should be able to use them and would prove a good method for 

comparative analyses. 
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