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ABSTRACT 

Ammonia and iron are water contaminants that are of concern in water quality 

monitoring. According to World Health Organization (WHO), the maximum level of 

ammonia and iron that can be absorbed by human body from drinking water were 

about 1.5 mg/L. The excessive ammonia and iron may affect public health, as 

excessive ammonia and iron will cause health issues, such as skin burn, ingestion 

problems, and liver damage. Compared with conventional water contaminant testing 

techniques, microwave sensing is an attractive solution in detecting ammonia and iron, 

since it is accurate and sensitive without demanding bulky, costly equipment and time-

consuming sample preparation. This project aimed to design and develop a rectangular 

microstrip patch antenna with a complementary double split-ring resonator (DSRR) at 

2.38 GHz as preliminary work for the detection of ammonia and iron concentrations. 

The dimension of the proposed design was calculated based on theoretical equations 

and simulated using CST MICROWAVE STUDIO®. Based on the simulated results, 

the resonance frequency and Q-factor of the proposed design were 2.379 GHz and 

396.5, respectively. In order to present the functionality of the sensor, both the 

simulation and measurement of ammonia and iron are presented in the concentration 

range from 0 mg/L to 53 mg/L. The resonance frequency of the sensor shifted from 

2.337 GHz to 1.952 GHz in iron measurement, meanwhile the resonance frequency of 

the sensor shifted from 2.3904 GHz to 2.3924 GHz in ammonia measurement. The 

average and minimum measured sensitivity for iron were 0.007 GHz/mg/L and 0.037 

GHz/mg/L, respectively. Based on the results, predictive models were proposed to 

estimate ammonia and iron concentrations in water. It was found that the first-order of 

the polynomial model and the second-order of the Fourier model were the best models 

for the prediction of ammonia and iron concentrations, respectively. The models 

introduced 0.9965 and 0.9953 of R-squared values, and 0.9698 and 1.36 of Root-

Mean-Square-Error (RMSE), for ammonia and iron, respectively. 
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ABSTRAK 

Amonia dan zat besi adalah bahan kimia yang mencemarkan air dan sentiasa 

diprihatinkan dalam sistem pemantauan kualiti air. Menurut Pertubuhan Kesihatan 

Sedunia (WHO), tahap maksimum amonia dan zat besi yang boleh diserap oleh tubuh 

manusia daripada air minuman adalah 1.5 mg/L. Hal ini telah menjejaskan kesihatan 

awam kerana amonia dan zat besi yang berlebihan akan mengakibatkan pembakaran 

yang teruk pada kulit manusia, masalah pengingesan, dan kerosakan pinggang dalam 

tubuh badan manusia. Berbanding dengan teknik-teknik pengujian kualiti air yang 

konvensional, pengesanan gelombang mikro telah digunakan dalam pengesanan 

ammonia dan zat besi disebabkan oleh sifatnya yang sensitif, ketepatan yang tinggi, 

membantu untuk mengurangkan penggunaan peralatan-peralatan yang besar dan juga 

masa semasa penyediaan sampel. Projek ini bertujuan untuk mereka bentuk antena 

patch mikrostrip yang bersegi empat dengan DSRR pelengkap pada 2.38 GHz untuk 

pengesahan amonia dan zat besi. Kerja ini masih dalam tahap awal. Dimensi reka 

bentuk telah dikira berdasarkan formula teori dan disimulasikan dengan menggunakan 

CST MICROWAVE STUDIO®. Keputusan simulasi frekuensi resonans dan Q-factor 

adalah 2.379 GHz dan 396.5. Fungsi sensor ditunjukkan dari segi simulasi dan 

pengukuran, manakala kepekatan amonia dan besi ditetapkan antara 0 mg/L hingga 53 

mg/L. Keputusan menunjukkan frekuensi resonans sensor beralih daripada 2.337 GHz 

ke 1.952 GHz bagi besi, manakala frekuensi resonans sensor beralih daripada 2.3904 

GHz ke 2.3924 GHz bagi amonia. Kepekaan purata dan minimum untuk besi adalah 

0.007 GHz/mg/L dan 0.037 GHz/mg/L. Pertama model polinomial dan kedua model 

Fourier adalah model terbaik untuk ramalan kepekatan amonia dan zat besi masing-

masing. Ralat punca min kuasa dua dan R-kuadrat untuk model amonia dan zat besi 

adalah 0.9965 dan 0.9953, dan 0.9698 dan 1.36, masing-masing. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of the Study 

Ammonia (NH3) and iron (Fe) are common water contaminants that are present 

in the water supply. Ammonia is a colourless compound that can be found naturally 

with low concentrations in the human body and the environment but with high 

concentrations in industrial products, such as household cleaning solutions. The 

overuse of fertilizers in agricultural activities, which became industrial wastes and 

landfill leachate, have exposed humans to excessive ammonia, as it might spread on 

the ground and flow into the water supply. Excessive ammonia may result in the 

eutrophication of water surface, depletion of oxygen, and toxicity for aquatic 

organisms [1]. For humans, ammonia can lead to some health issues, such as skin burn, 

ingestion, and inhalation problems [1]. Iron is an essential element in the human body; 

however, excessive iron in the human body can lead to hemochromatosis, which can 

bring damage to the liver, pancreas, and heart [2]. The high concentration of iron in 

water is normally caused by the clogging of iron precipitates in home water softeners 

or filtration systems, and the internal corrosion of the distributing pipeline [3]. 

According to the Ministry of Health (MOH) Malaysia, the permitted limit of ammonia 

and iron in raw water should be lower than 1.5 mg/L and 1.0 mg/L, respectively [4]. 

 

Generally, water contaminant detection is carried out in laboratories, which 

involves the use of international-standard laboratory instruments and portable testing 

kits. These techniques are manually handled by a group of trained and skilful 

technicians or laboratory assistants [5]. The techniques provide highly reliable results, 
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but the costs of sample preparation and testing increase when different types of tests 

and a large number of samples are involved. Moreover, the process of sample 

collection is time-consuming especially when the sampling point is in urban areas. In 

the pursuit of a low-cost yet highly reliable water contaminant detection technique, 

investigations on microstrip structures have been done extensively. 

 

Microstrip resonators have been used extensively in water quality monitoring 

[6], [7], material characterisation [8], [9], and single-cell feasibility detection [10]. 

Microstrip resonators work via characterising the spectral behaviour of a sample below 

100 GHz, which contributes to a low-cost embedded system compared with 

laboratory-on-board techniques [11]. The microstrip line is often coupled with 

metamaterial structures to provide better sensitivity and accuracy in a limited range of 

frequency bandwidth [12]–[14]. This technique has been used for thin-film and 

microfluidic sensing [15], [16], nitric acid detection [17], and water contaminants 

sensing, such as the detection of nitrate, phosphate, and ammonium (NO4
+) [18], [19] 

and the measurement of other parameters, such as pH level, conductivity, and 

dissolved oxygen (DO) [18]. The measurement of water quality is observed via 

changes in microwave response, such as changes in S11 and S21 parameters and 

resonance frequency. The performance of the sensor is promising, as it can detect 

concentrations as low as 0.5 mg/L for nitric acid detection in water [17] and 0.1 mg/L 

separately for nitrate, phosphate, and ammonium detection in water [18]. 

 

In this project, a rectangular microstrip patch antenna with a complementary 

double split-ring resonator (DSRR) was proposed for ammonia and iron detection. The 

DSRR was considered, as it allows better electric field concentration at a lower 

frequency [20], [21]. A DSSR with the square unit cell performs better in terms of 

return loss and higher quality factor (Q-factor) compared with those of the 

conventional complementary split-ring resonator (CSRR) and circular structure [22]–

[25]. In order to establish reliable predictive models for ammonia and iron 

concentrations, the experiment work was conducted extensively on water samples with 

concentrations ranging from 0 mg/L to 53 mg/L. The performances of the proposed 

models were evaluated based on the parameters of R-squared and root mean squared 

error (RMSE). 
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1.2 Problem Statement 

Water is a vital element for life sustainment [26]. In Malaysia, ammonia and 

iron are common contaminants found in the water for filtration in water treatment 

plants (WTPs) [27]. A high concentration of ammonia in water may interfere with the 

filtration process of manganese and iron, as most of the oxygen is consumed by 

nitrification and thus causes the water to become earthy-tasting and mouldy [27]. 

Conventionally, the detection of ammonia and iron is conducted either in a laboratory 

or on-site, which involves expensive and bulky laboratory instruments, such as 

spectrophotometry equipment, portable testing kits, and ion-selective electrodes (ISE). 

These techniques are less accurate when the concentration is too low 

(spectrophotometry) [28] or high (ISE) [29]. In addition, the techniques create 

environmental issues from the extra wastes or rubbish, such as testing strips (from the 

API test kit) and hazardous chemical reagents, such as sulfuric acid and hydrochloric 

acid [30]. Also, the techniques’ measurement results are strongly dependent on the 

sample’s condition, such as bubbles (for spectrophotometry). Furthermore, these 

techniques involved complicated sampling processes, such as sampling, storage, 

handling, and analysis.  

 

Hence, a cost-effective, high-sensitivity, compact-sized, and potentially safe 

sensor is needed to monitor the concentrations of ammonia and iron. In this work, a 

rectangular patch antenna with a complementary DSRR was proposed as a microwave 

sensor to detect ammonia and iron. The changes in the sensor’s resonance frequency 

would be observed when the sensor was exposed to water samples with different 

concentrations and the measurement data would be used for predictive model 

development 

1.3 Hypothesis 

Microstrip structures have been applied as an attractive solution for 

microfluidic sensing of medical analytes [12], chemical substances [31], and blood 

glucose [32]–[34] and the detection of salt and sugar contents [35]–[37], zinc, copper, 

and lead [38], [39]. Since each material has unique dielectric properties depending on 
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concentration and composition, the response of the sensor is reflected from its 

variation in terms of cross-mode insertion loss [40], return loss [35], resonance 

frequency shift [32]–[34], [38], [41] or Q-factor [42]. It has been hypothesised that the 

concentration levels of ammonia and iron affect the dielectric properties of water, thus 

causing the shift in resonance frequency.  

1.4 Aim 

This project aimed to design a highly sensitive and low-cost sensor for 

ammonia and iron detection.  

1.5 Objectives 

This research work was embarked to achieve the following objectives: 

a) To design a rectangular microstrip patch antenna with a complementary DSRR 

with resonance frequency at 2.38 GHz using CST MICROWAVE STUDIO®. 

 

b) To measure the resonance frequency of the sensor when exposed to water 

samples with different ammonia and iron concentrations. 

 

c) To propose predictive models for predicting the concentrations of both 

ammonia and iron based on the shift of resonance frequency. 

1.6 Scope of Study 

The scope of the research is as follows: 

 

a) Iron (Ш) oxide was used to prepare samples of different iron concentrations. 

 

b) 15 samples in the concentration range from 0 to 53 mg/L were prepared using 

the stoichiometry technique. This concentration range was selected, based on 

the measurement limits in conventional techniques of iron concentrations, such 

as indophenol reaction and ammonia selective electrode (0.0025 mg/L to 3 
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