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PEMBANGUNAN PENDERIA LOGAM BERAT BERASASKAN 

MAKMAL DALAM PAPAN LITAR BERCETAK 

ABSTRAK 

Pencemaran logam berat di sumber air adalah masalah alam sekitar yang besar 

yang menimbulkan ancaman kepada kesihatan orang awam. Pengesanan elektrokimia 

adalah pendekatan yang menjanjikan untuk mengenal pasti dan mengkuantifikasi 

logam berat di dalam air kerana sensitiviti dan kebolehpilihannya yang tinggi. Walau 

bagaimanapun, elektrod kerja tradisional seperti karbon gelas dan merkuri tidak sesuai 

untuk penderia logam berat kerana kelemahan seperti sensitiviti rendah dan keracunan. 

Untuk menangani kelemahan ini, kajian ini bertujuan untuk meningkatkan reka bentuk 

dan kepelbagaian fabrikasi penderia elektroanalisis dengan mengimplementasikan 

teknik fabrikasi Papan Litar Bercetak (PCB) konvensional. Sensor yang difabrikasi 

telah mencapai pengecilan saiz sebanyak 40% berbanding dengan sensor elektrokimia 

sedia ada. Menurut pengukuran voltammetri berkitar (CV), penderia yang difabrikasi 

dapat menghasilkan tindak balas puncak yang berulang dengan kadar pengimbasan 

yang berbeza antara 100 mV/s hingga 10 mV/s dengan mencapai nisbah arus puncak 

sebanyak 1. Graphene Oxida (GO) yang telah diubah suai sebanyak 0.2 mg/ml pada 

elektrod kerja telah diterokai sebagai bahan penderia kerana sensitiviti dan 

kebolehpilihannya yang tinggi dalam mengesan logam berat seperti plumbum dan 

kadmium, dengan peningkatan sebanyak 45% dalam pengesanan logam berat ini. 

Keadaan optimum untuk pengesanan plumbum dan kadmium ditentukan dengan masa 

pengumpulan selama 10 minit, potensi penurunan -0.4 v, masa penurunan selama 7 

minit, dan pH 4.0 penyelesaian penampan HCL 0.1 M. Keputusan menunjukkan 

elektrod kerja GO menunjukkan peningkatan sensitiviti dan kebolehpilihan 
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berbanding dengan elektrod tradisional dengan julat linear 10 µg/L hingga 120 µg/L 

kepekatan, dan Limit of Detection (LOD) sebanyak 32 ppb dan 28 ppb untuk plumbum 

dan kadmium, masing-masing. Nilai-nilai ini berada dalam piawaian WHO yang 

dibenarkan, yang memerlukan LOD sebanyak 50 ppb untuk Pb dan 10 ppb untuk Cd. 
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DEVELOPMENT OF LAB ON PRINTED CIRCUIT BOARD BASED 

HEAVY METAL DETECTION 

ABSTRACT 

Heavy metal contamination in water sources is a significant environmental 

problem that poses a threat to public health. Electrochemical detection is a promising 

approach to detecting and quantifying heavy metals in water, due to the high sensitivity 

and selectivity it provides. However, traditional working electrodes, such as glassy 

carbon and mercury, are not ideal for detecting heavy metals due to limitations such 

as low sensitivity and toxicity. To address these limitations, this study aimed to 

improve the design and fabrication complexity of electro-analytical sensors by 

implementing a conventional Printed Circuit Board (PCB) fabrication technique. The 

fabricated sensor has achieved miniaturization of 40% compared to existing 

electrochemical sensors. According to cyclic voltammetry (CV) measurements, the 

fabricated sensor can produce a reversible peak reaction with different scan rates 

between 100 mV/s to 10 mV/s achieving a peak current ratio of 1. The modified 

Graphene Oxide (GO) of 0.2 mg/ml on the working electrode was explored as a 

sensing material due to its high sensitivity and selectivity in detecting heavy metals 

such as lead and cadmium, with an improvement of 45% in the detection of these 

metals. The optimum conditions for the detection of lead and cadmium were 

determined with a 10-minute accumulation time, -0.4 v reduction potential, 7-minute 

reduction time, and pH 4.0 of 0.1 M HCL buffer solution. The results showed that the 

GO working electrode demonstrated improved sensitivity and selectivity compared to 

traditional electrodes, with a linear range of 10 µg/L to 120 µg/L concentration, and a 

LOD of 32 ppb and 28 ppb for lead and cadmium, respectively. These values were 
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within the permitted WHO standards, which require a LOD of 50 ppb for Pb and 10 

ppb for Cd. 
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CHAPTER 1  
 

INTRODUCTION 

1.1 Overview 

The term "heavy metal" refers to a group of metals and metalloids with atomic 

densities more than 5 g/cm3 (Aprile and De Bellis 2020). Heavy metal is also defined 

as having a molecular weight of more than 40 (Duffus 2001). A light metal is any 

metal having a molecular weight of less than 40. Heavy metals are naturally occurring 

substances in the Earth's crust. They get into our bodies in minute amounts from food, 

water, and air. They cannot be destroyed or degraded in any way (Mishra, Bharagava 

et al. 2019). Copper is one of the metals that man has been using since the dawn of 

time. Copper was the first metal found by man back in 9000 BCE. Gold, silver, tin, 

lead, and iron was among the other metals used in prehistoric times. Since the 

discovery of the copper metal, humanity has begun the copper age, the bronze age and 

the iron age (Rehman, Liu et al. 2019). These ages show that humanity heavily relies 

on metal to craft our modern society today. However, everything comes with a price 

to pay. Heavy metal contamination has become a global concern due to the rapid 

development of industry and manufacturing. Heavy metals like Cd, Pb, and Hg have 

gotten much press because of their high toxicity, which affects our daily health. Heavy 

metals are also non-biodegradable elements, posing a risk to human health (Ahmad, 

Alharthy et al. 2021). Mercury was identified in banned skin-lightening cosmetics and 

fluorescent bulbs, for example (Ricketts, Knight et al. 2020). Meanwhile, chromium 

is obtained through mining and leather tanning, cadmium is obtained through zinc 

smelting and paint sludge, and lead is obtained through lead-acid batteries and coal-

fired power plants (Xiong, Liu et al. 2019). 
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1.2 Heavy Metal Pollutions in Malaysia 

Malaysia is a recent industrial growth country with an industrial economy 

experiencing rapid growth (Salam, Paul et al. 2019). The increased production and 

harmful compounds such as trace elements have come from rapid expansion and 

economic growth through land development, urbanisation, and industrialisation 

(Siwar, Ghazali et al. 2022). Heavy metal pollution also causes river pollution, 

agricultural soil toxicity, and other problems. Sungai Perai, Sungai Perak, and Sungai 

Linggi, in particular, were long thought to be heavily polluted by pollutants, toxic 

metals, and sewerage. The surficial sediment of heavy metal from Sungai Perai was 

found with Pb, Cd, Cu, Cr and Zn were 28.6 ± 6.84, 0.42 ± 0.32, 21.8 ± 9.05, 66.0 ± 

28.1 and 74.7 ± 33.3 μg/g dry weights, respectively (Foo, Ecklyn et al. 2021). 

Moreover, in Sungai Perak, trace of heavy metal also discover as such: Fe, Cu, Cd, Zn 

and Pb were 20.24 ± 56.58, 6.6 ± 19.12, 1.51 ± 3, 20 ± 51.27 and 14.56 ± 27 μg/g dry 

weights (Salam, Paul et al. 2019). Furthermore, the occurrence and distribution of 

heavy metal in Sungai Linggi are Pb, Ni, Mg, Fe, Cu and Cd were 0.10, 0.24, 14.41, 

45.77, 0.37 and 0.49 ppb (Razak, Aris et al. 2021). 

Aside from water contamination, surface sediments have become the primary 

reservoir for the heavy metal pollutant. Table 1.1 depicts the sources of heavy metals 

input on Peninsular Malaysia's west coast, covering manufacturing industries, 

agricultural and aquaculture, agro-based businesses, and urbanisation activities (Sany, 

Tajfard et al. 2019). According to the Malaysia Environmental Quality Report 2020, 

the primary sources of water pollution are manufacturing industries (2.17 %), sewage 

treatment plants (34.46 %), pig farming (33.74 %), agro-based industries (29.14 %), 

and wet markets (0.49 %), with Johor state having the most water pollution sources, 



3 
 

followed by Perak and Selangor. The primary types of scheduled waste created in the 

nation were dross/ slag/ clinker/ ash, heavy metal sludge, and gypsum. (Sekitar 2020).  

The primary industries that contribute to the rising quantity of scheduled waste 

created annually include power plants, water treatment facilities, chemical industries, 

metal refineries, and electric and electronic industries (Chin and Yong 2019). The 

regulatory standards for discharges from human activities and companies containing 

process plants should be strictly enforced. Not just for environmental and health 

reasons, but also as a resource conservation measure, wastes containing heavy metals 

should be reprocessed or recycled more frequently. 

 
Table 1.1 Heavy metal sources in West Coast Peninsular Malaysia, according to 

the Malaysia Environmental Quality Report 2020. 

Sources Type of Industry/ Products 

Manufacturing Industries Battery 

 Electroplating 

 Fertilizers 

 Gasoline 

 Leather 

 Ore Processing 

 Paint 

 Pesticides 

 Pipe 

 Plastic  

 Printing 

 Silver Refineries 

 Smelting 

 Steel 

 Textile 

 Toy-making 

 Wall Paper 

  
Agriculture and 
Aquaculture 

Agrochemicals 
Inorganic fertilizers 

 

 

  
Agro based Industries Rubber 
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 Palm oil 

 Paddy 

  
Urbanization Domestic discharge 

 Leachate 

 Sewage sludge 

1.3 Problem Statement 

Electrochemical sensors have significant potential for various applications, 

including environmental monitoring, medical diagnosis, and industrial quality control. 

However, one of the major challenges in their widespread adoption is the design and 

fabrication complexity of the electrodes used in these sensors. The current electrode 

fabrication methods often involve multiple steps and can be time-consuming and 

costly, making it difficult to produce the sensors in large quantities. Conventional 

Printed Circuit Board (PCB) fabrication techniques offer a potential solution to this 

problem, as they allow for the creation of complex patterns with high precision and 

reproducibility. However, there is a need for further research to develop an improved 

electrode design and fabrication process that is compatible with PCB technology. 

(Scott and Ali, 2021; Solhi et al., 2020) 

The contamination of the environment with heavy metals is a significant 

environmental problem that poses numerous health risks. Electrochemical detection is 

a promising approach for detecting and quantifying heavy metals due to its high 

sensitivity and selectivity. However, traditional working electrodes such as glassy 

carbon and mercury are not ideal for heavy metal detection due to limitations such as 

low sensitivity and toxicity. As a result, alternative sensing materials such as bismuth, 

gold nanoparticles, and carbon-based materials have been explored to overcome these 

limitations. Nevertheless, the modification of working electrodes is still necessary to 

enhance their performance. In this regard, the gold (Au) working electrode has shown 
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promise in detecting heavy metals such as lead and cadmium. (Hu et al., 2020; Wang 

et al., 2018) 

The detection of pollutants in water is a critical environmental concern, and the 

World Health Organization (WHO) has established guidelines and standards for 

various pollutants in drinking water. Electrochemical sensors have shown significant 

potential for the detection of pollutants in water due to their high sensitivity and  

selectivity. However, in order to determine the suitability of these sensors for practical 

applications, it is necessary to evaluate their limit of detection (LOD) using real water 

samples. The LOD is the lowest concentration of a pollutant that can be detected by 

the sensor, and it is an important parameter for assessing the performance of the sensor. 

(Scott and Ali, 2021; Solhi et al., 2020; WHO, 2017) 

1.4 Research Objective 

This research aims to design and fabricate a heavy metal sensor platform using 

the available printed circuit board technology. Advanced PCB technology research 

will give rise in next-generation PCB technology from a system onboard (SoB). In 

order to obtain a higher sensing performance, additional sensing material was synthesis 

to study the compatibility of the heavy metal sensor. Hence, this research was carried 

out to accomplish three main objectives: 

i. To improve the electrode’s design and fabrication complexity through the 

implementation of conventional Printed Circuit Board fabrication technique. 

ii. To modify the Au working electrode with graphitic material and  determine the 

optimum condition for lead and cadmium ions detection. 
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iii. To perform the evaluations of the limit of detection for the fabricated PCB 

sensor with real water samples within WHO standards 

1.5 Research Scope and Limitation 

This research is embark based on the following scope: 

 
This research focuses on developing lab on PCB for heavy metal detection 

specifically Pb2+ and Cd2+ due to its severe hazard towards human health especially 

kidney damage and impaired growth in children (Lee, Idrus et al. 2021, Razak, Aris et 

al. 2021), which is later demonstrated in designing, fabricating, and characterising 

sensor performance. Towards to simplification and less complexity fabrication, this 

sensor was focus on utilising the conventional PCB technique to fabricate the sensor. 

The FR-4 substrates offer high thermal stability, mechanical and electrical qualities, 

and resistance to the majority of routinely used chemicals. (Pecht, Agarwal et al. 

2017). PCB technology benefits from fabrication services, large-scale production, 

dependability, and electronic integration. Finally, recycling and disposal facilities for 

disposable lab-on-PCBs are now built and in use in the PCB sector, alleviating 

environmental concerns (Mir and Dhawan 2022). 

1.6 Organization of Thesis 

Chapter 2, the literature review, focus on the concepts of heavy metal, the 

available heavy metal sensors, electrochemical sensing technique, electrochemical 

sensor design and fabrication, sensing graphene oxide synthesis, system integration in 

microfluidic and characterization instruments.  
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Chapter 3 focuses on discussing the entire process of design, fabrication and 

synthesis of the heavy metal sensor based on the fundamentals and theory available 

from literature review. The process elaborates the method, approaches, equipment, and 

precaution conducted throughout the flow of the present study. In addition, the design 

of experiment for the fabricated sensor, sensing material GO and optimization in heavy 

metal sensing. 

Chapter 4 presents the experimental findings and discussion of this project. In 

this chapter, all related findings, measurement and DOE results were documented in 

this section as the sequence began from GO synthesis, sensor characterisation, sensor 

LOD optimization and real water testing. 

Chapter 5 concludes the overall progress. In addition, the recommendation for 

further studies is also discussed based on the limitations observed in the present study. 
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CHAPTER 2  
 

LITERATURE REVIEW 

2.1 Overview 

This chapter provides an overview of the heavy metal sensor. The discussion 

will distribute among the exposure of heavy metal, the available heavy metal sensor, 

electrochemical sensing techniques, sensor fabrication, synthesis of graphene oxide, 

application of electrochemical sensor in microfluidic system and related instrument 

for characterization. 

2.2 Heavy Metal Exposure 

Excessive heavy metal exposure poses a serious threat to human life. The 

primary sources of human exposure were soil, food, and water. The effect of heavy 

metal poison on children was the most severe due to age growth. Autism spectrum 

disorder (ASD) is a neurodevelopmental disorder characterised by symptoms that 

impair affected individuals' quality of life, such as social interaction deficit, cognitive 

impairment, intellectual disabilities, and restricted and repetitive behavioural patterns. 

Environmental metal poisoning has been linked to the pathogenesis of ASD. 

Congenital rubella is linked to early evidence of environmental influence on 

neurodevelopmental disorders associated with an increased rate of autism (Ijomone, 

Olung et al. 2020). During industrial processes, heavy metal elements such as lead (Pb) 

and cadmium (Cd) always cause environmental issues. Both of these metals are non-

biodegradable and may accumulate in the ecological system over time, causing serious 

pollution to people's health. The heavy metals to be detected in this study were lead 

(Pb) and cadmium (Cd). Each of the heavy metal bands chosen has its own distinct 

characteristics. 
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Metals are necessary for cellular functions, but their concentration range 

significantly impacts human health. It is considered safe if the concentration range of 

metals is less than the toxicity range. However, if it exceeds the allowable limits, it 

will influence biochemical processes in a cell, causing cell mutagen and cancer. Table 

2.1 shows heavy metal contaminations and their toxicity ranges according to WHO. 

Table 2.1 List of heavy metal sources, effects and standards. 

Heavy 
Metals 

WHO 
limits 
(μg/L) 

Sources Effects References 

Mercury 
(Hg) 

1 

Corps preservation, 
human activities like as 
fossil fuel combustion, 
chlor-alkali industries, 
mining, and the usage 
of coal and petroleum 

Neurological 
disorder, 

Uncontrolled limb 
movements, poor 

motor skills, 
impaired speech, 
poor vision, and 

hearing 

(Paduraru, 
Iacob et al. 

2022) 

Chromium 
(Cr) 

50 

Metallurgy, 
papermaking, 

electroplating and 
Leather industry 

Chronic poisoning, 
teratogenic, 

Carcinogenic, 
Mutagenic effect, 

and allergic to 
human 

(He, Gu et 
al. 2020) 
(China, 

Maguta et al. 
2020) 

Cadmium 
(Cd) 

5 

Mining, smelting, coal 
combustion, Cd 

electroplating sector, 
the chemical plants, 

fertiliser manufacture, 
and waste incineration 

Chronic 
obstructive 

pulmonary disease 
(COPD), 

Emphysema, 
Bronchitis, Chronic 

rhinitis, 
kidney and liver 

failure, 
Carcinogenic 

(Wang, Chen 
et al. 2021) 

Lead (Pb) 50 

Battery plates, 
soldering compounds, 

guards in atomic 
reactors, and 

radioactive material 
containers, paint 

ceramics, and 
construction industries, 
bearing manufacture, 
printing, and aircraft 

gasoline 

Cardiovascular 
effect, birth 

defects, respiratory 
effect, neurological 
effect, reproductive 

effect, cause 
mutations and 

congenital 
abnormalities in 

the fetus. 

(Charkiewicz 
and 

Backstrand 
2020) 
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Lead poisoning one of the most severe and pernicious effects of environmental 

pollution. While the use of lead in certain products, such as gasoline and paints, has 

been banned or significantly reduced on a global scale, lead poisoning continues to 

impose significant costs on society, notably in small- and middle-income countries, 

due to the ongoing use of lead in different products, mining and smelting activities, 

and a lack of mitigation for polluted areas (Shabani, Hadeiy et al. 2020). Lead 

ingestion at high levels has a detrimental effect on the circulatory and neural systems. 

It can be deadly in severe circumstances, although low-level exposure can impair 

cognitive ability and cause developmental abnormalities. Additionally, adverse health 

consequences might result in decreased academic performance, decreased educational 

attainment and lifetime earnings, and behavioural issues (Yamada, Hiwatari et al. 

2020). 

Cadmium (Cd) is a well-known hazardous element found in drinking water, 

air, and soil. Individuals can readily become exposed to Cd through regular activities 

such as smoking and consuming excessive Cd content foods. Numerous clinical data 

indicate that Cd is harmful to various organs and tissues, including the blood, bone, 

liver, kidney, lung, testis, and brain. Since it has a long biological half-life (15 to 20 

years), Cd can attach to proteins in the blood, such as albumin and certain 

immunoglobulins, and then internalise and accumulate in neuronal cells via fluid-

phase endocytosis. Cd can easily cross the blood-brain barrier and accumulate in the 

nervous system, resulting in central nervous system (CNS) dysfunction, including 

migraine and vertigo, olfaction dysfunction, peripheral neuropathy, vascular function 

slowing, balance disorder, cardiorespiratory, attention deficit hyperactivity disorder, 

and intellectual disabilities (Zhao, Yu et al. 2020). 
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The Centers for Disease Control and Prevention (CDC), European 

Environment Agency (EEA), Occupational Safety and Health Administration 

(OSHA), United States Environmental Protection Agency (USEPA), and World 

Health Organization (WHO) have identified heavy metals as priority constituents to 

be monitored and established permissible limits for their concentrations in water under 

environmental quality standards (EQS). (Gumpu, Sethuraman et al. 2015, Sneddon 

and Vincent 2008). As a result, sensitive and selective technologies for verifying the 

trace levels of these hazardous heavy metal ions in diverse complex matrices, such as 

biological samples (blood, serum, urine, saliva), natural and wastewater, food, soil, 

and air, have emerged. 

2.3 Heavy Metal Sensor 

Heavy metals above a particular threshold limit are hazardous to people and 

can induce various life-threatening disorders, as we all know. Traditional heavy metal 

detection methods included atomic absorption spectrometry (AAS), 

spectrophotometry, and inductively coupled plasma mass spectrometry in the early 

years (ICP-MS). Because of its excellent sensitivity and selectivity, AAS is one of the 

most widely used metal and metalloid trace analysis techniques. The initial step in 

AAS is to atomise the sample analyte utilising flame atomisers, electrothermal 

atomisers, or vapour generation atomisers. The second stage is the absorption of 

electromagnetic radiation at a wavelength specific to analyte atoms. ICP-MS combines 

the inductively coupled plasma (ICP) and mass spectrometry (MS) techniques (MS). 

For quantitative analysis, the absorption signal recorded in atomic absorbance is 

connected to the concentration of free analyte atoms. The operational concept of 

ICPMS is the same as that of AAS, with sample analyte atomization in ICP and 
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radiation absorption by analyte atoms in MS. Both AAS and ICP-MS offer great 

precision, sensitivity, and selectivity for heavy metals determination. They do, 

however, have the drawback of high maintenance expenses, the need for skilled 

personnel, and the fact that they are primarily laboratory bound. As a result, delays in 

detecting and estimating these metal pollutants in drinking water samples have been 

linked to various human health problems. Therefore, it is critical to continue 

monitoring harmful metals levels in water supplies and maintain a steady supply of 

safe drinking water. As a result, a simple, sensitive, cost effective, and direct analysis 

method is required to detect heavy metal ions. Numerous strategies have been 

developed for monitoring heavy metals. Colourimetric (optical), magnetic relaxation, 

optical fiber sensor, and electrochemical sensors. The following subsections discuss 

the fundamental principles and applications of the approaches. 

2.3.1 Colorimetric sensing 

The colourimetric array typically necessitates the direct or indirect interaction 

of heavy metal ions with nanomaterials or biomolecules such as aptamers and 

enzymes. Paper, hydrophobic membranes, 96-well plates, and other carriers are all 

compatible with the colourimetric array (Yu, Pang et al. 2021). In a nutshell, heavy 

metal’s presence causes changes in the reflection properties of a solution, such as 

colour and wavelength. The type of heavy metal and its concentration in a solution 

determine the variations (Yan, Yuan et al. 2020). As shown in Figure 2.1, cadmium 

ions were dispensed into the gold nanoparticle solution. After the chemical reaction 

between cadmium and gold nanoparticles, the solution changes red to blue. The 

colourimetric sensors detect pollutants by a visual and visible colour change that can 

be seen with the naked eye, making them a very fast-responding detector (Saxena, Jain 

et al. 2021). 
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Figure 2.1 Colourmetric sensing for heavy metal detection (Sener, Uzun et al. 
2014). 

 

Another colourimetric sensor was created on a paper strip, and when the 

colourimetric paper strip was immersed in Hg2+ ion solution, a distinct colour change 

from yellow to grey/black was observed. The sensor had an excellent linearity range 

of 1–20 M and a limit of detection 82.66 nM. Figure 2.2 depicts the green synthesis of 

AgNPs and colourimetric detection of Hg2+ ions (George and Senthilnathan 2017). 

 

 

Figure 2.2 Paper-based colourmetric sensing for heavy metal detection (George 
and Senthilnathan 2017). 
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Numerous advancements have accomplished in the field of colourimetric 

sensors to detect heavy metals. However, this approach is insensitive and selective, 

kinetically unstable, and unsuitable for use in aquatic conditions. 

2.3.2 Magnetic relaxation sensor 

Magnetic materials are employed in this technology to create sensitive systems 

based on magnetism principles. Magnetic nanoparticles (5–100 nm in diameter) or 

magnetic particles (300–5,000 nm in diameter) are used to identify specific heavy 

metal targets. Depending on the sort of target intended, particles are often surface 

functionalized. As illustrated in Figure 2.3, an MRS based on Fe3O4 nanoparticles 

(NPs) was made. In particular, the concentrations of Hg2+ in industrial pollutants are 

typically well above the detection limit. As a result, gold nanoparticles (AuNPs) were 

synthesised on the surface of Fe3O4 nanoparticles to enable visual detection of 

Au@Fe3O4 nanoparticles. Hg2+ in the sample can cause the agglomeration of 

Au@Fe3O4-aptamers NPs via T-Hg2+-T base pairs, resulting in displacement of the 

detection solution's transverse relaxation time T2 value (Liu, Cai et al. 2020). 

 

 

Figure 2.3 Magnetic relaxation switching for heavy metal detection (Liu, Cai et 
al. 2020). 
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2.3.3 Optical Fiber Sensor 

The optical fibre in the heavy metal ion sensor uses sensitive material to detect 

heavy metal ion. As illustrated in Figure 2.4, the sensing region is initially illuminated 

by light projected from an optical source via an optical fibre. The sensing region of the 

optical fibre is coated with a material that is sensitive to heavy metal ions and changes 

its refractive index or volume in response to changes in heavy metal ion concentration. 

As a result, when the light signal interacts with the light reactive material, its 

wavelength, intensity, phase, or polarisation state changes in lockstep with the 

variation in the concentration of heavy metal ions. The light signal containing the 

sensing data is then transferred to a photodetector for demodulation. As a result, the 

sensitive region is the critical component of the sensing system, as it directly 

determines the sensing properties of the heavy metal ion sensor. Lastly, the measured 

concentration of heavy metal ions can be monitored by observing changes in the 

optical fibre output signal (Zhang, Sun et al. 2020). 

 

 

Figure 2.4 Optical fiber for heavy metal sensing (Zhang, Sun et al. 2020). 
 

2.3.4 Electrochemical Sensor 

Typically, an electrochemical cell comprised of an ionic conductor (an 

electrolyte) and an electronic conductor is used to detect heavy metal ions 

electrochemically (an electrode). For this case, the electrolyte is an aqueous solution 

containing heavy metal ions. An electrochemical experiment generally uses an 
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external power supply to generate an excitation signal and determine the response 

function in a chemical solution while holding numerous system variables constant. At 

the electrode-electrolyte solution interaction, the cell potential is measured. In the 

electrolytic cell, numerous half-reactions occur, one of which occurs at the working 

electrode (WE). The other electrode against which the cell potential is measured is 

known as the reference electrode (RE) as illustrated in Figure 2.5. 

 

 

Figure 2.5 Electrochemical sensor block diagram (Cui, Wu et al. 2015). 
 

The third electrode in a three-electrode cell layout is referred to as the counter 

electrode (CE). The current is typically passed between the WE and the CE. Figure 2.6 

displays a general three-electrode cell configuration for electrochemical detection of 

heavy metal ions in an aqueous solution. 

 

 

Figure 2.6 Three electrode electrochemical sensing setup (Jin and Maduraiveeran 
2018). 
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As previously stated, three electrodes are used in an electrolytic cell with WE 

modified with different interface materials as a platform for heavy metal ions. The 

current is typically passed between the WE and CE in this electrochemical setup. Some 

glass separators are used to separate the CE from the WE, and the material is inlet so 

that it does not affect the WE. Prior to prevent current from being drawn from the RE, 

the potential is measured between the WE and RE using a high input impedance 

device. These electrodes are electrically connected to an electrochemical workstation, 

laboratory equipment, or portable in-field device with an inbuilt power source to 

provide excitation signals to the electrode setup and measurement units to receive and 

measure the response signals. The electrochemical workstation is linked to a computer 

that has been pre-loaded with the software platforms needed to interpret and analyse 

the experimental data. A two-electrode cell setup with WE and RE is used to measure 

the electrode potential for solutions with low solution resistance. Figure 2.7 depicts a 

two-electrode cell configuration (a). For electrochemical experiments involving 

nonaqueous solutions with low conductivities and higher solution resistances, a three-

electrode cell setup with WE, RE, and CE is used, as shown in Figure 2.7(b). 

 

Figure 2.7 Types of electrochemical setup (a) two electrode setup and (b) three 
electrode setup (Bard and Faulkner 2001). 

 

Potentiostatic and galvanostatic measurement techniques are widely used in 

the field of electrochemistry due to their ability to measure the two parameters of 
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current and potential, which cannot be controlled simultaneously. However, there are 

also methods where no control signal is necessary, such as when the current is optimal 

and the potential across the electrodes is zero. Potentiometric techniques are frequently 

used to identify heavy metal ions by measuring the potential, but there are also other 

techniques available, such as impedance measurement techniques, which measure 

changes in double-layer capacitance, solution resistance, and charge transfer resistance 

in response to the availability of heavy metal ions. 

Furthermore, electrochemiluminescence is another approach that is extensively 

used to estimate the concentration of heavy metal ions in response to the luminescence 

effect generated during the experiment. These methods rely on various measurement 

signals to determine the type and concentration of heavy metal ions in the electrolyte 

and require the use of numerous electroanalytical instruments. Among these 

instruments, high input impedance potentiometers, potentiostats, galvanostats, and 

impedance measuring devices are the most commonly used. Moreover, it is essential 

to note that the accuracy and precision of these electroanalytical instruments depend 

on various factors such as the sensitivity of the electrodes, the quality of the electrolyte, 

and the stability of the instrument over time. Therefore, it is crucial to ensure proper 

calibration and maintenance of these instruments to obtain reliable and consistent 

results. Additionally, the development of advanced electroanalytical instruments with 

improved sensitivity and selectivity is continuously being pursued to enhance the 

accuracy and efficiency of heavy metal ion detection. Figure 2.8 illustrates a detailed 

classification of electrochemical sensing techniques for detecting heavy metal ions 

(Bansod, Kumar et al. 2017). 
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Figure 2.8 Classification for various electrochemical methods for heavy metal 
detection (Bansod, Kumar et al. 2017).  

 

2.3.4(a) Potentiostatic technique 

Potentiostatic techniques entail using a potentiostat instrument to control the 

potential between its RE and CE to maintain a stable potential difference between the 

RE and WE, as shown in Figure 2.9. The resulting current is measured and recorded 

to estimate the analytes' concentration. These types of experiments are also known as 

potential controlled techniques. These controlled potential techniques are further 

categorized according to the type of voltage signal used and the resulting measured 

current waveforms. The three major subcategories of potentiostatic techniques are 

amperometry, chronocoulometry, and voltammetry/polarography. 
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Figure 2.9 Potentiostat measurement setup (Martínez Gila, Estévez et al. 2022). 
 

2.3.4(b) Amperometry 

Amperometry is an electroanalytical technique that entails applying a steady 

reducing or oxidising potential to a working electrode and measuring the faradaic 

current (Amine and Mohammadi 2019). A potential step signal is provided between 

the reference and working electrodes in a solution containing the target electroactive 

analyte. The reduction reaction occurs at the electrode surface, resulting in a high 

current flow proportionate to the concentration change at the electrode surface. The 

resulting current is plotted against time. This approach is confined to identifying a 

single component from an electrochemically reducible species based on the working 

electrode's fixed potential. 

2.3.4(c) Chronocoulometry 

Chronocoulometric techniques are Amperometric techniques' integral 

analogues. These methods measure the amount of charge passed after applying a 

controlled potential calculated by taking the integral of current vs time or voltage. 

These methods are primarily used to perform exhaustive electrolysis for quantitative 

analysis, but they provide very little information about the analyte type. 

Chronocoulometric techniques are used to determine the extent of adsorption of 

species that undergo reaction at the electrode surface in electroactive materials. In 
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contrast to other amperometric and voltammetric techniques, this electrolysis is done 

at constant current rather than constant potential. Chronocoulometry, unlike 

amperometric techniques, employs larger surface area electrodes, resulting in higher 

efficiency due to the analyte's near-complete reaction. Although this technique offers 

high precision and simplicity, it necessitates a high current efficiency, so it is not 

widely used for electrochemical analysis. 

2.3.4(d) Voltammetric techniques 

In order to determine and measure heavy metal ions in a variety of complex 

environmental matrices, voltammetric techniques are often commonly used. 

Compared to the fixed potential point used in amperometric techniques, these 

techniques measure current at various potential points along a current-voltage curve. 

Because of its high accuracy and sensitivity, voltammetry is a widely used technique 

for identifying traces of heavy metal ions. These methods are well suited to 

suppressing the background current and increasing the detection limit. The 

reversibility of reactions in the electrochemical cell setup can be used to obtain 

qualitative information. 

Linear sweep voltammetry (LSV), Pulse voltammetry (PV), cyclic 

voltammetry (CV), and stripping voltammetry (SV) can be further classified as anodic 

stripping voltammetry (ASV) or cathodic stripping voltammetry (CSV) depending on 

the type of current-voltage curve resulting from the analysis methods (CSV). 

 

2.3.1(d)(i) Linear sweep voltammetry 

Linear sweep voltammetry is a broad term for any voltammetric method in 

which the potential applied to the working electrode changes linearly over time. To 

measure the resulting I-E curve, the applied potential is typically between (10 mV/s 



22 
 

and 1000 mV/s). As shown in Figure 2.10, the slope of this ramp has units of volts per 

unit time and is commonly referred to as the scan rate. 

 

Figure 2.10 Potential vs time (Banks, Foster et al. 2016). 
 

The line slope is used to determine the voltage scan rate (v). By alter the scan 

rate, the time require to sweep will be different. The rate of the electron transfer 

reaction, the chemical reactivity of the electroactive species, and the voltage scan rate 

all influence the characteristics of the recorded linear sweep voltammogram. 

 

Figure 2.11 Potential changes (a) different scan rate applied and (b) graph view 
potential against time (Rajendrachari 2018). 

As illustrated in Figure 2.11, the scan begins on the left side of the I-V plot, 

where no current passes. When the voltage is swept further to the right (to more 

reductive values), the current begins to flow and eventually reaches a peak before 

decreasing. The influence of the potential on the equilibrium achieved at the electrode 

surface is responsible for this trend. For example, the electron transfer rate is quicker 
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than the voltage sweep rate in the electrochemical reduction of Iron III (Fe3+) to Iron 

II (Fe2+). As a result, a steady state is achieved at the electrode surface that is identical 

to the thermodynamic predicted by the Nernst equation. 
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(2.1) 

This model can predict the relationship between concentration and voltage 

(potential difference), where E represents the applied potential difference, and Eo 

represents the standard electrode potential. As the voltage is shifted from V1 to V2, the 

equilibrium position of the reactant at the electrode surface shifts from no conversion 

at V1 to full conversion at V2. The voltage and mass transport effects can be used to 

rationalise the exact form of the voltammogram. 

2.3.1(d)(ii) Cyclic Voltammetry 

CV is a very adaptable electroanalytical approach for analysing electroactive 

species. Due to its versatility and ease of measurement, CV is commonly employed in 

electrochemistry. Cyclic voltammetry is widely employed as a preliminary test in an 

electrochemical investigation of a substance, a biological material, or an electrode 

surface (Kissinger and Heineman 1983). CV's effectiveness stems from its ability to 

observe redox behaviour across a wide potential range rapidly. The voltammogram 

that results is similar to a traditional spectrum in that it conveys information as a 

function of an energy scan. The Cyclic voltammetry measurement technique often 

refers to reversing the sweep direction after each sweep of the potential has been 

completed to continue the sweep and repeat the reverse. As shown in Figure 2.12, the 

voltage-current curve (voltammogram) is commonly displayed as a result of 

combining two time-varying parameters (current, potential) (Gosser 1993). 
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Figure 2.12 Potential wave with time changes (a); current response time (b) and 
(c) current vs potential (Gosser 1993). 

 

CV involves cycling the potential of an electrode immersed in an electrolyte 

and measuring the current. A reference electrode, such as a saturated calomel electrode 

(SCE) or a silver/silver chloride electrode (Ag/AgCl), is used to control the potential 

of this working electrode. The excitation signal is the controlling potential applied 

across these two electrodes. Figure 2.13 (a) shows the CV excitation signal, a potential 

linear scan with a triangular waveform. The electrode's potential is swept between two 

values by this triangular potential excitation signal, which is also known as the 

switching potential. Figure 2.13 (a) illustrates how the excitation signal causes the 

potential to scan from +0.80 to -0.20 V vs SCE. The scan direction is reversed, 

resulting in a positive scan back to the original potential +0.80 V. The scan rate is 50 

mV/s, as indicated by the slope. The dashed line indicates a second cycle. 

 


