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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

Xxiii



berbanding dengan elektrod tradisional dengan julat linear 10 pg/L hingga 120 pg/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 ug/L to 120 pug/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/cm? (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).



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 ng/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 pg/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,



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 Agrochemicals
Aquaculture Inorganic fertilizers

Agro based Industries Rubber



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

4



promise in detecting heavy metals such as lead and cadmium. (Hu et al., 2020; Wang

etal., 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.  Tomodify the Au working electrode with graphitic material and determine the

optimum condition for lead and cadmium ions detection.



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 Pb?" and Cd** 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.



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.



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.



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.
Heav WHO
J limits Sources Effects References
Metals
(ng/L)
Neurological
Corps preservation, disorder,
human activities like as | Uncontrolled limb
. . (Paduraru,
Mercury fossil fuel combustion, | movements, poor
1 . ) ; Tacob et al.
(Hg) chlor-alkali industries, motor skills,
.. . . 2022)
mining, and the usage impaired speech,
of coal and petroleum poor vision, and
hearing
Chronic poisoning,
Metallurgy, teratogenic, (ge’zg}; 0§t
Chromium papermaking, Carcinogenic, o
50 . . (China,
(Cr) electroplating and Mutagenic effect,
} . Maguta et al.
Leather industry and allergic to
2020)
human
Chronic
obstructive
Mining, smelting, coal | pulmonary disease
combustion, Cd (COPD),
Cadmium 5 electroplating sector, Emphysema, (Wang, Chen
(Cd) the chemical plants, | Bronchitis, Chronic | etal. 2021)
fertiliser manufacture, rhinitis,
and waste incineration kidney and liver
failure,
Carcinogenic
soldlzfiﬁerz]orilllatzlsl’nds Cardiovascular
£ compounas, effect, birth
guards in atomic i
defects, respiratory
reactors, and . .
. 3 . effect, neurological | (Charkiewicz
radioactive material )
Lead 