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Heavy metal contamination is undoubtedly a major global threat that has
sparked ecological and public health concerns. High exposure to heavy metals
may cause chronic degenerative diseases that can cause permanent damage
to the organ systems and leads to death. Heavy metals that are mostly found
as contaminants in the environment would be arsenic (As) and plumbum (Pb).
In response to this dire situation, detection and monitoring of these dangerous
elements have become a vital necessity. Surface plasmon resonance (SPR)
spectroscopy is a sensing technique that has gained exponential research
interest especially in biological and chemical diagnostics. The technique is
known for its high sensitivity in characterizing thickness and refractive index of
a dielectric medium by analysing the resultant angular shift of the SPR output
curve. What is more intriguing is the design of SPR and the proximity of the
sensing region with the sample which would allow the incorporation of
nanomaterials for sensing performance enhancement to detect lower than 0.6
ppb concentration of As in drinking water. This research work demonstrated
the development of prism-based SPR sensor integrated with nanocomposites
for the detection of As ions utilizing gold (Au) layer. Nanocomposites that were
tested include hydrous ferric oxide (Fez2H204), hydrous ferric oxide-multi-
walled carbon nanotube (Fe2H204-MWCNT) and hydrous ferric oxide-
maghemite—reduced graphene oxide (Fe2H204-Fe3Os4-rGO). Sensing
performance of each nanocomposite layer was analyzed by introducing
different concentrations of As(lll) and As(V) within the range of 0.1 — 1.0 ppb.
The sensitivity values for Au/Fe2H204 when tested with As(lll) and As(V) were
1.640 °ppb-'and 1.363 °ppb-!, respectively, with a detection limit of 0.6 ppb for
both ions. The research work was continued with analysing the sensing
performance of Au/Fe2H204-MWCNT nanocomposite. Based on the
experimental results, sensitivity values for As(lll) and As(V) were achieved at



1.756 °ppb™" and 0.575 °ppb~', respectively, with an enhanced limit of
detection value at 0.2 ppb. The final nanocomposite sensing layer,
Au/Fe2H204-Fes304-rGO, was conducted and the sensitivity values of 2.155
°ppb' and 1.190 °ppb-! were obtained for As(lll) and As(V), respectively. It is
worth to note that the sensing performance from this nanocomposite managed
to achieve the lowest detection limit for both As ions at 0.1 ppb. Based on
these findings, the SPR technique incorporating nanomaterials have shown
reliable performance as an As sensor. It is anticipated that this work may
contribute greatly towards better As detection methods.
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Sejak kebelakangan ini, tidak dapat dinafikan bahawa pencemaran logam
telah menjadi antara ancaman dunia yang mencetuskan masalah kesihatan
ekologi dan kesihatan awam. Pendedahan yang berlebihan terhadap logam
berat boleh mengakibatkan penyakit degeneratif kronik dan kerosakan kekal
kepada sistem organ manusia. Logam berat yang kerap ditemui menjadi
pencemar alam utama ialah arsenik (As) dan plumbum (Pb). Oleh itu, kajian
meliputi pengesanan dan pemantauan elemen-elemen ini adalah penting
terutamanya dalam keadaan yang semakin diperlukan ini. Spektroskopi
resonans plasmon permukaan (SPR) merupakan teknik penderiaan yang
menarik tumpuan penyelidikan terutamanya dalam bahagian diagnostik
biologi dan kimia. Teknik ini dikenali dengan tahap sensitiviti tinggi terhadap
pengukuran ketebalan dan indeks biasan pada medium dielektrik dengan
mengkaji peralihan sudut daripada keluaran lengkung SPR. Apa yang lebih
menarik adalah reka bentuk SPR dan penderiaan setempat dengan sampel
yang boleh digabungkan bersama bahan nano untuk mengesan prestasi
penderiaan terutama dengan kepekatan lebih rendah 0.6 ppb seperti yang ada
dalam air minuman. Kerja penyelidikan ini menunjukkan perkembangan
penderia SPR berasaskan prisma yang berintegrasikan komposit bersaiz
nano untuk pengesanan ion As menggunakan lapisan emas (Au). Komposit
nano yang diuji dalam eksperimen merangkumi hydrous ferric oxide
(Fe2H204), hydrous ferric oxide-multi-walled carbon nanotube (Fez2H204-
MWCNT) dan hydrous ferric oxide-maghemite—reduced graphene oxide
(Fe2H204-Fe304-rGO). Prestasi penderiaan setiap lapisan penderia dianalisa
dengan kepekatan As(lll) dan As(V) dalam julat 0.1 - 1.0 ppb. Nilai sensitiviti
untuk Au/Fe2H204 semasa diuji dengan As(lll) dan As(V) adalah 1.640 °ppb-"
dan 1.363 °ppb™' masing-masing dengan pencapaian had pengesanan pada



0.6 ppb bagi kedua-dua ion. Kerja penyelidikan diteruskan dengan
manganalisa prestasi penderiaan komposit nano Au/Fe2H204-MWCNT.
Berdasarkan kepada keputusan eksperimen, nilai sensitiviti untuk As(lIl) dan
As(V) yang dicapai adalah 1.756 °ppb™" and 0.575 °ppb™' dengan
penambahbaikan had pengesanan pada 0.2 ppb. Lapisan penderia
berasaskan komposit nano yang terakhir iaitu Au/Fe2H204-Fe304-rGO telah
dijalankan dan nilai sensitiviti pada 2.155 °ppb~' and 1.190 °ppb' telah dicapai
untuk As(lll) dan As(V), masing-masing. Adalah penting untuk diberitahu
bahawa prestasi penderiaan daripada komposit nano ini telah berjaya
mencapai had pengesanan yang terendah iaitu 0.1 ppb. Berdasarkan
penemuan kerja penyelidikan ini, teknik SPR yang menggabungkan komposit
bersaiz nano telah menunjukkan potensi yang boleh dipercayai sebagai
penderia terhadap As. Adalah dijangkan bahawa kerja penyelidikan ini boleh
menyumbang ke arah kaedah pengesanan As yang lebih baik.
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CHAPTER 1
INTRODUCTION

1.1 Background

Heavy metals are highly toxic chemical compounds with an atomic weight
ranging from 63.5 to 200.6 g mol-' and a specific gravity greater than 5 g cm3
[1, 2]. They are non-biodegradable, ubiquitously distributed [3] and impose
fatal implications to human health. Among the heavy metals which are harmful,
include cadmium (Cd), lead (Pb), mercury (Hg) and Arsenic (As). As
contamination has been reported by the World Health Organization to have
caused the largest poisoning in history [4, 5]. Due to its abundance and
toxicity, monitoring As in water, soil and various food stuffs used for human
consumption is becoming important.

A number of techniques have been developed for this purpose within the last
five decades which showed reliable sensing performance for extremely low
concentrations of As. Detecting As at such level is a challenge in the
development of portable and economic high sensitivity detection systems.
Previously, As detection was done using several established methods in the
field of analytical chemistry such as atomic absorption spectrometric (AAS)
methods which include ultraviolet spectrometry, hydride generation AASI[6],
electro-thermal AAS in graphite furnace (ETAAS) [7], atomic fluorescence
spectrometry (AFS) [8], atomic emission spectrometry (AES) [9], inductively
coupled plasma (ICP) [10], inductively coupled plasma-mass spectrometry
(ICPMS) [11], and X-ray spectrometry [12]. Most of these methods are reliable
and can be used for the measurement of extremely low concentrations of As.
Despite the known advantages, these methods suffer from some major
disadvantages like heavy and expensive instrumentation, field applicability,
requirement of highly skilled technical persons, chemical processing of
sample, etc. It has become a necessity to find an excellent continuous
monitoring system that can be a useful tool in managing the issue. Surface
plasmon resonance (SPR) is one of reliable techniques for heavy metal
detections at exceptionally low detection limit [13] . In this technique,
plasmonic waves are created between metal layer and dielectric medium. This
technique is very sensitive to any changes occur in the dielectric medium. By
functionalizing the dielectric medium with nanomaterials-based active layer,
the limit of detection towards a specific heavy metal ion can be enhanced. For
As ion detection in SPR, the lowest concentration of 0.6 ppb has been reported
in [14]. This value sets the benchmark for other researchers to achieve lower
detection limit. With the advancement of new nanomaterials, this creates
research opportunities to contribute new findings.



1.2 Problem Statement

Contamination of As ions in natural water and wastewater have considered to
be a serious issue by many government bodies and international
organizations. Toxicity caused by the heavy metal may lead to fatal chronic
diseases such as cancer. As a preventive measure, WHO, as well as other
regulatory entities, have set the maximum allowable level of As ions as low as
10 ppb in drinking water[15]. Common analytical chemistry techniques today
are known to detect As ions at low concentrations. However, the procedures
to these techniques are laborious, bulky and very expensive. This creates a
crucial demand for a low-cost and chemically stable alternative that can deliver
better, if not the same, sensing performance as compared to the available
techniques. Over the recent decades, many research groups have ventured
onto developing new techniques for As detection and SPR has emerged as
the preferred technique owing to its efficient sensitivity. The study which has
reported the lowest detection limit, thus far, implemented a carbon nanotube
filter to enhance the absorption of As ions. The detection limit was obtained at
0.6 ppb [14]. Aside from that, iron oxides have been gaining attention from
researchers that are particularly interested in As detection, as well. They are
known to have high sorption capacity specifically towards As ions which
makes them enticing as sensing layers in As sensors [16]. This unique
capability of iron oxides can be explained by its inner sphere surface
complexation which makes it favorable for interactions with As ions [17]. A
recent study reported the incorporation of iron(lll) oxide composite to an SPR
based sensor which yielded a detection limit of 1 ppb [18]. A more effective
iron oxide when it comes to As ion absorption is known as hydrous ferric
oxides (Fe2H204). This is attributed to its high specific surface area and iso-
electric point [19]. Also, the presence of hydroxyl groups on Fe2H204 improves
its adsorption properties as they enhance the ion exchange between the
compound and As ions [19]. However, the integration of Fe2H204 in SPR
based sensor systems have yet to be reported. Hence, the motivation of this
work is to develop an alternative sensing technique for As ions using an SPR
based sensor with the integration of hydrous ferric oxide nanocomposites as
its sensing layer. It is to believe that the sensing layer combined with the
exceptional sensing performance of an SPR based sensor will attain a
detection method with enhanced sensitivity at a lower cost.

1.3 Objectives Of Study

In this work, SPR optical sensor is promoted as sensitive, selective and cost
effective method which can be simultaneously detect As ion. The main
objective of this research is to propose new SPR sensors, which have low
detection limit and selectivity to As ions. The following specific research
objectives are to be fulfilled in this research work;



1. To investigate and analyze the sensing performance of Hydrous ferric
oxide (Fe2H204) as a sensing layer for SPR sensor in detection of As
ions.

2. To enhance the sensing performance of SPR sensor by improving its
sensitivity, specificity and standard limit of detection.

3. Toinvestigate the feasibility of Fe2H204—multi-walled carbon nanotubes
(MWCNT) as a sensing layer for SPR sensor in detection As ions.

4. To investigate the feasibility of Fe2H204— iron oxide — reduced
graphene oxide (Fes3O4-rGO) as a sensing layer for SPR sensor in
detecting As ions.

1.4 Research Scope

In the recent years, SPR has emerged as an intriguing diagnostic technology
especially in areas like biological, chemical and medical sciences. This is
mainly attributed to its non-invasive, real-time and label-free nature which
makes it a good alternative as a sensor. Here, an investigation of
nanocomposite integrated SPR sensors is introduced with aims to detect As
ions at very low concentration. The nanocomposites which will be used as
sensing layers are Fe2H204, Fe2H204—-MWCNT and Fe2H204-Fe304-rGO
Figure 1.1. These nanocomposites are chosen due to its carbon and ferum
based properties which have been reported as good adsorbents of As ions
and that they have been used in applications involving the removal of As ions
from water sources. The mechanics of the sensor relies on the SPR angle shift
as a response to refractive index change at the interface of the sensor's
surface. The research scope of the work is summarized inFigure 1.2.
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1.5 Thesis Outline

This research consists of six chapters including:

Chapter 1 presents a brief background about the main issues in heavy metal
detection and the motivations in conducting the research.

Chapter 2 elaborates the conventional methods of As detection, the
fundamental concept of SPR as a sensor, and the theory of heavy metal ion
binding onto sensing layers.

Chapter 3 describes the experimental setup and methods used to achieve the
objectives in this research work. This includes the thickness characterization
of the implemented sensitive layers and the sensitivity analysis of the SPR
using gold-silver and gold-PANI when tested with high-concentrations of As.

Chapter 4 and 5 present the results and findings of experimental work
explained in Chapter 3 where As (Il) and As (V) were detected using Chapter
6 concludes the research work by summarizing the key points and introducing
suggestions to further the study.
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