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ABSTRACT

This thesis focuses on the development of optical fiber sensors for detecting water
contaminants, specifically mercury (Hg?"), arsenic (As*"), and explosive trinitrophenol (TNP),
which are crucial for environmental monitoring and homeland security respectively. The
primary objective is to develop highly sensitive sensors with exceptionally low limits of
detection (LOD), rapid response times, high selectivity, and high degree of stability,
repeatability and reliability. The novelty of this research lies in the innovative integration of
various nanocomposites, polymers, and composite materials with fiber optics to develop
optical fiber Hg?*, As*", and TNP sensors. Two key sensing techniques were employed:
intensity modulation through evanescent wave absorption and wavelength modulation using
localized surface plasmon resonance (LSPR). The research begins with the development of a
U-shaped optical fiber LSPR based sensor for Hg** detection, utilizing graphene oxide and
chitosan (GO-CS) composite as the sensing material. This sensor demonstrates outstanding
sensitivity of 0.0728 nm/ppb, an ultra-low LOD of 0.29 ppb. It also exhibits high selectivity
towards Hg?>* and a rapid response time of 0.6 s. In order to further enhance the sensing
performance, a second Hg?** sensor is developed incorporating carbon nanotube/polyvinyl
alcohol (CNT/PVA) nanocomposite as the sensing material. This sensor offered even higher
sensitivity of 0.2458 nm/ppb and a lower LOD of 0.08 ppb, while maintaining high selectivity
and an improved response time of 0.4 s. Next, an optical fiber LSPR sensor for detecting
another highly toxic water contaminant As** ion is developed, employing Al.Os/GO
nanocomposite as the sensing material. This sensor exhibits high sensitivity of 0.217 nm/ppb,
a remarkably low LOD of 0.09 ppb. The sensor also exhibits a fast response time of 0.5 s and
high selectivity towards As>". To further enhance sensing performance, another As** sensor is
developed using lauryl-functionalized gold nanoparticles. This sensor offered an enhanced
sensitivity of 0.3073 nm/ppb, even lower LOD of 0.06 ppb, while maintaining high selectivity
and rapid response time of 0.5 s. For TNP detection, an optical fiber sensor based on evanescent
wave absorption is developed, utilizing a novel polymer (PFTPA) film. The sensor exhibits
high sensitivity of 0.0032/ppb, a remarkably low LOD of 1.06 ppb, rapid response time of 2 s
and shows high selectivity towards TNP. In order to further enhance the sensing performance,
another TNP sensor is developed using a LSPR configuration, incorporating zinc oxide
quantum dots (ZnO QDs) as the sensing film. This sensor offers a much lower LOD of 0.19
ppb and significantly higher sensitivity of 0.1288 nm/ppb, while maintain the rapid response

time of 2 s and high selectivity towards TNP. It is worth mentioning that, all the novel sensors
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developed in this research exhibits excellent reversibility, repeatability, stability and reliability.
Moreover, their real-world applicability is validated through successful detection of Hg?", As*",
and TNP in real water samples, demonstrating their potential for environmental monitoring and

homeland security applications.
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Chapter 1 : Introduction and Literature Review

1.1 Introduction

Sensing different parameters is essential for acquiring valuable information and for monitoring
and controlling various industrial, scientific, and environmental processes. A sensor is a device
that translates changes in one physical parameter into shifts in another parameter, which can
be measured more accurately and conveniently [1]. These measurable parameters include
optical signals (e.g., intensity, wavelength, polarization, phase), physical signals (e.g., force,
pressure, mass flow, vibration, rotation, tilt, strain, refractive index etc.), thermal signals,
electrical and magnetic signals (e.g., voltage, current, resistance, capacitance, pulse duration,
frequency and dielectric constant, magnetic flux density, magnetic field direction and
permeability etc), and chemical or biological signals (e.g., composition, concentration, pH,
glucose levels, relative humidity, gas concentration etc.). Hence, for effective process-control
and performance optimization, sensors have a vast range of applications in practically all fields
of research and engineering, environmental engineering, health monitoring, industrial

applications as well as in homeland security.

1.2 Optical fiber sensor

The discovery of optical fiber was a significant milestone in the telecommunications industry.
In the early 1970s, as fiber optic technology began to evolve for telecommunications, it was
noted that optical fibers were highly sensitive to external factors such as bending,
microbending, and pressure. Initially, considerable efforts were made on reducing this
sensitivity to external perturbations. However, it soon became apparent that the unique
sensitivity of optical fibers to these perturbations could be exploited for sensing various
parameters. This realization led to the birth of optical fiber sensing technology. Advancements
in fiber optics and the associated optoelectronic industry, including the development of low-
loss optical fibers and sophisticated optical sources and interrogators, have greatly accelerated
the progress of optical fiber sensors. These developments have made a profound impact,
enabling the use of optical fiber sensors across a wide range of fields, including engineering
(civil, mechanical, aeronautical, chemical, electrical, automotive), biomedical applications,

general sciences, and even homeland security. The significant and outstanding advantages of
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optical fiber sensing technology over conventional sensors have driven a global surge in
research and development in this field. Some of the key benefits of optical fiber sensors include:

1. Fiber optic sensors offer exceptional sensitivity, enabling the detection of even the
slightest variations in the physical parameters they are designed to measure.

2. As optical devices, optical fiber sensors (OFSs) are completely immune to
electromagnetic interference (EMI). This inherent immunity to EMI makes them
highly reliable.

3. Low-loss optical fibers combined with fiber amplifiers allows propagation of light
across thousands of kilometres. Such long-distance signal propagation without any
attenuation facilitates effective remote sensing.

4. High bandwidth of optical fibers enables an unparalleled information-carrying
capacity (ICC) exceeding 100 Tb/s-km, this is far beyond what electrical systems
can achieve. This capacity enables: (a) multiplexing of large number of sensors,
each assigned to a specific optical channel, over a single fiber transmission line, (b)
distributed sensing, allowing continuous measurement along the entire fiber, and
(c) multi-parameter sensing capabilities.

5. As optical fibers are composed of dielectric materials, OFSs are naturally
electrically isolated from the interrogating electronics.

6. Ease of miniaturization, allowing the development of compact, lightweight, and
flexible sensors. Their small size and lightweight nature make optical fiber sensors
easy to surface-mount or embed within composite materials without intrusion.

7. Wide temperature range and ability to function in harsh environments, making them

versatile for diverse applications.

Owing to these significant advantages, the optical fiber sensors are now successfully and

accurately used to monitor nearly all parameters of practical importance, such as pressure,

2
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temperature, liquid level, refractive index, pH, antibodies, electric current, voltage, rotation,
displacement, acceleration, acoustics, electric and magnetic fields, tilt, torsion, and strain, not
only in controlled test environments but also in real-field applications.

Optical fiber sensors are broadly categorized as either extrinsic or intrinsic. In an extrinsic
sensor, the fiber simply serves as a pathway, directing light to and from the sensing region
where external environmental factors modulate the optical signal. In contrast, an intrinsic
sensor uses the fiber itself as the sensing element, with the environmental change directly
affecting an inherent property of the transmitted light, such as its phase, polarization,
wavelength, or intensity. Consequently, intrinsic fiber sensors can be further classified by the
type of modulation they employ, such as intensity, wavelength, phase and polarization
modulation. Among these, intensity, wavelength and phase modulation are particularly popular

among researchers due to their relatively simple implementation.

1.2.1 Intensity modulation based optical fiber sensors

Intensity modulation based optical fiber sensors hold significant practical importance due to
their simple fabrication process. Intensity modulation in optical fiber can be achieved through
various methods. Among these, the intensity modulation through evanescent wave absorption
technique is widely employed by researchers. An optical fiber consists of a cylindrical core of
radius a and index of refraction 71, surrounded by a cladding of outer radius » and index of
refraction nz, where n1 > nz as shown in Fig. 1.1. In general, when a light beam travelling inside
denser medium (71) at an angle & encounters the interface between the denser and the rarer

medium (such as core-clad interface in the case of optical fiber), light gets partially reflected

X-axis

Core (1)

z-axis

Cladding (1,) (n,>n,)

Figure 1.1: Schematic diagram of total internal reflection and evanescent wave inside an optical fiber.

3
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and partially refracted. Here, € is measured with respect to the normal at the interface (Fig.
1.1). If the angle @is greater than the critical angle, given by 8, = sin™! (%), the phenomenon
1

of total internal reflection takes place. Solving Maxwell’s equations and applying boundary
conditions at the interface reveals the presence of a wave in the rarer medium, known as the

evanescent wave. This evanescent wave is mathematically expressed as:

n,sinf

E = E,e P*exp [i (k L z— a)t)] (1.1)
n;

here, x represents the direction perpendicular to the interface. Eo is the amplitude of the wave,

say at x = = a in Fig. 1.1, k is the propagation constant in the rarer medium, £ is the decay

2
coefficient, given by § = % /sinze - %k, z is the direction along the interface and w is the
1 2

angular frequency of the wave. As can be observed from the equation, the evanescent wave
propagates along the interface, while its amplitude decays exponentially in the direction

perpendicular to the interface.

In the case of optical fiber, which is cylindrically symmetric dielectric waveguide, if a light
beam launched inside the fiber core at an angle ¢ with respect to the axis of the fiber (equivalent
to the angle & with respect to the normal at the core-cladding interface as depicted in Fig. 1.1)
suffers TIR at the upper core-cladding interfaces, it also suffers TIR at the lower core-clad
interface. Such light beams are trapped within the fiber core and propagate via successive TIRS
down the fiber length. Importantly, there exists a set of discrete values for the angle ¢ at which
light beams are guided by the optical fiber. Also, corresponding to the light beam travelling at
+¢, there exists another light beam that travels at an angle of -¢ within the fiber. Such beams
travelling at +¢ superimpose with each other, and form the guided modes of the optical fiber.
As an example, the intensity distribution of the fundamental mode within the optical fiber is
shown in Fig. 1.1. As can be observed from the figure, intensity distribution of this guided
mode is not confined to the core, but also extends into the cladding region. This is due to the
evanescent wave associated to the TIR. The extent of the extension of the intensity distribution
into the cladding region is mode specific. However, a key parameter associated with the
evanescent wave is the penetration depth (dp). The penetration depth indicates the distance from
the core-clad interface at which the amplitude of the evanescent wave decreases to 1/e of its

value at the interface. One can readily obtain the penetration depth from Eq. 1.1. However, in
4
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order to exploit evanescent wave for designing intensity modulation based optical fiber sensor,
cladding of the optical fiber is removed over a short section. This decladded portion of the fiber
core is then directly exposed to the measurand (gas, liquid etc.). This exposed section defines
the sensing region of the optical fiber sensor. Within this sensing region, the critical angle is

denoted as ., and given by:

n
0. = sin~1 (ﬁ) (1.2)
n
where 7. is the refractive index of the sensing region. The penetration depth in the sensing
region is given by [2]:
A

d, = (12)
2mn, (cos? .5 — cos? 0 sin 6¢)1/2

where 1 is the wavelength of light launched into the fiber; 6, is the skewness angle, which is
equal to #/2 for meridional rays; @ represents the angle of the guided ray relative to the normal
at the core-cladding interface. The penetration depth dp is usually smaller than the operating
wavelength A. The penetration depth determines the sensing volume in which the evanescent
wave can interact with the surrounding environment and gets attenuated due to absorption,
scattering, or changes in the refractive index. An optical fiber can accommodate multiple
guided modes. The effective evanescent wave field surrounding the fiber core arises from the
superposition of the field distributions of all these guided modes within the fiber. The amount
of energy available for interaction with the measurand in the evanescent field is described by
the fraction of total guided power (r) present in the cladding region, which is defined as [2]:
Pclad

r= (1.4)
Ptotal

where P.ua 1s the power present in the cladding region and P 1s the total guided power.
Values of  is generally less than 1% for weakly guiding multimode fibers [38]. However, as
the angle 0 approaches the critical angle of the sensing region, both the d, and r increase
significantly. In a straight optical fiber, the angle # remains constant throughout the sensing
region. As a result, the minimum possible value of 6 in the sensing region is equal to the critical
angle 6. of the fiber. In practical scenarios, n2 > nes, and therefore 8 cannot approach 6. in the
case of straight optical fiber. Hence, in straight optical fiber significant enhancement of d, and

5
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r cannot be achieved. Enhancing d), and r is essential for achieving higher sensitivity and can
be accomplished through various techniques, such as bending the optical fiber in the sensing
region [3], tapering the sensing region [4], or by lower mode removal via masking at the launch
optics [5]. In single-mode fiber (SMF), the values of d,, and r are significantly higher than in
multimode fiber (MMF). The initial step in developing an optical fiber sensor (OFS) that
employs intensity modulation through evanescent wave absorption is ensuring the direct access
of the evanescent wave. However, removing the silica cladding of SMF is challenging. One
approach to get an access of the evanescent wave in SMF is by preparing a side-polished half-
block [6]. This process requires precise alignment and controlled pressure. Alternatively, the
cladding can be etched using Hydrofluoric (HF) acid [7], though extreme caution is essential
due to HF’s hazardous nature. Moreover, due to the core diameter being of the order of few
microns, achieving precise alignment and efficient power coupling in SMF is quite challenging.
In the case of MMF, d), and r are comparatively lower. However, the cladding of specially
fabricated multimode fibers, such as plastic-clad-silica (PCS) fibers, can be easily removed,
allowing straightforward access to the evanescent wave. Additionally, the high throughput-
power and ease of power coupling in multimode fibers make them a preferred choice for

designing evanescent wave based sensors.

There are two ways of sensor development exploiting intensity modulation through
evanescent wave absorption. When the wavelength spectrum of the light source with peak
wavelength A4 falls within the absorption band of the analyte, direct absorption of power
carried in the evanescent wave takes place. This is known as direct sensing. In contrast, if the
wavelength spectrum of the light source does not fall within the absorption band of the analyte,
a different approach is required. One option is to switch to a light source with a wavelength
spectrum that falls within the absorption band of the analyte. However, this may not always be
feasible due to the limitations in available light sources or if possible, source might be
extremely costly. In such cases, the second approach, known as indirect sensing, is employed.
Here, one of the available sources is retained, and the bare core of the fiber is chemically
synthesized with a favourable chemical. The selection of this chemical is crucial, as it must be
reactive to the analyte. Upon exposure to the analyte, it should modify its physical or chemical

properties in a way that can be mapped at the wavelength spectrum of the light source.
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1.2.2 Phase modulation based optical fiber sensor.

Phase modulation is another very popular technique which is widely employed in optical fiber
sensing across various applications. In order to detect phase variations in an optical fiber caused
by environmental disturbances, interferometric methods are employed to transform phase
modulation into intensity modulation. The commonly employed interferometers include the
Sagnac interferometer, Mach-Zehnder interferometer (MZI), Michelson interferometer (MI),
and Fabry-Perot interferometer (FPI) [8], [9]. The optical fiber Sagnac interferometer launches
light in opposite directions through a fiber loop, detecting rotation-induced phase fluctuations
as a time difference between the beams. Optical fiber MZIs split light into a reference and
sensing arm, with recombined beams forming an interference pattern. Any change in the length
of one arm, such as mechanical or thermal strain in the sensing arm, induces a phase shift
between the beams. This phase shift alters the observed interference pattern, enabling precise
measurement of the strain or other parameters influencing the arm's length. Similarly, optical
fiber Michelson interferometers use a single directional coupler to split and recombine light.
The light is divided into sensing and reference arms, travels through these arms, reflects back,
and recombines at the original coupler; thus, effectively doubling the optical phase shift per

unit length [8].

1.2.3 Polarization modulation based optical fiber sensor

Polarization modulation based optical fiber sensor utilizes the birefringence properties of
optical fibers to measure various physical parameters. When strain is applied to an optical fiber,
it alters the birefringence, creating a measurable phase difference between the two polarization
states of light. This phase difference can be detected and correlated to the strain or stress applied
to the fiber. By monitoring changes in the polarization state, these sensors can precisely
measure strain, pressure, temperature, and even biochemical parameters in some cases. In
recent decades, polarization maintaining photonic crystal fiber (PM-PCF) based Sagnac
interferometers have been extensively used to develop polarization modulation based optical
fiber sensors [10]-[12]. PM-PCF offers several advantages over conventional fibers, including
endless single-mode guidance, reduced temperature sensitivity, a large mode area, and high
birefringence. Additionally, PM-PCF exhibits very low bending loss due to its large numerical
aperture and small core diameter. These characteristics make PM-PCF-based sensors highly
suitable for applications in aerospace, civil engineering, telecommunications, and healthcare

industries, where precise and reliable measurements are essential in challenging environments.
7
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1.2.4 Wavelength modulation based optical fiber sensor

Another widely used technique for developing optical fiber sensors across various scientific,
engineering, and industrial applications is the wavelength modulation technique. This approach
exploits changes in the wavelength of light to detect different parameters of interest.
Wavelength-modulation schemes can be implemented through various mechanisms, including
wavelength-dependent absorption, dispersion, interference, and scattering [13]. However, with
the invention and advancements of fiber-based devices, particularly fiber gratings such as fiber
Bragg gratings (FBGs) and long-period gratings (LPGs), these have become synonymous with
optical sensing technology, especially for real-field applications [14], [15]. Hence, FBG and
LPG are among the most commonly employed wavelength modulation scheme by researchers.
Another widely recognized method for achieving wavelength modulation in optical fiber sensor
is through the localized surface plasmon resonance (LSPR). Experiencing remarkable progress
in the recent decade, nanotechnology has greatly influenced other research areas, such as,
photonics, medical science, environmental engineering, electronics engineering etc. Among
various developments, metal nanoparticles stand out due to their unique optical properties,
which enable them to absorb and scatter light in specific regions of the visible spectrum [16].
What distinguishes these nanoparticles is their capacity to transform the energy of incoming
light into a collective oscillation of electrons, known as localized surface plasmon resonance
(LSPR). LSPR is pivotal not only for its wavelength-selective absorption and scattering but
also for its ability to produce significant electromagnetic field enhancements at the nanoparticle
surface. This effect has proven invaluable in applications such as spectroscopic analysis and
heat-mediated molecular release [17], [18]. Today noble metal nanoparticles have been
extensively used across a wide range of fields, including electro-optical and semiconducting
materials [19], catalytic materials [20], biological imaging agents [21], and biosensor

technologies [22].

Electric field Electron cloud

g

Metal sphere

Figure 1.2: Localized surface plasmon resonance.
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1.2.4.1 Localized surface plasmon resonance

When light interacts with metallic nanoparticles, the conduction electrons in the metal
collectively oscillate in response to the oscillating electric field of the incident light, as depicted
in Fig. 1.2. Additionally, an attractive Coulomb force between the electrons and nuclei
contributes to the oscillation, forming an "electric cloud" around the nucleus. These coherent
oscillations of electrons are referred to as LSPR, with the resonance frequency being dependent

on the dielectric constant of the metal.

In order to find out the electric field outside the metal nanoparticle, consider a metal sphere
of radius a, which is embedded within an external medium—such as a vacuum, gas, or liquid.
The dielectric constant of the external medium is €,,,,. The metal sphere itself has a dielectric
constant €;,, which is considered independent of its size. This embedded metal sphere is

illuminated by a linearly (z-) polarized laser light of wavelength A propagating along the x-axis

£ alA<0.1
a

\ 4
=

Figure 1.3: A metal sphere of radius ¢, embedded in a dielectric medium with permittivity €, is illuminated by a
linearly (z-) polarized light of wavelength A propagating along the x-axis. Here, a/4<0.1, that corresponds to the
quasi-static field case.

(Fig. 1.3). The electric field E associated with the optical beam coming out from the laser is

generally expressed as:
= E.X +E, 9+ E,2 (1.5)

where X, ¥, Z are unit vectors along the Cartesian axes x, y, z. For the z-polarized light, Ex = E,
=0 and E = E,Z. Thus, for the light polarized along the z-axis and propagating along the x-

axis, E. is given as:

E, = E,cos(kx — wt) (1.6)
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Applying the long wavelength approximation (4 > 400 nm, hence kx <<a¥) and assuming the
metal nanosphere is much smaller than the wavelength (a/4 < 0.1) as required for the case of
metal nanoparticle, the electric field associated with the laser output (E = E,Z = E;Z2 = E,) can
be considered spatially independent for distances comparable to the size of the metal sphere.

Additionally, the externally applied field E, remains nearly constant over time ensuring that:

aE—O daB—O (1.7)

A T '
Thus, the electric field around the metal nanoparticle can be treated as quasi-static [23]. As a
result, Maxwell’s equations simplify to the fundamental equations of electrostatics and

magnetostatics:

vE= 2 (1.8)
€o
VXE =0 (1.9)
V.B=0 (1.10)
VxB =) (1.11)
€oC?

where p is volume charge density and j is volume current density. In order to determine the
electric field E(x,y,z), inside as well as outside the metal sphere, electrostatic equation 1.8 needs
to be solved. Since the metal sphere is a conductor with no net charge density (i.e. p = 0), Eq.
(1.8) reduces to:

VE= 0 (1.12)

In order to determine the electric field, the scalar potential ®(x,y,z) is determined first. From

the scalar potential, the electric field can be derived as:

E=-VO (1.13)
The scalar potential, d(x,y,z), can be determined from the Laplace’s equation:

VD =0 (1.14)

10
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Laplace’s equation in spherical coordinates is given by:
Vz (T', 9’ ¢)q)l,m(r' a ¢) =0 (115)

Using the separation of variables method and applying appropriate boundary conditions,

solution of the Laplace’s equation is obtained as:
Oy (r, 6,¢) = [Ar! + Br=D]p™ (cos ) e™? (1.16)

with [ =0,1,2,...and m = -, =l +1,...—2,—-1,0,1,2, ....1 — 1, 1. Here, P,™ (cos @) are
associated Legendre functions. As shown in Fig. 1.3, the metal sphere irradiated by quasi-static
field exhibits azimuthal symmetry; and hence, the solutions must be independent of the

azimuthal angle ¢. This corresponds to the m = 0 in Eq. (1.16).

In general, the electric field inside the sphere differs from the electric field outside the
sphere. Further, the incident electric field remains unaffected by the metal sphere as one moves
far from this sphere (at r — 00). Additionally, the field at the center of the sphere (r — 0)
should have some finite (nonzero) value [23]. These conditions can be mathematically

expressed as:
1) Eiy # Eoye
2)asr — 00, Ey,; = EgZ (1.17)
3)asr = 0, E;;, — finite

Using the above conditions, Eg. (1.16) yields A, = B, =0 for m =0, | = 0. In order to solve

Eq. (1.16) form =0, | = 1, let us write Eq. (1.13) in Cartesian coordinates:

a _ad _ 0
E(x,y,z) = —(ax+ay+£z) D,0(x,y,2) (1.18)
Substituting the expression of ®,, from Eq. (1.16) in Eqg. (1.18) and solving in Cartesian
coordinate gives the electric field as,

"

2 3z(xX +yy + zz“)l
(x?2+y2+ 22)3/2 (x?2+y2+ 22)5/2

E(x,y,z) = —A;Z— B, l (1.19)

11
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Let is define the expression of electric field inside and outside the metal sphere as,

. Z 3z(xX + yy + z2)
Ein(x; y; Z) = _Al,inZ - Bl,in [ 3/ - 5 (1.2061)
(2 +y2+22)72 (x2+y2+22)72
) 4 3z(xX +yy + z2)
Eout(x' Y Z) = _Al,outZ - Bl,out l 3/ - 3 (1.20b)
@2 +y?+207 @24y 42D

The term in the square bracket of Eq. (1.20a) goes towasr — 0. Thus, applying the condition
“3” of Eq. (1.17) yields

Bim=0 (1.21)

Similarly, the term in the square bracket of Eq. (1.20b) goes 0 as r — oo. Thus, applying the
condition “2” of Eq. (1.17) yields

—A10ur = Ep (1.22)

Remaining constants, namely, A;;, and Bj 4y, are determined by applying the following

continuity conditions at the surface of the metal sphere (» = a):
1) €inEin = €oucEout
2) Eg and E4 are continuous

Applying these continuity conditions, gives:

3€out
—Ayin = —]E 1.23
1,in zeout+6in 0 ( )
€Ein — €
By our = a®E, [—6"”+ 26"””“ ] (1.24)
n out

Substituting the values of A ;,, By in, A10ur and By oy in Eq. (1.20a) and Eq. (1.20b), the

resulting solution for the electromagnetic field inside the nanoparticle is expressed as:

3€out )
— | EyzZ 1.25
2eout + €in o ( )

Ein(x' Y, Z) = (
12
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Whereas, the resulting solution for the electromagnetic field outside the nanoparticle is

expressed as:

€in — €Eout

] 3E [Z 3Z( X+ vy + ”)] (1.26)
a —_—-— )
€Ein + 2€0ut 0143 #5 XTYy Tz

Eoue(x,y,2) = EgZ — [
where the first term EZ is the incident field. The dielectric constant €;, varies significantly
with wavelength, and thus, the expression in the first square bracket of the second term in Eq.
(1.26) determines the dielectric resonance condition of the metal particle. When the dielectric
constant of the metal nanoparticle is approximately equal to —2¢€,,,, the electromagnetic (EM)
field is amplified relative to the incident field. For metals like silver and gold nanoparticles,
this resonance condition is satisfied in the visible region of the spectrum. Additionally, the size
of the nanoparticle (@) and the external dielectric constant (€,,;) also play crucial roles in
determining the EM field outside the particle. The extinction spectrum of the metal
nanoparticle, as determined using the electromagnetic field outside the metal nanoparticle

(Epyt), 1s expressed as [23], [24]:

EQD) = 24m%Na3e’/? €;(A) ]

An(10) (e, () + x€oue)® + €,(2)? 1.27)

Here, €, and €; are the real and imaginary components of the metal dielectric function,
respectively; N represents number of polarizable particles that interact with the applied electric
field. The value of y is 2 in case of sphere, but it takes on values as large as 20 to account the

particle geometries with high aspect ratios [25].

In addition to the extinction of the metal nanoparticles, it is important to understand how
the LSPR is used for both sensing/spectroscopic applications. For example, the LSPR
extinction (or scattering) wavelength maximum, Amax, 1s sensitive to the refractive index. Thus,
any change in the local environment, such as the adsorption of a species onto the nanoparticle
surface, can induce a shift in Amax. To analyse this effect, let us consider the situation where a
layer of thickness d and of the refractive index n, is introduced onto the nanoparticle surface.
Beyond this layer (i.e., at distances greater than d), the surrounding medium is assumed to have

a refractive index of ny. Thus, the refractive index variation can be expressed as:

_(nyg 0<z<d
n(z)—{nE d<z< o

13
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The wavelength shift in the LSPR spectrum that results from the adsorption layer introduced

onto the metal nanoparticle surface is expressed as [23]:
Admax = m(nfinal - ninitial) (1-29)

Here, m represents the bulk refractive index sensitivity of the nanoparticle. n;,;;i4; is defined
as the refractive index of the surrounding medium before the introduction of adsorption layer

around the nanoparticles (i.e., ng), whereas, ns;q is defined as the refractive indices of the
final states, that is, after the introduction of the adsorption layer. Importantly, n;,q; is very

complex as it comprises of a combination of the refractive indices of the adsorbed layer and

the surrounding (external) medium. Hence, ns,q; Can be represented by effective refractive
index, nsr (not to be confused with the effective refractive index of the guided modes within

an optical fiber). This effective refractive index is defined as the z-dependent refractive index

(Eq. 1.28) normalized by the relative field intensity (1/1,), and is given by [23]:

2 [ 22
TS E.I- n(z)exp (— E) dz (1.30)
0

Here, the field intensity (I) corresponds to the electromagnetic field that probes the local
refractive index. This field can be approximated as an exponentially decaying field with a

characteristic length {; [23]:

E(z) = Eyexp (— %) (1.31)

Evaluating this integral in Eq. (1.30) while substituting n(z) from Eq. (1.28) gives:

2d 2d
Nepf = Ny [1 —exp (— E)] + ngexp (— E) (1.32)

Substituting n, ¢ for ngyg and ng for e in Eq. (1.29), yields:
2d 2d
AMpaxy =m {nA 1—exp (— l—)] + ngexp (— —) - nE} (1.33)
d

la
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This relation describes the dependence of Amax On the changes in the local environment, such
as the adsorption of a species onto the nanoparticle surface. Upon simplification, it can be

written as:

AMpax = mAn[l - exp(_Zd/’d)] (1.34)

where An = ny — ng. Thus, the resonance wavelength of LSPR is highly sensitive to even the
slightest changes in the surrounding medium. This characteristic of the resonance wavelength
of LSPR enables the development of sensors with exceptional sensitivity, potentially achieving
single-molecule detection [26]. By combining the LSPR technique with fiber optics it becomes
possible to harness the strengths of both the technologies for the development of optical fiber
sensors. To develop an LSPR-based optical fiber sensor, the cladding of the optical fiber is
removed in a small section. This decladded section is coated with a layer of metal
nanostructures (e.g., gold nanoparticles). The sensing medium (dielectric region) surrounds this
nanostructure-coated area. A broadband light source is used for launching light into the fiber.
The surface plasmons in the metal nanostructures are excited by the evanescent field of light
propagating through the fiber core. At resonance, transmitted light within a specific spectral
range is absorbed by the nanoparticle layer, resulting in a distinctive dip in the transmitted
(output) spectrum. When the sensing region is exposed to the analyte, it alters the refractive
index of the surrounding medium near the gold nanoparticles, leading to a shift in the LSPR

resonance wavelength in the transmitted spectrum.

1.3 Environmental monitoring and Homeland security

Environmental contamination by toxic substances is a growing concern, significantly
impacting, both, human health and ecosystems. Rapid industrialization, technological
advancements, population growth, and the continual discharge of agricultural and domestic
waste have introduced a wide range of pollutants into aquatic environments. Of particular
concern are heavy metal ions, which are persistent, toxic, and bio accumulative. These
pollutants can travel through the food chain, magnifying their effects. Heavy metals such as
arsenic, mercury, lead, cadmium, and fluoride are particularly harmful because they are non-
degradable and pose serious health risks [27]. Mercury ion (Hg?"), among the most toxic of
these ions, is primarily introduced through industrial effluents. Elevated mercury levels in
water can cause severe health conditions, including Hunter-Russell syndrome, Minamata
disease, and kidney damage [28]. The World Health Organization (WHO) has set a safety
15
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threshold of 6 parts per billion (ppb) for mercury ion in drinking water. Similarly, arsenic (As*")
is another highly toxic heavy metal ion that is introduced mainly into water bodies through
natural geothermal processes. Prolonged consumption of arsenic contaminated water can result
in arsenic poisoning, significantly increasing the risk of cancers, such as skin, lung, kidney, and
bladder cancer [29]. The WHO recommends a maximum allowable limit of 10 ug/L (10 ppb)
for arsenic in drinking water to minimize these health risks. Considering these serious health
risks posed by Hg* and As*, it is essential to prioritize the development of reliable and

sensitive detection methods for these water contaminants.

Several analytical techniques have been developed to detect water contaminants like Hg*"
and As®". These include atomic absorption spectrometry [30, 31], inductively coupled plasma
mass spectrometry (ICPMS) [32, 33], high-performance liquid chromatography (HPLC) [34,
35], colorimetric [36, 37], and electrochemical methods [38]. These methods are highly
accurate and sensitive. However, they have several drawbacks such as complex mechanisms,
making them difficult to operate. Additionally, they are time-consuming and expensive.
Furthermore, these techniques require bulky instrumentation and skilled personnel. In contrast,
Surface Plasmon Resonance (SPR) and Localized Surface Plasmon Resonance (LSPR)
techniques have emerged as a promising alternative for heavy metal ion detection due to their
simplicity, rapid response, cost effective, easy sample preparation and high sensitivity. Both
LSPR and SPR are highly responsive to changes in localized refractive index, thereby showing
a corresponding shift in the resonance wavelength. Therefore, this field has caught the attention
of researchers and hence several LSPR and SPR based Hg”" and As** have been reported. For
example, Taniguchi et al. [39] developed a prism-based SPR sensor employing DNA elements
for detecting Hg*" ions. The sensor demonstrated a linear response within 10-10* pg/L and
achieved a limit of detection (LOD) of 5 ug/L (5 ppb). Fauzi et al. [40] proposed another prism-
based SPR sensor using chitosan/maghemite as the sensing material. It exhibited a dynamic
range of 0.01-0.5 parts per million (ppm) and an LOD of 0.01 ppm (10 ppb). Castillo et al.
[41] proposed a liquid-phase based LSPR Hg?** sensor utilizing gold nanoparticles as the
sensing material. The sensor showed a sensitivity of 0.026 pg/L and an LOD of 172 ng/L (172
ppb). Jiang et al. [42] presented a prism-based SPR sensor using 1,6-hexanedithiol as the
sensing material. This sensor displayed a linear response from 0-100 mg/L, a sensitivity of
1.25 x 1072 °/mg/L, and an LOD of 80 ppb, along with good selectivity towards Hg?>*. Huang
et al. [43] proposed a liquid-phase based LSPR Hg*" sensor employing silver/gold nanocages.
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The sensor exhibited a linear response in the range of 0.01-0.5 ppm and an LOD of 5 ppb. On
the other hand, Pratima et al. [44] proposed an As** sensor employing the prism-based SPR
technique with a self-assembled monolayer of B-mercaptoethanol on a gold substrate. This
sensor exhibited a linear response within the range of 0-2.5 pug/ml As** concentration, a
detection limit of 0.01 ug/ml (10ppb), and a rapid response time of 30 s. Anindita et al. [45]
presented a liquid-phase based LSPR As** sensor utilizing gold nanorods. This sensor exhibited
a linear dynamic range of 10-500 ppb with a detection limit of 10 ppb. These techniques
demonstrated a good LOD for Hg?" and As** ions. However, most of the reported sensors do
not meet the regulatory standards set by the WHO for Hg?" and As>" ions in drinking water.
Consequently, further improvements are necessary to achieve the ultra-low LOD required to
meet the regulatory standards set by WHO for Hg** and As** detection in drinking water.
Furthermore, these LSPR and SPR methods lack crucial features such as remote sensing and

multiplexing capabilities, which are essential for practical and efficient real-field applications.

In the past decade, there has been a global effort to strengthen counterterrorism measures,
driven by the increasing use of explosives by terrorists. This has highlighted the urgent need
for reliable detection methods to ensure civilian security. High explosives such as 1,3,5-
Trinitro-1,3,5-triazinane (RDX), 2,4,6-Trinitrotoluene (TNT), and related compounds,
including Trinitrophenol (TNP) or picric acid (PA), 2,4-Dinitroanisole, 2,4-Dinitrotoluene
(DNT), and 4-Nitrotoluene (NT), have drawn significant attention for defence and security
applications. Among these, TNP is an extremely powerful explosive, even stronger than TNT
[46]. Additionally, TNP is highly soluble in water, and even trace concentrations can be
extremely toxic. Exposure to TNP can result in a range of health problems, including damage
to the eyes, skin, and respiratory system, as well as chronic issues like anemia and cancer [47].
Despite these adverse consequences, the utilization of TNP remains unavoidable in sectors such
as dye manufacturing, pharmaceuticals, rocket fuel production, and chemical laboratories.
Consequently, due to its widespread application across various industries and its high-water
solubility, TNP is polluting water. TNP's high solubility in water also enables its infiltration
into groundwater near landmines and underwater mine sites. Thus, detecting TNP in
groundwater is crucial for locating unexploded landmines, underwater mines, and determining
water contamination at war sites, military bases and industrial zones to ensure public safety
and to protect human health and the environment [48]. Regulatory standards, such as the

"Surface Water Environmental Quality Standards" (GB3838-2002), limit TNP concentrations
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in water to 0.5 mg/L (ppm). This emphasizes the need for precise TNP detection methods in
aqueous environments. Developing highly selective sensors capable of detecting TNP at very

low concentrations is essential for safeguarding environmental health and public safety.

For detecting nitro-explosives such as TNP, a variety of analytical techniques are available.
These include high-performance liquid chromatography [49], surface-enhanced Raman
spectroscopy [50], mass spectrometry [51], Raman scattering [52], colorimetry [53], [54], and
electrochemical analysis [55] — [57], etc. While these techniques offer high accuracy and
sensitivity, they also have several drawbacks that hinders their widespread application. One
major drawback is their complex mechanisms, which makes them challenging to operate.
Additionally, these methods are expensive and time-consuming. Furthermore, these techniques
require bulky instrumentation, which makes them impractical for onsite detection. Moreover,
these techniques require skilled personnel, which further restrict their widespread application.
In contrast, fluorescent probes have emerged as a promising alternative for detecting nitro
explosives due to their simplicity, rapid response, portability, straightforward sample
preparation, and high sensitivity. Consequently, this area has caught significant attention from
researchers, leading to the development of several fluorescent sensors for detecting TNP. For
instance, Kumari et al. [48] reported a fluorescence quenching based TNP sensor using two
fluorescent coumaryl-linked imidazolium salts. The sensors exhibited detection limits of 107
nM (24.41 ppb) and 87 nM (19.93 ppb) with quenching constants of 2.2x10* M and 5%10*
M, respectively. Both the fluorescent sensors demonstrated selectivity towards TNP.
Similarly, Fan et al. [58] used carbon dots as label-free fluorescence probes. Sensor
demonstrated a detection limit of 51 nM (11.68 ppb) and a linear range of 0.1-26.5 uM. The
sensor also exhibited a fast response time of 10 s and showed selectivity towards TNP. Luo et
al. [59] developed a turn-off fluorescence sensor using a 2-pyridone derivative (D-TPCA). The
sensor demonstrated selective detection of TNP with a detection limit of 56 nM (12.83 ppb).
Further, Li et al. [60] proposed a membrane-based fluorescence sensor employing 5-(-N-
carbazole styryl)-1,3-dimethyl-barbituric acid and polystyrene. The sensor showed a selective
and sensitive response with linear range from 0-140 uM and a detection limit of 228 ppb. In
another work, Dong et al. [61] employed iridium (III) complex containing carbazole moieties
for sensing TNP. Sensor demonstrated a linear response in the range of 0-314 pM TNP
concentration with a quenching constant of 1.9x10* M and a limit of detection of 10 uM (2291

ppb). Guo et al. [62] developed a fluorescence sensor employing pyrazoline derivatives for the
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detection of TNP. The sensor exhibited a selective and sensitive detection of TNP with a
quenching constant of 4.36x10* M and a limit of detection 0.68 uM (155.78 ppb). Moreover,
Remani et al. [63] utilized solgel ceria nanoparticles synthesized in the presence of fenugreek
extract for fluorescence detection of TNP in water. Sensor exhibited linear response in the range
of 0.33- 41.6 uM TNP concentration with a quenching constant of 57.54x10* M! and a very
low limit of detection of 0.33 uM (75.6 ppb). Among these reported sensors, many of the them
reported LOD that exceeds the surface water environmental quality standards threshold for
TNP in water. This makes them not suitable for effective monitoring of TNP in water.
Additionally, despite the promising results, these fluorescent probes have certain limitations.
One of the major drawbacks is fluorescence quenching upon interaction with TNP, meaning
that once the probe detects TNP, their fluorescence signal diminishes, rendering them non-
reusable. Additionally, they also face selectivity issues, and difficulties in on-site detection
applications. The main unresolved challenge in the field of explosive sensing is the remote
detection of trace amounts of explosives, such as landmines, which remains exceptionally

difficult.

Optical fiber sensors are an ideal solution for detecting water contaminants, such as As**
and Hg*, as well as explosives like TNP. They effectively overcome all the limitations
(mentioned above) of optical sensing methods, such as LSPR, SPR, and fluorescence. Optical
fiber sensor offer high sensitivity which allows the detection of minute changes in Hg**, As**
and TNP concentration, enabling the sensor to achieve lower LOD. These sensors also exhibit
rapid response times, making them ideal for real-time monitoring. Additionally, optical fiber
sensors are compact and cost-effective, facilitating their deployment in real-field applications.
Their ability to support remote sensing further enhances their practicality. These features
collectively make optical fiber sensors highly suitable for water contamination (Hg?* and As**)
and explosive (TNP) detection, offering a reliable and efficient solution for environmental
monitoring and homeland security. However, not many Hg**, As®" and TNP optical fiber
sensors are reported so far. For example, Yuan et al. [64] proposed an SPR based optical fiber
Hg?* sensor utilizing marcaptopyridine functionalized gold nanoparticles as the sensing
material. The sensor exhibited high selectivity towards Hg?" ions with a linear response in the
range of 0-100 nM, an LOD of 3.34 nM (1.6 ppb) and response time of 30 min. Prakashan et
al. [65] proposed an SPR based optical fiber Hg?>" sensor using copper silver core-shell

nanoparticles as the sensing material. The sensor showed piece-wise linear response in the
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ranges of 0-1 uM and 1-1000 uM, with an LOD of 10 nM (2 ppb) and exhibited selective
response towards Hg?*. Yuan et al. [66] developed an SPR based optical fiber Hg*" sensor
employing thymine-functionalized gold nanoparticles as the sensing material. The sensor
demonstrated linear response in the range of 0-20 uM with an LOD of 9.98 nM (1.99 ppb) and
also offered high selectivity towards Hg?". In another study, Raj et al. [67] proposed an SPR
based optical fiber Hg** sensor using gold nanoparticles PVA hybrid as the sensing material.
The sensor showed linear response in the range of 0-25 uM with an LOD of 1 uM (200 ppb).
Zhong et al. [68] proposed an LSPR based optical fiber Hg?* sensor using chitosan/poly-acrylic
acid bilayer as the sensing material. The sensor exhibited a linear response in the range of 0-30
uM with an LOD of 0.52 uM (104.3 ppb) and also showed selectivity towards Hg**. Boruah et
al. [69] proposed an LSPR based optical fiber Hg?" sensor utilizing chitosan-mediated silver
nanoparticles as the sensing material. The sensor exhibited linear response in the range of 0-10
ppb, with an LOD of 1.5 ppb, response time of 11 min and also offered high selectivity.
Similarly, Shukla et al. [70] presented an LSPR based optical fiber Hg?>* sensor employing
glucose-capped silver nanoparticles as the sensing material. This sensor showed a non-linear
response in the range of 0-200 ppb, with an LOD of 2 ppb and exhibited high selectivity
towards Hg?*. Further, Khan et al. [71] proposed an intensity modulation based optical fiber
Hg?" sensor. The sensor used multi-walled carbon nanotubes as the sensing material. The
sensor exhibited a linear response in the range of 0-5 ppm, with an LOD of 0.1 ppm (100 ppb)
and a fast response time of 6.3 s. Wu et al. [72] presented an SPR based optical fiber Hg*"
sensor, using sodium sulfide as the sensing material. This sensor showed a linear response in
the range of 10-60 nM, with an LOD of 8.15 nM (1.63 ppb) and exhibited high selectivity
towards Hg?". Nguyen et al. [73] proposed a turn-on fluorescence based optical fiber sensor for
detecting Hg?" utilizing fluorescent polymeric material as the sensing material. The sensor
exhibited a linear range of 0-28 uM, with an LOD of 0.15 uM (30.08 ppb), response time of
11 min and also exhibited high selectivity towards Hg?". On the other hand, Sonika et al. [74]
proposed an SPR based optical fiber sensor for As** detection, using a-Fe>03/SnO; core-shell
nanostructure as the sensing material. This sensor exhibited highly selective and sensitive non-
linear response within the 0-100 pg/L As** concentration range, with an LOD of 0.47 ug/L
(0.47 ppb) and a rapid response time of 10 s. Shukla et al. [75] presented an LSPR based optical
fiber sensor using arsenic-specific aptamer immobilized on cysteamine-capped gold
nanoparticles as the sensing material. This sensor showcased a low LOD of 1 ppb. In another
study, the same research group developed an evanescent wave absorbance based optical fiber
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arsenic ion sensor [76]. This sensor employed aptamer bound polyaniline as the sensing
material. The sensor offered a LOD of 1 ppb with high selectivity towards arsenic ion. Among
the above reported Hg?* and As*" ion sensors, a substantial number of sensors do not meet the
regulatory standards set by the WHO for Hg>" and As®" ions in drinking water. This limits the
suitability and applicability of these sensors for the detection of Hg?* and As*" in drinking
water. On the other hand, sensors reported with LODs within the acceptable regulatory limits,
either lack selectivity or exhibit slow response time. Furthermore, only a few of the above
reported sensors demonstrate reusability, which is critical for cost-effective and sustainable
use. Thus, there is a significant need to develop optical fiber sensors for Hg?" and As** detection
that offer exceptionally low LODs, significantly below the regularity standards, to facilitate
early detection before these contaminants reach hazardous levels. Additionally, these sensors
should also offer high selectivity, fast response time and reusability for effective real field

applications.

On the other hand, till date, only two optical fiber-based TNP sensors are reported. For
instance, Zhao et al. [77] developed a metal-organic framework integrated hydrogel optical
fiber as a photoluminescence sensing platform. The sensor demonstrated a selective and
sensitive linear response in the range of 0-69 uM with the quenching constant of 5.7x10* M-
land LOD as low as 5.7 ppm (5700 ppb). In another work, Dasary et al. [78] also proposed an
optical fiber sensor using N,N-Diisopropylcarbodiimide (DPC). The sensor exhibited a
selective and sensitive linear response in the range of 0-4000 nM with an LOD of 25 ppb.
However, these sensors demonstrated good LOD, there is significant scope for improvement
in terms of achieving even lower detection limits. Achieving ultra-low LOD is critical for
detecting trace amount of explosive (TNP), enabling the early identification of landmines and
water contamination. Additionally, these sensors lacked reusability, limiting their practicality.
Therefore, there is a significant need for the development of an optical fiber sensor that offers
an exceptionally low LOD, high selectivity, optimal sensitivity, reusability, and fast response

time for real-field applications.

1.4 Objective and summary of the thesis

The main objective of this thesis is to develop optical fiber sensors for detecting water
contaminants, specifically Hg?", As*", and explosive (TNP), with exceptionally low LOD,

optimal sensitivity, high selectivity, fast response time, and high degree of repeatability and
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reliability. To achieve these objectives, novel sensors are developed, enabling precise and
selective trace detection of Hg?**, As*, and TNP. The optical fiber sensors were developed
employing sensing techniques such as: intensity modulation through evanescent wave
absorption and wavelength modulation using localized surface plasmon resonance. The
research begins by developing a U-shaped optical fiber LSPR sensor for Hg?* detection using
graphene oxide and chitosan (GO-CS) composite as the sensing material. To develop the
sensor, gold nanoparticles (AuNPs) were first coated onto the centrally decladded U-shaped
core of the plastic-clad silica (PCS) optical fiber. The AuNPs-coated U-shaped optical fiber is
then further coated with a layer of GO-CS composite using the dip coating method. This sensor
demonstrates excellent sensitivity of 0.0728 nm/ppb, a remarkably low LOD of 0.29 ppb and
high selectivity towards Hg?". It also exhibits a fast response time of 0.6 s. In the next work,
another optical fiber Hg*" sensor is developed to further enhance sensitivity and reduce the
LOD by incorporating carbon nanotube/polyvinyl alcohol (CNT/PVA) nanocomposite film,
while maintaining the same fiber configuration. Optimizing the sensing film configuration
results in an enhanced sensitivity of 0.2458 nm/ppb over the range of 0-30 ppb Hg®"
concentration. The sensor also demonstrated an average response time of the sensors is 0.4s
and an improved LOD of 0.08 ppb, while maintaining high selectivity towards Hg?" detection.
Next, an optical fiber LSPR sensor for detecting another highly toxic water contaminant As®*
ion is developed, employing Al.Os/GO nanocomposite as the sensing material. This sensor
shows a high sensitivity of 0.217 nm/ppb and an LOD of 0.09 ppb, with a rapid response time
of 0.5 s and high selectivity for As** ions. To further enhance sensing performance, another
As*" sensor is developed using lauryl sulphate functionalized gold nanoparticles. In this case,
the gold nanoparticles serve both as the LSPR generator and the sensing material. This sensor
achieves an enhanced sensitivity of 0.3073 nm/ppb, an even lower LOD of 0.06 ppb while
maintaining a response time of 0.5 s, along with high selectivity. Following this, an optical
fiber TNP sensor is developed, utilizing intensity modulation via evanescent wave absorption.
A thin polymer film (PFTPA) of the appropriate thickness and composition is synthesized over
the centrally decladded region of a straight PCS multimode optical fiber. The sensor exhibits a
linear response between 0-50 ppb with high sensitivity of 0.0032/ppb, a remarkably low LOD
of 1.06 ppb and shows high selectivity towards TNP. Further, the sensor exhibits an average
response and recovery time of 2 s. In order to further enhance the sensing performance, another
TNP sensor is developed using a LSPR configuration, incorporating zinc oxide quantum dots
(ZnO QDs) as the sensing film. This sensor exhibits an improved LOD of 0.19 ppb and a linear
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response over the same 0-50 ppb range, with a high sensitivity of 0.1288 nm/ppb. However, a
slightly longer response time of 2 s is observed. It also demonstrates high selectivity towards
TNP. It is worth mentioning that, all the novel sensors developed in this research exhibit high
degree of reversibility, repeatability, stability and reliability. Furthermore, all the proposed
sensors are tested not only in the controlled lab environments but also in real-world

applications, where they are employed to detect Hg**, As**, and TNP in real water samples.

1.5 Organization of the thesis
Chapter-1

The main objective of this chapter is to establish the foundation of the research work presented
in this thesis. It begins with discussing about the importance of optical fiber technology for
sensing applications. The chapter then provides a detailed discussion about intensity
modulation through evanescent wave and localized surface plasmon resonance techniques. In
the next section, the chapter then discusses the importance of water contamination (Hg?*, As**),
and explosive (TNP) sensing. The chapter then provides a detailed literature review of the
existing research related to water contamination (Hg?*, As*"), and explosive (TNP) detection
and their limitations. The last section establishes the objectives of this thesis work and the

methodologies employed to achieve those objectives.

Chapter-2

The main objective of research carried out and reported in Chapter 2 is to develop a novel
optical fiber Hg?" sensor with optimal sensitivity, a remarkably low LOD, high selectivity, and
rapid response time. To fulfill the objective, the proposed sensor employs the LSPR technique
using graphene oxide and chitosan (GO-CS) composite as the sensing material. It is worth
mentioning that GO-CS composite is used for the first time to realize an optical fiber based
Hg?" sensor to the best of authors’ knowledge. For the development of the sensor, first the gold
nanoparticles (AuNPs) were coated onto the centrally decladded U-shaped core of the PCS
optical fiber followed by the coating of GO-CS composite. AuNPs was synthesized by
chemical reduction of HAuCls using trisodium citrate [79]. GO was then synthesized using
modified Hummer’s method [80]. After that, GO-CS composite solution was prepared by
dissolving the appropriate amount of chitosan powder and GO in a 2% acetic acid solution. In
the process of optimizing sensor’s response, effects of composition of the sensing film were
studied. For that, multiple probes were prepared by varying the sensing film configuration. To
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examine the different sensing probes having different sensing film compositions, the sensing
probes were characterized in an in-house developed flow-cell (dimension 5 cm % 5 cm % 4 cm).
The optical fiber sensor was connected to a Broad Band Source (Ocean Optics, HL-2000-
FSHA) through one arm and to a spectrometer (Ocean Optics, RH4000) through the other arm,
using a subminiature version A (SMA) connector. The spectrometer was interfaced with a
computer through MATLAB program for real-time monitoring of the sensor. Hg** solutions
with concentrations ranging from Oppb to 200ppb were used to immerse the sensing region of
the fiber for characterization of the sensing probe. The transmittance of the optical fiber sensor
was measured for each solution concentration using the spectrometer. Experimental analysis
indicates that the optimal performance was achieved with a sensing film composition of 0.2 g
of GO in 0.5 g of chitosan. Notably, the sensor exhibits a linear response across the 0—200 ppb
range, with a sensitivity of 0.0728 nm/ppb for Hg*" concentration and an impressively low
LOD of 0.29 ppb. The achieved LOD is substantially lower than the regulatory threshold set
by the WHO for Hg*" in drinking water, making the proposed sensor highly suitable for Hg**
detection in drinking water. The proposed sensor also exhibits high selectivity towards Hg**.
Furthermore, to examine the sensor's reversibility and repeatability, it was subjected to cyclic
exposure to Hg?* solutions ranging from 10 ppb to 200 ppb. The results confirmed consistent
performance during both forward (10 ppb to 200 ppb) and reverse (200 ppb to 10 ppb) Hg**
concentration changes. Additionally, the sensor demonstrates an average fast response time of
0.6 seconds. The proposed sensor was further employed to detect mercury ions in real water
samples, and its results were in strong agreement with the standard ICPMS method, showing
relative percentage difference (RPD) values of less than 2%, thereby validating its accuracy.
Additionally, the sensor underwent rigorous stability and reliability testing. In short-term
stability tests, the LSPR spectrum was continuously recorded at 1-minute intervals over 16
minutes while exposing the sensor to three different Hg>* concentrations (20 ppb, 100 ppb, and
200 ppb). The maximum standard deviation observed in the resonance wavelength was +0.083
nm demonstrating the sensor's high accuracy with a maximum resolution of £1.14 ppb. For
long-term stability and reliability test, the optimized optical fiber Hg?" sensing probe was tested
over a span of 18 days, with measurements taken at 5-day intervals. The fiber sensor's output
was recorded for three different Hg** concentrations (20 ppb, 100 ppb, and 200 ppb) on three
separate days. The experimental results showed a maximum variation of just 0.022% in the
sensor’s output compared to the first day, highlighting the exceptional repeatability and
reliability of the developed optical fiber Hg?" sensor. Although this sensor exhibited high
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sensitivity with a low LOD, there remains potential for further enhancement in improving the
sensitivity and reducing the LOD. This serves as the foundation for the research presented in

the following chapter.

Chapter-3

To further enhance the sensing performance for Hg?" detection, another novel LSPR-based
optical fiber sensing probe was developed using a carbon nanotube and polyvinyl alcohol
(CNT/PVA) nanocomposite as the sensing film. This chapter focuses on designing a novel
optical fiber Hg?* sensor with optimal sensitivity, ultra-low LOD, high selectivity, and rapid
response time. The sensor utilizes the LSPR technigque, incorporating CNT/PVA
nanocomposite as the sensing material. It is important to mention that CNT/PVA
nanocomposite is used for the first time to realize an optical fiber mercury ion sensor to the
best of authors’ knowledge. The sensor preparation process begins with coating AuNPs onto
the centrally decladded U-shaped core of a PCS optical fiber, followed by the deposition of the
CNT/PVA nanocomposite film. The AuNPs were synthesized using the method described in
Chapter 2. To optimize sensor performance, the CNT concentration in the CNT/PVA
nanocomposite was varied (0.1 g, 0.15 g, and 0.2 g). The sensing probes were tested in an in-
house developed flow cell, as detailed in Chapter 2. The sensor was evaluated using mercury
ion solutions with concentrations ranging from 0 to 30 ppb. Experimental results revealed the
optimal composition as 0.15 g CNT in the CNT/PVA nanocomposite. The optimized sensor
exhibited a linear response within the 0—-30 ppb range, achieving a high sensitivity of 0.2458
nm/ppb and excellent selectivity for Hg?". It demonstrated an impressively low LOD of 0.08
ppb, significantly below the WHO threshold for drinking water. Additionally, the sensor
showed high reversibility and repeatability, with a fast average response time of 0.4 s. Further,
the proposed sensor was employed to detect Hg?* in real water samples, and its results closely
matched to those obtained using the standard ICPMS method, with RPD values of less than
4%, validating its accuracy. The sensor also underwent extensive stability and reliability testing
as discussed in Chapter 2. In the short-term stability test, the maximum observed standard
deviations in the resonance wavelength was +£0.01 nm, confirming the sensor's high accuracy,
with a maximum resolution of £0.04 ppb for Hg** detection. In the long-term stability and
reliability test, the results exhibit a maximum variation of just 0.002% compared to the initial
measurement, highlighting the exceptional repeatability and reliability of the developed optical

fiber Hg** sensor.
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Chapter-4

The primary objective of the research presented in this chapter is to develop a novel optical
fiber sensor for detecting another highly toxic water contaminant As**, with optimal sensitivity,
exceptionally low LOD, high selectivity, and rapid response time. To achieve these, the
proposed sensor utilizes the LSPR technique, employing an aluminum oxide/graphene oxide
(Al203/GO) nanocomposite as the sensing material. It is important to mention that A1,O3/GO
nanocomposite is used for the first time to realize an optical fiber arsenic sensor to the best of
authors’ knowledge. The sensor preparation begins with coating gold nanoparticles onto the
centrally decladded U-shaped core of the PCS optical fiber, which is then followed by the
coating of the Al20s/GO nanocomposite sensing film. Both AuNPs and GO was synthesized
utilising the same method as discussed in Chapter 2. To optimize the sensor performance, the
amount of Al-O3/GO nanocomposite dispersed in [PA was varied in the order of 1mg/ml,
1.5mg/ml, 2mg/ml. To evaluate the sensing probes with varying film compositions, they were
tested in an in-house developed flow-cell as discussed in Chapter 2. The proposed sensor was
tested for arsenic ion solutions with concentrations ranging from 0 to 20 ppb. Experimental
analysis revealed that the optimal sensor performance was achieved with a sensing film
composition of 1.5 mg/mL of Al.Os/GO nanocomposite in [PA. The optimized sensor exhibits
a linear response within the 0—20 ppb range with a high sensitivity of 0.1833 nm/ppb along
with high selectivity towards As**. The proposed sensor also exhibits an impressively low LOD
of 0.09 ppb, which is significantly lower than the threshold of As*" set by WHO in drinking
water. Additionally, the sensor exhibits high degree of reversibility and repeatability.
Furthermore, the proposed sensor demonstrates an average fast response time of 0.5 s. Next,
the proposed sensor was further employed to detect As>* in real water samples, and its results
closely matched those obtained using the standard ICPMS method, with RPD values of less
than 5%, validating its accuracy. The sensor also underwent extensive stability and reliability
testing as discussed in Chapter 2. In the short-term stability test, the maximum observed
standard deviations in the resonance wavelength was +£0.0127 nm, confirming the sensor's high
accuracy, with a maximum resolution of +0.058 ppb for As** detection. In the long-term
stability and reliability test, the results exhibit a maximum variation of just 0.004% compared
to the initial measurement, demonstrating the exceptional repeatability and reliability of the
developed optical fiber As** sensor. While this sensor demonstrates high sensitivity, a very low

LOD, and a fast response time, there remains scope for further improvement, particularly in
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enhancing sensitivity and achieving an even lower LOD. This led to the foundation of the

development of an another As>" sensor discussed in the following chapter.
Chapter-5

In order to further enhance the sensing performance for detecting As** ion, another sensing
probe was developed using lauryl sulphate functionalized gold nanoparticles. In this case, the
gold nanoparticles serve both as the LSPR generator and the sensing material unlike the sensor
discussed in Chapter 3 where a sensing material is coated over the gold nanoparticles coated
probe. It is important to mention that lauryl sulphate functionalized gold nanoparticles are used
for the first time to realize an optical fiber arsenic sensor to the best of authors’ knowledge.
Lauryl sulphate functionalized gold nanoparticles was coated over the centrally decladded U-
shaped core of the optical fiber. In order to examine the effect of lauryl sulphate
functionalization of the AuNPs on the sensor performance, another sensing probe was prepared
by coating bare AuNPs without functionalization. The developed sensing probes were
characterized in a flow cell as discussed in Chapter 2. The sensing probe with lauryl sulphate-
functionalized AuNPs demonstrated an enhanced sensitivity of 0.3073 nm/ppb, approximately
18 times higher than the bare AuNPs-coated probe (0.0168 nm/ppb). The sensing probe shows
linear dynamic range of 0-30 ppb with a very low LOD of 0.06 ppb. The sensor also exhibits a
high selectivity towards As®" ions. Next, the sensor was exposed to repeated As** concentration
step changes between 5ppb and 30ppb As®" concentration to investigate the repeatability and
reversibility characteristics. The sensor’s output shows identical change during the forward
(5ppb to 30ppb) and the reverse (30ppb to Sppb) cycle of the As** concentration changes.
Additionally, the proposed sensor exhibits an average response time of 0.5s. The sensor was
then tested for short-term stability using the similar method as discussed in Chapter 2 for three
different As** concentrations (5ppb, 15ppb, and 30ppb). The observed maximum standard
deviation in the resonance wavelength is £0.0194 nm, confirming the sensor's high accuracy,
with a maximum resolution of £0.063 ppb for As** detection. In order to test the reliability and
repeatability of the sensing probe similar method is used as discussed in Chapter 2 for three
different As®" concentration (5ppb, 15ppb, and 30ppb). It is observed that the maximum
variation in the output of the proposed optical fiber sensor in comparison to day one, is only
0.006% across all three As** concentration. This shows the excellent repeatability of the

developed optical fiber As** sensor. As can be observed, an enhanced sensitivity with a slightly
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lower LOD and a larger linear dynamic range is achieved in comparison to the sensor

developed in Chapter 3, the time response is remained constant.

Chapter-6

The main objective of the research presented in this chapter is to develop a simple yet
innovative optical fiber sensor for detecting the explosive compound TNP with optimal
sensitivity, an exceptionally low LOD, high selectivity, and rapid response time. To accomplish
this, a polymer PFTPA film is synthesized onto the centrally decladded straight PCS fiber. For
this sensor, intensity modulation through evanescent wave absorption technique is employed.
For the development of the sensor, first, Polymer PFTPA was prepared by using chemical
methods. In order to optimize its performance, a detailed examination of the sensor's
characteristics was conducted by varying both the composition and thickness of the sensing
film. Then the sensor characterization was performed by placing the sensor in a flow cell, as
described in Chapter 2. For the experiment, the optical output from a UV laser source operating
at 390.26 nm was coupled to one end of the optical fiber sensor, while the distal end was
connected to a photodetector via a SMA connector. The photodetector was interfaced with a
computer through a data acquisition (DAQ) card and monitored in real time using MATLAB.
Aqueous TNP solutions with concentrations ranging from 0 to 50 ppb were prepared. The
sensor's output intensity was measured for each TNP concentration, allowing enough time for
the readings to stabilize. The experimental results indicate that the fiber sensors output intensity
decreases as concentration of TNP increases. Analysis of the experimental data revealed that
the 3-dip coated probe having 1.3 mg/ml concentration of polymer PFTPA in THF, exhibited
optimal performance. The optimized sensor demonstrates a linear response within the 0-50 ppb
range, with a high sensitivity of 0.0032/ppb (73.31x10* M) and a remarkably low LOD of
1.06 ppb. The sensor also shows excellent selectivity for TNP and offers a rapid response time
of just 2 s. Repeatability and reversibility characteristics of the proposed sensor were
investigated by exposing the sensor successively to air, 10 ppb TNP concentration, air, 50 ppb
TNP concentration and again air. This cyclic exposure between air, low concentration of TNP
(10 ppb) and high concentration of TNP (50 ppb) was repeated multiple times. The results show
that the fiber sensor output changes instantly and smoothly during both forward and reverse
TNP concentration changes, without any hysteresis, indicating a completely reversible

response of the proposed sensor. The sensor’s practicality was validated by detecting TNP in
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real water samples, achieving a recovery range of 98.42% to 102.94%. Further, rigorous testing
confirms the sensor’s stability and reliability, with a maximum intensity fluctuation of £0.0094
and a resolution of 0.294 ppb during short-term stability tests. For long-term stability, the
sensor exhibits a maximum variation of only 0.19% compared to the first day. Although this
sensor demonstrated high sensitivity with very low LOD, there is still further scope of
improving the sensitivity and lowering the LOD. This laid the foundation for the research work

discussed in the next chapter.
Chapter-7

The sensor described in Chapter 5 utilizes intensity modulation through the evanescent wave
absorption technique to detect trace amounts of TNP. To further improve the sensing
performance for detecting TNP, in this work an LSPR based optical fiber sensor is developed
that employs ZnO QDs as the sensing material. It is important to mention that, for the first time
in the best of author’s knowledge an optical fiber TNP sensor based on LSPR technique
employing ZnO QDs as the sensing materials is reported. For the development of the sensor,
ZnO QDs were synthesized using a chemical reaction method. To provide aqueous stability to
the prepared ZnO QDs, it is capped with (3-aminopropyl) triethoxysilane (APTES). For the
development of optical fiber TNP sensor, PCS fiber was used. A similar methodology as
described in Chapter 2 was used for coating AuNPs on the U-shaped centrally decladded
sensing region. After that for the coating of ZnO QDs dip coating method is employed. To
optimize the sensor's performance, the amount of ZnO QDs dispersed in 10 mL of distilled
water was varied, using 170 mg, 200 mg, and 220 mg. The sensing probes with these varying
film compositions were tested in an in-house developed flow-cell, as detailed in Chapter 2. The
proposed sensor was evaluated using TNP solutions with concentrations ranging from 0 to 50
ppb. Experimental analysis demonstrated that optimal sensor performance was achieved with
a sensing film composition of 200 mg of ZnO QDs. This optimized sensor displays a linear
response in the range of 0-50 ppb, with an enhanced sensitivity of 0.1288 nm/ppb and a
remarkably low LOD of 0.19 ppb for TNP. Additionally, the sensor demonstrated high
selectivity towards TNP and exhibits an average response time of 2 s. To examine the sensor's
reversibility and repeatability, it was subjected to cyclic exposure to TNP solutions ranging
from 5 ppb to 50 ppb. The results confirmed consistent performance during both forward (5
ppb to 50 ppb) and reverse (50 ppb to 5 ppb) TNP concentration changes. The practicality of

the sensor was further validated through successful detection of TNP in real water samples,
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yielding recovery rates between 94.03% and 110.22%. The sensor was then tested for short-
term stability using the similar method as discussed in Chapter 2 for three different As*
concentrations (5ppb, 30ppb, and 50ppb). The maximum observed standard deviations in the
resonance wavelength were +0.0249 nm with a maximum resolution of +0.193 ppb, confirming
the sensor's high accuracy. In terms of long-term stability and reliability, the optimized optical
fiber TNP sensor was tested over 18 days, with measurements taken at 5-day intervals for three
distinct TNP concentrations (5 ppb, 30 ppb, and 50 ppb). The results showed a maximum
variation of only 0.005% compared to the initial measurements, highlighting the exceptional

repeatability and reliability of the developed optical fiber TNP sensor.
Chapter-8

This chapter provides a summary and highlights of the optical fiber sensors developed for
detecting Hg?", As*', and TNP using localized surface plasmon resonance and intensity
modulation through evanescent wave techniques. Additionally, the chapter outlines the future

scope for research in this field.
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Chapter 2 : Novel LSPR based U-shaped optical fiber mercury ion

sensor employing Graphene oxide and Chitosan composite

2.1 Introduction

Environmental contamination caused by toxic heavy metal ions is a significant global concern,
owing to their detrimental impact on both the environment and human health [29][81]. Heavy
metal ions, particularly those present in industrial wastewater, account for a significant portion
of environmental pollution [82]. Among these heavy metal ions, mercury ions (Hg®") are
considered the most toxic and hazardous element. They have the potential to accumulate easily
in the environment and enter the human body through the skin, respiratory system, and
gastrointestinal tract [28]. Excess levels of Hg?" in water can cause various disorders and
diseases, such as Hunter-Russell syndrome, Minamata disease, and severe kidney damage.
According to the World Health Organization (WHO) and US Environmental Protection Agency
(USEPA) guidelines, the minimum concentration of mercury ions in drinking water needs to be
below 6 ppb and 2 ppb respectively in drinking water. Therefore, it is crucial to monitor trace
levels of Hg®" in pollutant samples to ensure the safety of both human health and the
environment. Multiple conventional analytical techniques have been developed to detect
mercury ions, including atomic absorption and emission spectrometry [30], atomic
fluorescence spectrometry [83], inductively coupled plasma mass spectrometry (ICP-MS) [32],
high-performance liquid chromatography (HPLC) [34], colorimetric [36], [84], [85] and
electrochemical [38]. Although these techniques offer high sensitivity and accuracy in
detecting mercury ions, they also come with several drawbacks such as they involve complex

mechanisms, bulky instrumentations and are time consuming and expensive.

Surface plasmon resonance (SPR) and localized surface plasmon resonance (LSPR) offer
a promising alternative for detecting heavy metal ions. Given their simplicity, rapid response,
cost-effectiveness, and high sensitivity, SPR and LSPR overcome the limitations of
conventional methods. Both LSPR and SPR are highly responsive to changes in localized
refractive index, thereby showing a corresponding shift in the resonance wavelength. Hence,
researchers have developed several LSPR and SPR-based sensors for detecting Hg>" ions. For
example, as discussed in Chapter 1 from references [39 — 43]. Although these sensors
demonstrate promising LOD, most have LODs that exceed the regulatory thresholds for Hg**
in drinking water set by the WHO and USEPA. Therefore, improving the LOD is crucial for
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effectively detecting Hg?" in drinking water applications. To achieve this, optical fiber-based
SPR and LSPR sensors can be utilized, as they offer several advantages over non-optical-fiber
sensors. These advantages include high sensitivity, remote sensing capabilities, rapid response,
multiplexing, real-time detection, cost-effectiveness, miniaturization, and durability, making
them ideal for real-field applications. Only a few SPR and LSPR-based optical fiber Hg**
sensors have been reported so far. For example, as discussed in Chapter 1 from references [64—
70]. Among these reported sensors many offers LOD which exceed the WHO and USEPA
threshold for Hg?" ions in drinking water. This limits their suitability for detecting Hg?" in
drinking water applications. On the other hand, sensors reported with LODs within the
acceptable regulatory limits, either lack selectivity or exhibit slow response time. Furthermore,
only a few sensors demonstrate reusability. Therefore, there is a significant need to develop an
optical fiber sensor that achieves a very low detection limit, optimal sensitivity, high selectivity,

rapid response, and reusability for being suitable towards real-field applications.

The main objective of the research work presented here is to develop an optical fiber sensor
for detecting Hg>" with optimal sensitivity, a remarkably low LOD, high selectivity, rapid
response time and reusability. To achieve this, the proposed sensor employs the LSPR
technique using graphene oxide functionalized with chitosan composite (GO-CS) as the
sensing material. A thin film of GO-CS composite is coated onto the AuNPs coated centrally
decladded U-shaped core of the plastic-clad-silica (PCS) optical fiber. The reason for using
GO-CS as the sensing material for detecting Hg?* is based on the exceptional adsorption
capability of graphene oxide for heavy metal ions, primarily due to its high surface area to
volume ratio. GO is a two-dimensional nanomaterial that has received significant attention due
to its unique properties and cost-effective production. The monolayer of GO comprises sp? and
sp® hybridized carbon atoms, alongside oxygen-rich electronegative functional groups like
hydroxyl, epoxide, carbonyl, and carboxyl groups, which exhibit a strong affinity towards
heavy metal ions [86]. On the other hand, chitosan, with one amino group and two hydroxyl
groups per glucosamine monomer, serves as adsorption sites, particularly the amino groups,
which strongly interact with Hg?". Further, chitosan offers additional advantages such as non-
toxicity, excellent film-forming ability, powerful adhesion property, and high mechanical
strength, making it ideal for sensor applications [87]. Therefore, combining CS with GO will
increase the number of adsorption sites for Hg?* ions. Consequently, GO functionalized with

chitosan composite is anticipated to exhibit high sensitivity and selectivity towards Hg?" ions.
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It is worth mentioning that GO-CS composite is used for the first time to realize an optical fiber
based Hg?* sensor to the best of authors’ knowledge. Experimental investigation highlights that
incorporating GO-CS composite onto the AuNPs-coated LSPR sensing probe enables precise
detection of Hg?" ions, even at ultra-low concentrations in the sub-parts per billion range. The
sensor demonstrates outstanding sensitivity of 0.0728 nm/ppb Hg?" concentration and an
exceptionally low limit of detection of 0.29 ppb Hg?". Additionally, it exhibits a rapid response
time of 0.6 s. Furthermore, the sensor demonstrates high degree of repeatability, stability,
reversibility, and reliability. The obtained results highlight the proposed sensor's potential as a
highly sensitive, selective, rapid, and cost-effective mercury ion sensor for real-field
applications. Moreover, the proposed sensor is utilized to detect mercury ion in real water
samples and the results are validated from the standard inductively coupled plasma mass

spectrometry (ICPMS) method.

2.2 Experiment

2.2.1 Synthesis of gold nanoparticles

Gold nanoparticles (AuNPs) were synthesized by the reduction of Tetrachloroauric acid
(AuHCly,) using Trisodium citrate (NazCgHs0-) [88]. Subsequently, AuHCl, (1 mM, 150 ml)
was introduced into a flask and heated until boiling. Then, Na3;C¢Hs0- (38.8 mM) was added
to the boiling solution, and heating was continued for approximately 10 minutes. The reduction
of Au ions to Au metal nanoparticles was facilitated by trisodium citrate in the solution. The

emergence of a wine-red color within the solution indicates the formation of gold nanoparticles.

2.2.2 Characterization of gold nanoparticles

The size of the synthesized AuNPs was analyzed using a Field Emission Transmission Electron
Microscope (FETEM, JEOL-2100F). Fig. 2.1(a) depicts the typical FETEM image of the
prepared AuNPs, whereas, the size distribution is illustrated in Fig. 2.1(b). As can be observed
from Fig. 2.1(b), diameter of the developed AuNPs is found to be predominantly in the range
of 10 to 24 nm, with an average particle size of 16 + 0.06 nm. Additionally, the synthesized
AuNPs were characterized for their absorption properties using a UV-Vis spectrometer, as
illustrated in Fig. 2.1(c). The results indicate that the AuNPs exhibit a characteristic localized

surface plasmon peak at 526 nm, confirming the successful synthesis of gold nanoparticles
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Figure 2.1: (a) FETEM image of AuNPs, (b) Size of the AuNPs, (c) UV-Vis spectrum of AuNPs.

2.2.3 Synthesis of Graphene oxide and Chitosan composite

Graphite is used to synthesize GO using the Modified Hammers method [89]. 0.5 g of graphite
and 0.5 g of NaNOs were added in 23 ml of H2SO4 which is stirred in an ice bath for 15 minutes.
Then, 3 g of oxidizing agent KMNOy is gradually added to the mixture and stirred for another
15 minutes. The resulting mixture is transferred to a deionized water bath with a temperature
of 35°C and stirred for approximately one hour. After that, 40 ml of H>O is added to the solution
and stirred for 30 minutes at 90°C. Then, a 100 ml of H,O and 3 ml of HO; are slowly added,
causing the solution to change color from dark brown to yellow. The resulting solution is
filtered and washed with 100ml of deionized water until all visible particles are removed from
the precipitate, and then centrifuged. Finally, the sediment is redispersed in water using mild

sonication in a table top ultrasonic cleaner to obtain a solution of exfoliated graphene oxide.
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To prepare graphene oxide and chitosan (GO-CS) composite, a chitosan solution was first
prepared by dissolving the appropriate amount of chitosan powder in a 2% acetic acid solution
and stirring for 4-5 hours to achieve a smooth solution. Meanwhile, suitable amount of
graphene oxide was dispersed in 20 mL of deionized water using an ultrasonication bath for 2
hours to form a stable suspension. This GO suspension was then slowly added to the chitosan
solution under continuous stirring. The resulting mixture was stirred for an additional hour to

achieve a homogeneous solution of GO-CS composite.

2.2.4 Characterization of Graphene oxide, Chitosan and Graphene oxide and Chitosan
composite

— GO-C

R =

Intensity (a.u)

26 (deg.)

Figure 2.2: XRD of GO, CS and GO-CS composite.

For the structural characterization of the prepared GO, CS, and GO-CS composite, X-ray
diffraction (XRD) patterns were recorded over a 26 angle range of 5° to 80°. For that, an X-ray
diffractometer (XRD, Rigaku TTRAX III) in Bragg Brentano geometry, operating at SkW with
Cu-Karadiation (1= 1.5406 A) was used. Fig. 2.2 shows the XRD spectra for GO, CS, and the
GO-CS composite. In the case of GO, a strong peak appears at 20 = 10.2°, corresponding to
the (001) crystal plane with an interlayer spacing of 8.67 A. This confirms that the graphite
powder was well-oxidized using concentrated acids and KMnOj4 to obtain GO. Pure chitosan
powder exhibits two characteristic peaks at 9.44° and 20.1°, corresponding to the (020) and
(110) crystal planes, respectively. For the GO-CS composite, two peaks appear at
approximately 26 ~ 9.44° and 19.22°. The characteristic peak of GO overlaps with the
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diffraction peak of CS, resulting in a broad peak at 9.44°. This overlap confirms the exfoliation

of chitosan on the GO surface, indicating the successful formation of the GO-CS [90].

2.2.5 Preparation and Characterization of the sensing probe

To develop the sensing probe, a 40 cm long plastic-cladding-silica (PCS) multimode fiber with
a core diameter of 600 um was utilized. The fiber ends were carefully prepared to ensure
optically-flat end faces perpendicular to the fiber axis. This is crucial for maximizing light
coupling efficiency from source to the fiber and fiber to the detector. Next, 2.5 cm of cladding

was removed from the central section of the fiber. The decladded portion was then throughly

Figur;: 2.3: (a) AuNPs coated U-shped probe, (b) FESEM image of the centrall ecldded eio 0 tber
carrying AuNPs coating, (¢) FESEM picture of surface morphology of the AuNPs coated region.

cleaned with a soap solution, de-ionized water, and acetone. After cleaning, the decladded
section of the fiber was then carefully bent into a U-shape by exposing it to a propane flame.
Experiments were conducted only on probes having perfect U-shape and with a uniform core
diameter in the U-shaped region. U-shaped probes having a bending radius of 2.5 mm are
employed in this research. To prepare the sensing probe for attachment of gold nanoparticles,
the U-shaped region was first soaked in chromic acid for 12 hours. Subsequently, it was
sonicated in de-ionized water and dried in the oven. The U-shaped region was then immersed
in a 5% (v/v) ethanol solution of 3-amino-propyltrimethoxysilane (APTMS) for 3 hours to
obtain an amine-functionalized glass surface. Following this, the probe was rinsed with ethanol
and dried in the oven. Next, the probe was dipped in the prepared gold nanoparticle solution
for 2 hours. This results in the formation of gold nanoparticle film on the decladded fiber
surface. Finally, the probe was rinsed with de-ionized water and dried in the oven for 30
minutes. The AuNPs coated U-shaped optical fiber probe is depicted in Fig. 2.3(a). The

thickness of the gold nanoparticle coated probe and the surface morphology of the coated
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region were analyzed using a Field Emission Scanning Electron Microscope (FESEM) (Zeiss,
Sigma 300). Fig. 2.3(b) depicts the image of a section of AuNPs coated U-shaped optical fiber.
An average diameter in this section is observed to be ~600.08 um, which establishes an average
thickness of the AuNPs film as ~40 nm. Fig. 2.3(c) shows the surface morphology of the
deposited AuNPs film. The image illustrates not only a high density but also uniform coating
of the AuNPs on the decladded fiber surface. In the next step, the AuNPs coated probe
underwent further coating with GO-CS composite. In order to investigate the impact of sensing
film composition on to the sensor performance, initially chitosan was fixed at 0.5g in the
solution. The amount of GO dispersed in this chitosan solution was varied from 0.1g, 0.2g and

0.3g.

Figure 2.4: (a) FESEM image of the centrally decladded region of the fiber coated with GO-CS over the AuNPs
coating film. (b) FESEM pattern of surface morphology of the GO-CS coating region.

After determining the optimal GO concentration, the chitosan concentration was varied from
0.4g to 0.6g while keeping the GO concentration fixed at the determined optimal value. Dip-
coating method was employed afterwards, where AuNPs deposited U-shaped region of
different probes were slowly dipped into the different solutions separately. Thereafter, these
dip coated probes were left to dry for two days at room temperature. The surface morphology,
nanostructure, and deposited film thickness were analyzed using a FESEM. For instance, Fig.
2.4(a) depicts an image of a section of the GO-CS composite (0.2g of GO in 0.5g of CS) coated
sensing region of the U-shaped optical fiber that already carried a coating of AuNPs onto the
decladded core. An average diameter of ~600.156 um was observed for this region. As the
AuNPs coating thickness is already determined to be ~40 nm, an average thickness of the GO-
CS composite sensing film is observed to be ~38.33 nm. Likewise, the thickness of the sensing
film for other film compositions was determined to be ~27.5 nm for a mixture of 0.1 g GO with

0.5 g of chitosan, ~63.33 nm for 0.3 g of GO with 0.5 g of chitosan, ~20 nm for 0.2 g of GO
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with 0.4 g of chitosan, and ~70 nm for 0.2 g of GO with 0.6 g of chitosan. Fig. 2.4(b) illustrates
the surface morphology of the deposited GO-CS composite sensing film, showcasing an

interconnected, high-quality coated surface with moderate roughness.

In order to conduct the experiment and investigate the sensor's response, the sensor was
fixed inside an in-house developed flow-cell (dimension 5 cm x 5 cm X 4 cm), with the sensing
region positioned in the middle of the chamber, as depicted in Fig. 2.5. Light from a Broad
Band Source (Ocean Optics, HL-2000-FSHA) is coupled to the optical fiber senor from one
arm. The other arm is connected to a spectrometer (Ocean Optics, RH4000) using a
subminiature version A (SMA) connector. The spectrometer is interfaced with a computer
through MATLAB program for real-time monitoring of the sensor. During the experiment, the
flow-cell was filled with the solution containing the lowest concentration of Hg?*, and the
transmittance through the optical fiber sensor was recorded. The Hg?" solution was then
drained, and both the flow-cell and sensor were thoroughly cleaned with deionized water to
ensure no residual Hg?" remained. The flow-cell was subsequently filled with a solution of
higher Hg?" concentration. This process was repeated, with Hg?' concentrations varying
between O ppb and 200 ppb. The fiber output (transmittance) was recorded for each
concentration. For each experiment, the sensor was allowed to remain in the solution long

enough to achieve a stable response.

Inlet
¥ _ Hg#*solution
(0-200 ppb)
/
Optical Fiber
Outlet

Figure 2.5: Schematic diagram of the experimental setup.
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2.3 Result and Discussion

2.3.1 Response of the AuNPs coated LSPR sensor to surrounding refractive index

variation
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Figure 2.6: Variation of transmittance of the optical fiber LSPR sensor with refractive index change.
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Figure 2.7: Refractive index sensitivity of the AuNPs coated optical fiber LSPR sensor.

Before applying the GO-CS composite sensing film and to test it for Hg?* detection, sensitivity

of the AuNP coated LSPR based optical fiber U-shaped probe towards the ambient refractive

index (r.1.) variations was examined first. To do this, AuNP coated LSPR probe, fixed into the

flow-cell, was exposed to the test solutions of varying refractive indices (in a range of 1.3318

to 1.3627) sequentially. These solutions were prepared by mixing methanol, ethanol, and
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toluene in different ratios. The refractive indices of these solutions were measured using a
refractometer (Hanna Instruments, HI96800). Change in the transmitted spectrum was
observed immediately after exposing the sensor to the test solution, and the spectrum got
quickly stabilized for each test solution. The resulting LSPR spectra are depicted in Fig. 2.6.
As can be observed, transmittance at the resonance wavelength increases as the refractive index
increases. In addition, a noticeable red shift for the dip resonance wavelength is observed with
increasing refractive indices. This establishes that the gold nanoparticle-coated LSPR probe is
sensitive to the surrounding refractive index variations. In order to get a better understanding
of the response characteristics, the dip resonance wavelength is plotted against the varying
refractive indices in Fig. 2.7. The refractive index sensitivity, measured in nm/RIU (where RIU
= refractive index unit), is defined as the shift in dip resonance wavelength relative to the
corresponding change in refractive index. As can be observed from Fig. 2.7, the LSPR optical
fiber sensor demonstrates a linear response with a high refractive index sensitivity of 611.43
nm/RIU. This high sensitivity highlights the potential of this optical fiber sensor to effectively

detect even subtle changes in the surrounding refractive index.

2.3.2 Response of the proposed LSPR based optical fiber sensor towards Hg?' ions

detection
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Figure 2.8: LSPR spectrum with varying mercury ion concentrations.
The proposed sensor exploits the localized surface plasmon resonance technique to detect

Hg2+ ions, employing GO-CS composite as the sensing material coated onto the AuNPs coated

core of a U-shaped optical fiber. To optimize the sensor response, the impact of sensing film
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configuration onto the sensor performance was studied. Initially, keeping chitosan fixed at 0.5g
in the solution the amount of GO was varied from 0.1 g, then to 0.2 g, and finally to 0.3 g. After
determining the optimal GO concentration, the chitosan concentration was varied from a lower
concentration of 0.4g to a higher concentration of 0.6g in a solution that carried optimal GO
concentration. To evaluate the performance characteristics of the proposed sensor, separate
solutions of mercury ions were prepared, where mercury ion concentration was varied in the
range of 0-200 ppb. Proposed sensor was then exposed, at a time, to the mercury ion solution
of fixed concentration, and the optical fiber sensors output was recorded. Fig. 2.8 shows the
resulting LSPR spectra, as an example, for the sensing probe with film composition
corresponding to 0.2 g of GO in 0.5 g of chitosan solution. The results indicate that there is a
correlation between the concentration of mercury ion and the resonance wavelength. Higher
concentrations of mercury ions lead to a noticeable red shift in the resonance wavelength. This
shift in the LSPR resonance wavelength can be attributed to the changes in the refractive index
of the surrounding medium around the AuNPs when the sensor is exposed to the Hg?" ions
solutions. The change in refractive index occurs as a result of the adsorption of the
electropositive Hg?" ions on the highly electronegative hydroxyl, carboxyl and amino sites
found on the surface of GO-CS composite. This adsorption consequently induces change in the
refractive index of the environment, surrounding to the gold nanoparticles (AuNPs). This, in
turn, causes a red shift in the resonance wavelength of the LSPR, as observed. In order to get
a deeper insight, the sensor response corresponding to each film composition was analysed by
plotting the dip resonance wavelength against varying concentrations of Hg>" ions. Fig. 2.9
depicts the response of the sensor carrying GO-CS composite sensing film of fixed chitosan
concentration of 0.5g and varying GO concentrations. GO concentration is varied as 0.1g, 0.2g
and 0.3g. As depicted in the figure, all the sensors with varied GO in the film compositions
exhibit a linear response within the range of 0-200 ppb Hg®" concentration. Specifically, the
sensor with a film composition of 0.1g of GO demonstrates a sensitivity of 0.0558nm/ppb.
With an increase in GO concentration from 0.1g to 0.2g, the sensitivity rises to 0.0728nm/ppb.
This higher sensitivity can be attributed to the increased number of electronegative sites
available for mercury ion adsorption, a consequence of higher GO concentration. This, in turn,
led to more pronounced changes in the refractive index in the vicinity of gold nanoparticles,
and hence, a larger shift in the LSPR resonance wavelength. However, as the GO concentration
is further increased from 0.2g to 0.3g, the sensitivity decreases to 0.0668nm/ppb. This
reduction in sensitivity is mainly due to the increasing thickness of the sensing film on the U-
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shaped LSPR probe as the GO concentration increases. With 0.3g of GO, the film thickness
exceeds the decay length (20-40 nm) of the LSPR [91]. The thicker film limits Hg?* ions from
penetrating deeper into the sensing film, that is close to the gold nanoparticles. Although more
adsorption sites are present, interactions beyond the decay length do not affect the resonance
wavelength shift. This was the reason for the reduced sensitivity observed in this case. This

investigation establishes an optimal GO concentration of 0.2g for the sensing film composition.
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Figure 2.9: Experimentally observed sensor response of the optical fiber sensor having different film
compositions (0.1g, 0.2g and 0.3g of GO in 0.5g of Chitosan).
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Figure 2.10: Experimentally observed sensor response of the optical fiber sensor having different film
compositions (0.4g, 0.5g and 0.6g of Chitosan in 0.2g of GO).
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Next, fixing the GO concentration at the optimum value of 0.2g, the film composition was
further varied by changing the chitosan concentration in the solution from 0.4g to 0.5g and then
to 0.6g. The corresponding sensor responses are plotted in Fig. 2.10. As can be observed from
the figure, all the sensors with varied CS concentration in the film compositions exhibit a linear
response within the range of 0-200 ppb Hg?* concentration. The sensor with a film composition
of 0.4g of chitosan demonstrates a sensitivity of 0.0421 nm/ppb. Increasing the chitosan
concentration to 0.5g improves the sensitivity to 0.0728 nm/ppb which is ~1.72 times higher
compared to the sensitivity observed for the 0.4g CS film composition. This sensitivity
enhancement can again be attributed to the increased number of adsorption sites for mercury
ions due to the increasing concentration of chitosan. Conversely, further increasing the chitosan
concentration to 0.6g reduces the sensitivity to 0.0506 nm/ppb, which is ~1.43 times lower than
the sensitivity observed for the 0.5g CS film composition. As with the variation in GO
concentration, increasing the CS concentration also leads to a thicker sensing film. When the
CS concentration reaches 0.6g, the film thickness exceeds the LSPR decay length, reducing the
effectiveness of the additional adsorption sites. This results in a decrease in sensitivity. These
findings indicate that the optimal film composition for the sensor is achieved with 0.2g of GO

in 0.5g of chitosan.

2.3.3 Limit of detection of the sensor

In addition to sensitivity, the limit of detection (LOD) is another crucial parameter for
evaluating a sensor's performance. LOD represents the sensor’s ability to detect the lowest
concentration of an analyte. Therefore, for the optimized sensor, LOD was calculated using the
formula: LOD = 36/S, where ‘o’ is the standard deviation from multiple blank measurements,
and ‘S’ is the sensor's sensitivity of the proposed sensor. The LOD of the optimized sensor is
determined to be 0.29 ppb. The achieved LOD is approximately 20.7 times lower than the
permissible limit for mercury ions in drinking water established by the WHO and 6.9 times
lower than the USEPA standard. This demonstrates that the LSPR sensor is capable of
accurately detecting mercury ions at concentrations well below the regulatory thresholds,

highlighting its potential for ensuring the safety of drinking water.

2.3.4 Reusability, Reversibility and Response time of the sensor

Reusability/repeatability and reversibility are other critical parameters for evaluating the

performance of a given sensor. To determine these characteristics, the sensor was tested by
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exposing it to the minimum (10 ppb) and maximum (200 ppb) Hg** ion concentrations. First,
the sensor was exposed to a 10ppb Hg?* solution within the flow cell, and the corresponding
LSPR spectrum was recorded. After keeping the sample for 1 minute in the flow cell, the LSPR
spectrum was recorded again. After removing the 10ppb solution from the flow cell, the sensor
was thoroughly cleaned with deionized water to ensure no residual Hg?" ions remained onto
the sensor. Sensor was then exposed to a 200ppb Hg?** solution, and the LSPR spectrum was
recorded at 1-minute interval. To complete one cycle, the 10ppb Hg?* solution was reintroduced
into the flow cell after the removal of 200ppb solution and cleaning of the sensor.
Corresponding LSPR spectrum was recorded again at 1-minute interval and compared with the
initial measurement. This whole cycle was repeated multiple times. Typical cyclic response is
shown in Fig. 2.11(a). As can be observed, resonance wavelength remained consistent across
all the cycles at the lower Hg>* concentration, indicating no residual Hg** ions were left onto
the sensor after the removal of solution with higher concentrations. Results illustrated in Fig.
2.11(a) also confirm consistent response of the proposed sensor during both the forward (10
ppb to 200 ppb) and reverse (200 ppb to 10 ppb) changes in Hg** ion concentration. This

demonstrates the highly repeatable and completely reversible nature of the proposed sensor.
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Figure 2.11: (a) Repeatability and reversibility characteristics of the proposed sensor, (b) response time (during
the variation from air to 200 ppb Hg?").

The speed of detection is another very critical parameter for evaluating the performance
characteristics of a given sensor. Achieving a rapid response time holds significant importance
for a sensor. To evaluate the response time of the proposed sensor, the resonance wavelength
of the LSPR sensor was measured before and after introducing Hg?" ion solution of 200ppb
concentration into the flow cell. LSPR spectra were recorded after every 0.1 sec, and the
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corresponding resonance wavelength values were determined. The findings from these
measurements are illustrated in Fig. 2.11(b), where the resonance wavelength values are plotted
against time. As observed, the resonance wavelength is constant before the introduction of the
Hg?* solution into the flow cell (sensor being exposed to air). Upon introducing Hg** ion
solution into the flow cell, the resonance wavelength initially exhibits a red shift, and then
gradually stabilizes after approximately 0.6 seconds. This establishes a rapid response time of

0.6 seconds for the proposed sensor.

2.3.5 Selectivity of the sensor
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Figure 2.12: Comparison of the resonance wavelength shift of the sensor with different heavy metal ions.

Additionally, selectivity is another very crucial parameter for evaluating the sensor
performance characteristics. Hence, the selectivity of the proposed sensor is evaluated. For this,
experiments were conducted using a range of heavy metal ions, commonly found in
groundwater, such as, Zn**, Sn**, Pb*", Fe**, F-, Cu*!, and Co*'. These heavy metal ions can
potentially interfere in the detection of Hg**. For the experiment, the concentration of each ion
in the solution was kept constant at 2 ppm, except for Hg>* ions which was tested at 10 times
lower concentration of 200 ppb. The sensor was submerged in each heavy metal ion solution,
and the resulting LSPR spectrum was observed using the same experimental setup, used for
detecting mercury ions. The shift in the resonance wavelength was determined for each heavy
metal ions while varying their concentration from 0 to 2 ppm, except for Hg?* ions, where the

shift in the resonance wavelength was determined while varying the concentration from 0 to
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200 ppb. Fig. 2.12 depicts the experimentally observed wavelength shifts for each ion. As can
be observed from Fig. 2.12, proposed sensor exhibits significantly higher shift in the resonance
wavelength for mercury ions in comparison to any other ions, even the concentration of Hg>"
was as low as 200 ppb. This high selectivity of the proposed sensor towards Hg?" ions can be
attributed to the surface modification of GO with chitosan while the formation of GO-CS
composite, which increases the number of adsorption sites for Hg?" ions. Chitosan has a known
selective sensitivity towards Hg?" ions, as established in prior studies [69, 92]. This results in
a more pronounced shift in the resonance wavelength specifically for mercury ions. Therefore,
this study confirms the proposed optical fiber sensor’s high selectivity towards mercury ions,

indicating its potential application in mercury ion detection in real-field.

2.3.6 Comparative Analysis of the response characteristics.

Table 1: Comparison of the proposed sensor with some published reports for Hg?* ion detection by SPR and LSPR

SE€NSsors.

Limit of

Response

Sensing material Method of Detection . : References
Detection Time
DNA element SPR (prism based) 5 ppb [39]
chitosan/maghemite SPR (prism based) 10 ppb [40]
1,6-hexanedithiol SPR (prism based) 80 ppb 6h [42]
AUNPs LSPR (liquid-phase based) 172 ppb [41]
Ag-Au nanocages LSPR (liquid-phase based) 5 ppb 80 min [43]
Marcaptopyridine
functionalized gold SPR (optical fiber based) 1.6 ppb 30 min [64]
nanoparticles
Copper-silver core shell . .
nanoparticles SPR (optical fiber based) 2 ppb [65]
Thymine modified gold S—
nanoparticles SPR (optical fiber based) 1.99 ppb [66]
AUNPs PVA hybrid SPR (optical fiber based) 200 ppb [67]
chitosan /poly acrylic acid LSPR (optical fiber based)  104.3 ppb [68]
Chitosan mediated silver LSPR (optical fiber based) 1.5 ppb 11 min [69]
nanoparticles
Glucose capped silver
nanoparticles LSPR (optical fiber based) 2 ppb [70]
Graphene oxide and Chitosan Present
composite LSPR (optical fiber based) 0.29 ppb 0.6 sec Work
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The response characteristics of the proposed sensor was compared with that of the other
reported Hg?" sensors employing SPR and LSPR scheme. Table 1 presents limit of detection
as well as response time of various other sensors for comparative analysis. As can be observed
from the table, the proposed optical fiber Hg?" ion sensor significantly outperforms all the
reported sensors by demonstrating outstandingly low LOD of 0.29 ppb. Among all the reported
works, [69] showcases the lowest LOD. The achieved LOD of the proposed sensor is ~5.2
times lower than the LOD reported in [69]. Additionally, the proposed sensor exhibits the
fastest response time of 0.6 seconds (lowest amongst all the sensors), which is 1100 times faster

than the fastest response time reported in [69].

2.3.7 Stability and reliability of the sensor
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Figure 2.13: Short term stability test: continuous resonance wavelength for 16 minutes at 20ppb, 100ppb and
200ppb Hg?" concentration.

The stability and reliability are other critical parameters in the detection of Hg*" ions. Thus, a
thorough examination was conducted to determine the short-term and long-term performance
of the proposed sensor. For evaluating the short-term stability of the sensor, the LSPR spectrum
was continuously recorded at 1-minute interval over 16 minutes while subjecting the sensor
separately to three distinct Hg?" ion concentrations (20 ppb, 100 ppb, 200 ppb). The obtained
results are illustrated in Fig. 2.13. Standard deviations of the resonance wavelength were
observed to be £ 0.016 nm, + 0.023 nm, and =+ 0.024 nm at 20 ppb, 100 ppb, and 200 ppb Hg*"
ion concentrations, respectively. Accordingly, maximum resolution of the proposed sensor is

observed to be + 0.32 ppb for Hg?" ion detection, highlighting its exceptional stability and
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accuracy in Hg?" detection. For the long-term stability/reliability test, the developed optical
fiber Hg?" sensor underwent testing on four different days with a 5-day interval. These tests
were conducted at three different Hg>* concentrations (20 ppb, 100 ppb, and 200 ppb) over an
18-day span. The observed results over the course of 18 days are presented in Fig. 2.14.
Notably, it can be observed from the figure that the maximum variation in the resonance
wavelength of the developed Hg?* optical fiber sensor, compared to day one at all the three
concentrations, is observed to be less than 0.005%. This outcome highlights the excellent

repeatability and reliability of the developed optical fiber Hg** sensor.
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Figure 2.14: Repeatability and reliability test: resonance wavelength on four different days at 20ppb, 100ppb and
200ppb Hg?" concentration.

2.3.8 Detection of Mercury ions in real water sample and validation of the sensor

To validate the commercial application potential of the proposed sensor, experiments were
conducted using real drinking water samples. Samples were collected from various sources in
Guwahati, Assam, India. These sources included drinking water from Indian Institute of
Technology Guwahati, tap water from nearby locality, water from a site near a mill in Guwahati
city, and samples from the Brahmaputra river. To verify the Hg?" ion detection accuracy of the
proposed sensor a comparison was made between the data obtained by employing proposed
optical fiber sensor and the well-established inductively coupled plasma mass spectrometry
(ICPMS) while analysing various real drinking water samples. Prior to testing the real water
samples, they were diluted with 5% HNOs as a necessary preparatory step for ICPMS analysis.

This step ensures the stability of the samples during analysis, with no additional water treatment
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was done thereafter. After dilution with 5%HNOs these real drinking water samples were
analysed employing proposed optical fiber sensor and ICPMS. The experimental results, shown
in Table 2, reveal a strong correlation between the Hg?* concentrations determined by standard
ICPMS (Agilent 7850) method and those obtained from the proposed optical fiber sensor.
Additionally, the relative percentage difference (RPD) was calculated to assess the accuracy of
the proposed sensor. The smaller the RPD value, the greater is the accuracy of the proposed
method in comparison to the established method [93]. In order to find RPD, absolute change
between the values obtained from ICPMS and from the optical fiber sensor were first measured.
RPD was then calculated by dividing this absolute change by the average of the two values
(one from ICPMS and the other from optical fiber sensor). As shown in Table 2, the calculated
RPD values from the experimental data are below 1.5%. This indicates strong agreement
between the two methods. These findings strongly confirm that the proposed optical fiber
LSPR sensor serves as a reliable, simple, and cost-effective alternative to traditional methods

like ICPMS for detecting Hg>" ions accurately.

Table 2: Hg?* concentration from different real water samples using ICPMS analysis and optical fiber sensor.

Mercury ion Mercury ion
Sample concentration conce_ntration optical RPD RPD%
ICPMS fiber sensor
Drinking water 4.1 ppb 4.06 ppb 0.0098 0.98
Well water 4.4 ppb 4.42 ppb 0.0061 0.61
Tap water 4.8 ppb 4.79 ppb 0.0011 0.11
Near mill water 6.7 ppb 6.63 ppb 0.0103 1.03
Brahmaputra river 10.9 ppb 11.03 ppb 0.0125 1.25

2.4 Conclusion

A simple and reliable LSPR-based optical fiber mercury ion sensor with high sensitivity and
selectivity is developed. GO-CS composite is used as the sensing material. The sensor exhibits

a linear relationship between the mercury ion concentration and the LSPR wavelength shift
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within the range of 0 to 200 ppb. Further, the proposed sensor is characterized with a sensitivity
of 0.0728nm/ppb Hg?* ion concentration. The sensor exhibits excellent selectivity for mercury
ions compared to other heavy metal ions, and offers a remarkably low limit of detection of 0.29
ppb, which is significantly below the acceptable limit of mercury ions in drinking water
recommended by the WHO and USEPA. Further, the proposed sensor exhibits fast response
time of 0.6 sec. Additionally, the sensor shows high degree of repeatability, reversibility,
stability and reliability. Furthermore, when the proposed sensor was utilized to detect mercury
ion in real water samples, its results were in a good agreement with the standard ICPMS method
validating the proposed sensors accuracy. Therefore, this sensor provides an efficient, simple,
cost-effective, reliable and practical solution for monitoring mercury ions in real-field
applications. Although the sensor shows high sensitivity, low LOD, and rapid response, there
remains scope for further improving the sensitivity and achieving an even lower LOD. This
laid the foundation for the development of another Hg?" sensor, which is discussed in the next

chapter.
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Chapter 3 : LSPR based novel optical fiber mercury ion sensor
employing CN'T/PVA nanocomposite

3.1 Introduction

The previous chapter described the development of an LSPR based optical fiber mercury ion
sensor utilizing GO-CS composite as the sensing film. While this sensor exhibited high
sensitivity, a low detection limit, and a fast response time, there remains room for further
enhancement—particularly in improving sensitivity and achieving an even lower detection
limit. Hence, another novel LSPR based optical fiber mercury ion sensor is developed, which
is reported in this chapter. Main objective is not only to achieve enhanced sensitivity, and a
very low limit of detection, but also to achieve a response characteristic that is highly selective
towards Hg?* detection along with quick response time. To accomplish this, carbon nanotubes
and Polyvinyl Alcohol (CNT/PVA) nanocomposite thin film was synthesized over a centrally
decladded plastic-clad silica (PCS) fiber coated with gold nanoparticles. CNT was chosen for
its exceptional adsorption capability towards Hg** ions [94]. On the other hand, PVA exhibits
high sensitivity towards Hg?" ions [67]. Combining these materials to form a nanocomposite is
expected to enhance the sensitivity and selectivity towards Hg?" ions. It is important to mention
that CNT/PVA nanocomposite is used for the first time to realize an LSPR based optical fiber
mercury ion sensor to the best of authors’ knowledge. Experimental investigations demonstrate
that the proposed sensor can accurately detect Hg>* ions at ultra-low concentrations in the sub-
parts per billion range, with a sensitivity of 0.2458 nm/ppb and a detection limit of 0.08 ppb.
The sensor also demonstrates excellent selectivity towards Hg?* ions and a rapid response time
of 0.4 s. Additionally, the proposed sensor exhibits high degree of repeatability, stability,
reversibility, and reliability. Furthermore, the proposed sensor is employed to detect mercury
ions in real water samples, and the obtained results are validated from the standard inductively
coupled plasma mass spectrometry (ICP-MS) method. These findings highlight the sensor's
potential as a highly sensitive, selective, fast, and cost-effective tool for mercury ion detection

in real-field applications.

3.1 Experiment
3.1.1 Synthesis of Carbon nanotubes and Polyvinyl Alcohol nanocomposite

To prepare the CNT/PVA nanocomposite, Polyvinyl Alcohol (PVA) (1 g) was dissolved in 10

ml of deionized water. The solution was then stirred continuously at 70-90 °C for 6 hours to
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ensure complete dissolution of the PVA. Following this, a suitable amount of carbon nanotubes
(CNTs) was dispersed in deionized water for 20 min using ultrasonication bath. After that, the
CNT solution was added drop-wise into the PVA solution. The final solution is then stirred for

24 hr and ultrasonicated for 1 hr to form CNT/PVA nanocomposite [95].

3.1.2 Characterization of Carbon nanotbes and Polyvinyl Alcohol nanocomposite

=
I
2T ——PVA
@ ——OCNT
g
£

—— CNT/PVA nanocomposite

10 20 30 40 50 60: 0
26(deg.)

Figure 3.1: XRD of PVA, CNT and CNT/PVA nanocomposite.

For the structural characterization of PVA, CNT, and the CNT/PVA nanocomposite, X-ray
diffraction (XRD) analysis was performed over a 26 angle range of 5° to 80°. The
measurements were conducted using a Rigaku TTRAX III X-ray diffractometer in Bragg-
Brentano geometry, operating at 5 kW with Cu-Ka radiation (1 = 1.5406 A). Fig. 3.1 presents
the XRD patterns of PVA, CNT, and CNT/PVA nanocomposite. The diffraction pattern of PVA
exhibits a peak at 19.87°, corresponding to the (101) plane, confirming its semi-crystalline
nature [29]. The XRD pattern of CNT displays diffraction peaks at 26.10° and 42.94°, attributed
to the (002) and (100) planes of the graphite structure of CNT. In the case of the CNT/PVA
nanocomposite, only the characteristic diffraction peak of PVA (260 =19.87°) is observed, while
the CNT peaks disappear. This suggests that the PVA peak overlaps with the CNT diffraction
region, indicating a homogeneous dispersion of CNTs within the PVA matrix forming

CNT/PVA nanocomposite [96].
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Further, in order to investigate the nanostructure of CNT, FETEM analysis was conducted.
Fig. 3.2 shows a typical FETEM image showcasing the morphology of multi walled CNTs. As
can be observed from the figure the CNTs were curved and exhibited less tangling.
Additionally, the CNTs showed a smooth surface with average diameter of the CNTs is
determined to be 7+0.06 nm. Furthermore, the edges of the CNT were without caps and
degraded (Fig. 3.2(b)).

Figure 3.2: (a,b) FETEM image of CNT.

3.1.3 Preparation and Characterization of the sensing probe

To fabricate the sensing probe, a 40 cm-long plastic-clad silica (PCS) multimode fiber with a
600 um core diameter was used. The fiber ends were meticulously prepared to ensure optically
flat surfaces perpendicular to the fiber axis. This is a critical step for maximizing light coupling
efficiency from source to the fiber and fiber to the detector. Subsequently, a 2.5 cm of the
cladding was removed from the central region of the fiber. The decladded portion was
thoroughly cleaned using a soap solution, deionized water, and acetone. After cleaning, the
decladded section was carefully bent into a U-shape by exposing it to a propane flame. Probes
only with a perfect U-shaped geometry and uniform core diameter in the bent region were
selected for experimentation. In this study, U-shaped probes with a bending radius of 2.5 mm
were employed. To prepare the sensing probe for gold nanoparticle attachment, same procedure
is used as discussed in chapter 2. The AuNPs coated U-shaped optical probe is depicted in Fig
3.3(a). The thickness and the surface morphology of the coated region of the optical fiber core
were examined using a Field Emission Scanning Electron Microscope (FESEM) (Zeiss, Sigma
300). Fig 3.3(b) depicts the image of a section of AuNPs coated U-shaped optical fiber. In this
region, an average fiber diameter of approximately 600.08 um was observed. This establishes

a thickness of the AuNPs film as ~40 nm. Fig. 3.3(c) highlights the surface morphology of the
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deposited AuNPs film, demonstrating a high-density and uniform coating of nanoparticles on

the decladded fiber surface.

Figure 3.3: (a) AuNPs coated U-shaped probe, (a) FESEM image of the centrally decladded region of the fiber
carrying AuNPs coating, (b) FESEM picture of surface morphology of the AuNPs coated region.

In the subsequent step, the AuNP-coated probe was further coated with CNT/PVA
nanocomposite. To evaluate the effect of the sensing film composition on the sensor
performance, the amount of CNT used in the formation of the CNT/PVA nanocomposite was
varied from 0.1 g, 0.15 g, and 0.2 g. Afterwards, the dip-coating method was employed,
wherein the AuNP-coated U-shaped region of optical fiber probe was dipped into the CNT/PVA
nanocomposite solution of fixed CNT concentration. Separate sensors were developed by
coating AuNP-coated probe with varying CNT concentration in the CNT/PVA nanocomposite
solution. Afterwards, these dip coated probes were allowed to dry at room temperature for two
days. The surface morphology, nanostructure, and thickness of the deposited films were
analyzed using a Field Emission Scanning Electron Microscope (FESEM). For example, Fig.

3.4(a) shows the FESEM picture of a section of U-shaped optical fiber probe having CNT/PVA

Figure 3.4: (a) FESEM image of the centrally decladded region of the fiber coated with CNT/PVA nanocomposite
over the AuNPs coating film. (b) FESEM pattern of surface morphology of the CNT/PVA nanocomposite coating
region.
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nanocomposite coating that corresponds to 0.15g CNT in 1g PVA solution. The measured
average diameter of this region is observed to be approximately 600.165 pm. Considering ~40
nm thickness of the gold nanoparticles layer, this establishes an average thickness of ~42.5 nm
for the CNT/PVA nanocomposite film. Similarly, the sensing film thickness for other
compositions is observed to be ~25 nm for 0.1 g CNT and ~57.5 nm for 0.2 g CNT. Fig. 3.4(b)
illustrates the surface morphology of the CNT/PVA nanocomposite sensing film, revealing an

interconnected structure with a high-quality, moderately rough surface coating.

Similar procedures, as explained in chapter 2, were followed in order to characterize each

sensing probe. During the experiment Hg?>* concentrations were varied from 0-30 ppb.

3.2 Result and Discussion

3.2.1 Response of the proposed LSPR optical fiber sensor towards Hg?" ions detection

The proposed sensor exploits the localized surface plasmon resonance (LSPR) technique to
detect Hg?" ions, utilizing a CNT/PVA nanocomposite as the sensing material, which is coated
onto the gold nanoparticles coated core of a U-shaped optical fiber. To optimize the sensor's
response characteristics, the effect of the sensing film configuration onto the sensor’s
performance were investigated. For that, the concentration of CNT in the PVA solution was
varied, starting at 0.1 g then increasing to 0.15 g and finally 0.2 g. Each change in CNT
concentration resulted in a corresponding increase in the sensing film's thickness, as measured
by FESEM: approximately 27.5 nm for 0.1 g, 38.33 nm for 0.15 g, and 63.33 nm for 0.2 g. To
evaluate the performance characteristics of the proposed sensor, outputs of the proposed sensor
were monitored in real time while exposing it to mercury ion solutions with varying
concentrations ranging from 0 to 30 ppb. As an example, Fig. 3.5 presents the resulting LSPR
spectra for the sensing probe with a film composition of 0.15 g of CNT. These results establish
a strong correlation between the Hg?* ion concentration and the LSPR response, as increasing
the Hg?* ion concentration results in a noticeable red-shift in the resonance wavelength. This
shift in the LSPR wavelength can be attributed to the changes in the refractive index of the
surrounding medium around the AuNPs when the sensor is exposed to the Hg?* ion solution.
When the proposed sensor is exposed to Hg?* ions solution, the Hg?* ions get adsorbed onto
the highly electronegative hydroxyl groups on the surface of the CNT/PVA nanocomposite.

Due to the adsorption of the Hg>* ions onto the CNT/PVA nanocomposite film, refractive index
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of the environment surrounding the gold nanoparticles increases. This, in turn, causes a red
shift in the resonance wavelength of the LSPR spectrum. In order to get a deeper insight, the
response for each film composition was analyzed by plotting the dip resonance wavelength
against varying Hg?" ion concentrations. Fig.3.6 shows the response of the sensors with varying

film composition.
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Figure 3.5: LSPR spectrum with varying mercury ion concentrations.

As can be observed from the figure, all the sensors with different film compositions exhibit a
linear response across the range of 0-30 ppb for Hg** concentrations. The sensor with film
composition of 0.1 g CNT in the CNT/PVA nanocomposite demonstrated a sensitivity of
0.1881 nm/ppb. Increasing the CNT concentration in the nanocomposite from 0.1g to 0.15g
enhanced the sensitivity to 0.2458 nm/ppb, approximately 1.3 times higher than that of the 0.1g
of CNT composition. This improvement in sensitivity is attributed to the greater number of
electronegative sites available for Hg** ion adsorption, resulting from the increased CNT
concentration. The higher adsorption led to more significant changes in the local refractive
index near the gold nanoparticles, thereby causing a larger resonance wavelength shift in the
LSPR spectrum. However, further increasing the CNT concentration in the nanocomposite
from 0.15g to 0.2g resulted in a sensitivity decrease to 0.1639 nm/ppb, about 1.49 times lower
than the sensitivity observed for the 0.15g composition. This reduction in sensitivity is
primarily due to the increased thickness of the sensing film. In the case of 0.2g of CNT in
CNT/PVA nanocomposite, the thickness of the film exceeds the LSPR decay length (2040
nm) [91]. When the film thickness surpasses the decay length, Hg?* ions are hindered from
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reaching regions close to the gold nanoparticles. Interaction of Hg?" ions with CNT/PVA
nanocomposite beyond the decay length didn’t contribute significantly to the sensing process,
and hence, didn’t significantly impact the resonance wavelength shift. This is the reason for
the reduced sensitivity of the 0.2g CNT in CNT/PVA nanocomposite film composition. These
findings establish that there exists an optimal film composition of 0.15g of CNT in the
CNT/PVA nanocomposite.
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Figure 3.6: Sensor response with different film compositions (0.1g, 0.15g and 0.2g of CNT in CNT/PVA
nanocomposite).

3.2.2 Limit of detection

In addition to sensitivity, as already discussed, the limit of detection (LOD) is a critical
parameter for assessing a sensor's performance. The LOD reflects the sensor's ability to detect
the lowest concentration of an analyte. The LOD of the optimized sensor was determined to be
0.08 ppb. The achieved LOD is approximately 75 times lower than the permissible limit for
mercury ions in drinking water established by the WHO and 25 times lower than the USEPA
standard. This demonstrates that the LSPR sensor can accurately detect mercury ions at
concentrations well below the regulatory thresholds, highlighting its potential for ensuring the

safety of drinking water.
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3.2.3 Reusability, Reversibility and Response Time of the sensor

Reusability/repeatability and reversibility are other essential parameters for evaluating sensor
performance. To evaluate these characteristics, the sensor was tested by exposing it to both the
minimum (5 ppb) and maximum (30 ppb) Hg?" ion concentrations. Initially, the sensor was
exposed to a 5 ppb Hg** solution within the flow cell, and the corresponding LSPR spectrum
was recorded. After allowing the sample to remain in the flow cell for 1 minute, the LSPR
spectrum was recorded again. Subsequently, the 5 ppb solution was removed, and the sensor
was thoroughly rinsed with deionized water to eliminate any residual Hg?* ions. The sensor
was then exposed to a 30 ppb Hg*" solution, and LSPR spectra were recorded at 1-minute
intervals. To complete one cycle, the 30 ppb solution was removed, the sensor was cleaned,
and the 10 ppb Hg?* solution was reintroduced into the flow cell. The LSPR spectrum was
again recorded at 1-minute intervals and compared to the initial measurement. This whole cycle
was repeated several times. Typical response for 4 cycles is presented in Fig. 3.7(a). The
resonance wavelength remained consistent across cycles at the lower Hg?" concentration,
confirming the absence of residual ions on the sensor after exposure to higher concentrations.
The results confirm the sensor’s capability to produce consistent responses during both forward
(5 ppb to 30 ppb) and reverse (5 ppb to 30 ppb) changes in Hg?" ion concentration. These results

demonstrate that the proposed sensor is highly repeatable and fully reversible.
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Figure 3.7: (a) Repeatability and reversibility characteristics of the proposed sensor. (b) Response time (during
the variation from air to 30 ppb Hg?").

The detection speed is another crucial parameter for evaluating sensor performance. Achieving

a rapid response time being particularly significant for a sensor. To assess the response time of
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the proposed sensor, the LSPR resonance wavelength was measured both before and after
introducing a 30 ppb Hg?* ion solution into the flow cell. LSPR spectra were recorded at every
0.1 seconds, and the corresponding resonance wavelength values were determined. The results
of these measurements are presented in Fig. 3.7(b), which plots resonance wavelength values
against time. As can be observed, the resonance wavelength remains stable prior to the
introduction of the Hg?* solution (when the sensor is exposed to air). Upon introducing the Hg**
ion solution into the flow cell, the resonance wavelength initially undergoes a red shift, then
gradually stabilizes at approximately 0.4 seconds. These findings highlight the proposed

sensor's rapid response time of 0.4 seconds.

3.2.4 Selectivity of the sensor

Shift in Resonance Wavelength (nm)

As3+ Sn2+ F- Hg2+ Cu2+ Fe3+ Cr2+ Pb2+

Figure 3.8: Comparison of the resonance wavelength shift of the sensor with different heavy metal ions.

Selectivity is another very critical parameter for evaluating the performance of a sensor. To
determine the selectivity of the proposed sensor, experiments were conducted with various
heavy metal ions commonly found in groundwater, including As**, Sn**, F-, Cu?*, Fe**, Cr?*,
and Pb*". These heavy metal ions can potentially interfere in the detection of Hg*". For the
experiment, the concentration of each heavy metal ion solution was maintained at 10 parts per
million (ppm), except for Hg**, which was tested at ~333 times lower concentration of 30 ppb.
During the experiment, the sensor probe was immersed in each heavy metal ion solution, and
the corresponding LSPR spectrum was recorded using the same experimental setup employed
for mercury ion detection. The shift in the resonance wavelength was measured for changes in

concentration from 0 to 10 ppm for all heavy metal ions, while for Hg?*, the wavelength shift
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was evaluated for concentrations ranging from 0 to 30 ppb. As shown in Fig. 3.8, the sensor
probe exhibited a significantly greater shift in resonance wavelength for mercury ions
compared to other heavy metal ions, even when the concentration of Hg?" is as low as 30 ppb.
The exceptional selectivity of the proposed sensor for Hg?>" ions can be attributed to the
synergistic effect of combining CNT and PVA into a nanocomposite, which significantly
enhances its adsorption capacity for Hg? ions. The superior adsorption efficiency of PVA for
Hg*" ions, compared to other heavy metal ions, further amplifies the sensor's selectivity [97].
This results in a more pronounced shift in the resonance wavelength specifically for mercury
ions. These findings demonstrate that the proposed optical fiber sensor is highly selective for
mercury ions, highlighting its potential for effective mercury ion detection in real-world

applications.

3.2.5 Stability and Reliability of the sensor

Stability and reliability are other critical parameters of a sensor. To evaluate these
characteristics, a comprehensive analysis was performed to determine both the short-term and
long-term performance of the proposed sensor. Short-term stability of the sensor was examined
by continuously recording the LSPR spectrum at 1-minute intervals over a period of 16 minutes
while exposing the sensor to three different Hg** ion concentrations (5 ppb, 20 ppb, and 30
ppb). The results, presented in Fig. 3.9. The standard deviations of the resonance wavelength
were found to be £0.008 nm, +£0.01 nm, and +0.01 nm for 5 ppb, 20 ppb, and 30 ppb Hg** ion
concentrations, respectively. This corresponds to a maximum resolution of +0.04 ppb for Hg**
ions, underscoring the sensor's remarkable stability and accuracy. To evaluate the long-term
stability or reliability test, the developed optical fiber Hg>" sensor was tested on four different
days with a 5-day interval, at three different Hg?>* concentrations (5 ppb, 20 ppb, and 30 ppb)
over an 18-day span. The results observed over the course of 18 days are presented in Fig. 3.10.
As can be observed from the figure that the maximum variation in the resonance wavelength
of the developed Hg?" optical fiber sensor is less than 0.002% of the resonance wavelength
recorded on the first day. This outcome highlights the exceptional repeatability and reliability
of the developed optical fiber Hg*" sensor.
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Figure 3.9: Short term stability test:
Hg?" concentration.
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Figure 3.10: Repeatability and reliability test: Resonance wavelength on four different days at Sppb, 20ppb and

30ppb Hg?* concentration.

3.2.6 Mercury detection in real samples and validation of the sensor

To validate the commercial applicability of the proposed sensor, experiments were conducted

using real drinking water samples collected from various sources in Guwahati, Assam, India.

These sources included drinking water from Indian Institute of Technology Guwahati, tap water

from a nearby locality, water from a site near a mill in Guwabhati city, and samples from the
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Brahmaputra River. To validate the accuracy of the proposed sensor for detecting Hg?* ions,
the results obtained from the optical fiber sensor were compared with those from the
established inductively coupled plasma mass spectrometry (ICPMS) method. Before testing
the real water samples, they were diluted with 5% HNOs which is a necessary preparatory step
for ICPMS analysis. The experimental results, presented in Table 3, demonstrate a strong
correlation between the Hg?*" concentrations measured using the standard ICPMS (Agilent
7850) method and those obtained from the proposed optical fiber sensor. To evaluate the
accuracy of the proposed sensor, the relative percentage difference (RPD) was calculated. A
lower RPD value indicates higher accuracy of the proposed method compared to the established
method [93]. As shown in Table 3, the RPD values from the experimental data are below 4%,
indicating excellent agreement between the two methods. These findings confirm that the
proposed optical fiber LSPR sensor is a reliable, straightforward, and cost-effective alternative

to conventional techniques like ICPMS for accurate Hg** ion detection.

Table 3: Hg?>" concentration from different real water samples using ICPMS analysis and proposed optical fiber
sensor.

Mercury ion Mercury ion
Sample concentration (foncentration RPD RPD%
ICPMS optical fiber sensor

Drinking water 4.1 ppb 4.13 ppb 0.0089 0.89
Well water 4.4 ppb 4.34 ppb 0.0116 1.16
Tap water 4.8 ppb 4.77 ppb 0.0055 0.55
Near mill water 6.7 ppb 6.89 ppb 0.0287 2.87
Brahmaputra river 10.9 ppb 10.50 ppb 0.0371 3.71

3.3 Conclusion

A simple and reliable LSPR based optical fiber sensor for mercury ion detection is developed,
employing CNT/PVA nanocomposite as the sensing material. The sensor demonstrates a linear
relationship between mercury ion concentration and the LSPR wavelength shift within the
range of 0 to 30 ppb, with a high sensitivity of 0.2458 nm/ppb. It offers excellent selectivity
for mercury ions over other heavy metal ions and achieves an exceptionally low limit LOD of

0.08 ppb. This achieved LOD is well below the acceptable mercury ion limits in drinking water
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recommended by the WHO and USEPA. The sensor also exhibits a rapid response time of just
0.4 seconds and exhibits outstanding repeatability, reversibility, stability, and reliability.
Further, when tested on real water samples, the sensor's results closely matched those obtained
using the standard ICPMS method, validating its accuracy. Therefore, this proposed LSPR
based optical fiber Hg?* sensor provides a highly efficient, practical, and cost-effective solution
for monitoring mercury ions in real-world applications. Moreover, it is evident that, the
reported sensor demonstrates an enhanced sensitivity, an even lower LOD (~3.6 times) and a
faster response time in comparison to chapter 2, while maintaining high selectivity, stability,

repeatability and reliability.
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Chapter 4 : Localized Surface Plasmon Resonance based Novel
Optical Fiber Arsenic Ion Sensor Employing Al:03/GO
Nanocomposite

4.1 Introduction

Arsenic, another very toxic heavy metal, poses a substantial health risk even at low
concentrations. It's often found in groundwater due to natural geothermal processes and can be
released into the environment through human activities, including the use of pesticides,
herbicides, and mining processes. Continuous consumption of arsenic-contaminated water can
result in arsenic poisoning and various cancers like skin, lung, kidney, and bladder cancer [29].
The World Health Organization (WHO) has established a maximum allowable limit of 10ug/L
(10 ppb) for arsenic in drinking water. In natural water settings, arsenic contamination occurs
primarily in two inorganic forms: arsenite (As>") and arsenate (As>"). As>" is significantly more
toxic, being 20-60 times more potent than As**, and it's also more challenging to eliminate [98].
Given the severe effects of As**, it's crucial to prioritize the development of a reliable and
sensitive detection method. Various conventional techniques have been devised for arsenic ion
detection, including atomic absorption spectroscopy [31], inductively coupled plasma mass
spectroscopy [33], high-performance liquid chromatography [35], hydride generation atomic
fluorescence [99] and colorimetric sensors [37], [100], [101]. These methods are highly
accurate and sensitive. However, they have drawbacks such as they are complex, bulky,
expensive, time-consuming, and require skilled personnel, which limits their widespread use.
In contrast, Surface plasmon resonance (SPR) and Localized Surface Plasmon Resonance
(LSPR) have emerged as a promising alternative for heavy metal ion detection due to their
simplicity, rapid response, cost effective, easy sample preparation and high sensitivity. Both
LSPR and SPR are highly responsive to changes in localized refractive index, thereby showing
a corresponding shift in the resonance wavelength. Therefore, this field has caught the attention
of researchers and hence several LSPR and SPR based As>" have been reported. For instance,
as discussed in Chapter 1 from references [44 — 45]. These techniques show good limit of
detection (LOD), but the LOD needs to be further improved for detecting As** in drinking
water. Compared to the non-optical fiber based LSPR and SPR sensors, optical fiber based
LSPR and SPR sensors offer several advantages, e.g., high sensitivity, remote sensing,
multiplexing, rapid response, real-time detection, cost-effectiveness, and durability for real-

field applications with a possibility of miniaturization. Only few SPR or LSPR based optical
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fiber As® sensors are reported so far. For example, as discussed in Chapter 1 from references
[74, 102, 75]. This sensor showcased a low LOD of 1 ppb. Among these reported sensors,
observed LOD for many were above the threshold, WHO has set for As>" ions in drinking
water. This limits the suitability and applicability of these sensors for the detection of As** ion
in drinking water. Some reported sensors with low LODs lack selectivity; while others exhibit
slow response time. Additionally, only few sensors demonstrated reusability. Consequently,
there is a significant need to develop an optical fiber sensor that is characterized with a very
low detection limit, high selectivity, optimal sensitivity, reusability, and rapid response for

being suitable towards real-world applications.

Main objective of the research work presented here is to develop LSPR based optical fiber
arsenic sensor to achieve high sensitivity, low limit of detection, high selectivity and rapid
response time. To achieve this, a novel optical fiber sensor is proposed where a thin
(nanostructured) film of Al,03/GO nanocomposite is synthesized over the centrally decladded
region of plastic-clad-silica (PCS) fiber already coated with gold nanoparticles. The reason for
using Al2O3/GO nanocomposite as the sensing material for detecting arsenic ion is based on
the exceptional adsorption capability of graphene oxide (GO) for heavy metal ions, primarily
due to its high surface area to volume ratio [103]. GO, a crucial derivative of graphene, is a
two-dimensional nanomaterial. The monolayer of GO contains sp? and sp® hybridized carbon
atoms, alongside oxygen-rich functional groups like hydroxyl and epoxide groups on the basal
plane, and carbonyl and carboxyl groups at the edge [104]. These functional groups possess a
strong binding affinity to heavy metal ions [103]. On the other hand, Al,O; exhibits high
sensitivity and selectivity in detecting As®* ions, which is attributed to its oxygen-rich
electronegative adsorption sites and already established in [105], [106]. Combining these
materials to form a nanocomposite creates a synergistic effect, increasing the number of
adsorption sites due to the large surface to volume ratio, thereby enhancing suitable sensitivity
and selectivity [107], [108]. Hence, Al,03/GO nanocomposite is expected to enhance the
sensitivity and selectivity of As** detection. It is important to mention that Al,O3/GO
nanocomposite is used for the first time to realize an optical fiber arsenic sensor to the best of
authors’ knowledge. Experimental investigation highlights that the integration of Al>O03/GO
nanocomposite onto the gold nanoparticles (AuNPs) coated LSPR sensing probe enables the
sensor to accurately detect arsenic (As>") ions, even at extremely low concentrations in the sub-

parts per billion range. Most importantly, the proposed sensor exhibits a remarkable sensitivity
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of 0.217 nm/ppb As** ion concentration and an exceptionally low limit of detection of 0.09 ppb
As*" ion concentration. The sensor also exhibits a very fast response time of 0.5 s. Moreover,
the sensor exhibits high degree of repeatability, stability, reversibility and reliability. The results
obtained from this investigation highlight the potential of the proposed sensor as a highly
sensitive, selective, rapid and cost-effective arsenic sensor for real-field applications.
Furthermore, the proposed sensor is utilized to detect arsenic in real water samples and the
results are validated from the standard inductively coupled plasma mass spectrometry (ICPMS)

method.

4.2 Experiment

4.2.1 Synthesis and characterization of Al203/GO nanocomposite

(@)

10000

—AI203/GO
—GO

8000 +

6000

Intensity (a.u)

4000

2000
0 T T T T T T T T T T T T T T 1
10 20 30 40 50 60 70 80
20 (deg.)
16{(c)
14
124
104

Count

00 02 A e s e e e Y
Size(nm)

Figure 4.1: (a) XRD pattern of GO and Al;O3/GO nanocomposite, (b) FETEM image of AlO3/GO
nanocomposite, (c) Size distribution within the Al,03/GO nanocomposite.
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Graphene oxide (GO) was synthesized from graphite by using the Modified Hammers method
[89]. To synthesize Al,03/GO nanocomposite, 1g of GO was dispersed in 100 mL of DI water
using an ultrasonic bath for 1 hour. Subsequently, 5g of aluminium nitrate (AI(NO3)3-9H>0)
was added to the mixture. The solution was then subjected to ultrasonic treatment for 2 hours
at a controlled temperature below 30°C. Afterward, the suspension was dried at 100°C for 10
hours. Finally, the solid sorbent was heated in a furnace at 500°C for 2 hours, resulting in the
production of Al>O3 nanoparticles on the surface of GO. This process yielded a grey product

known as A1>O3/GO nanocomposite.

For the structural characterization of the prepared GO and Al,O3/GO nanocomposite, X-ray
diffraction patterns (XRD) were obtained. For that, the data were recorded in the 26 range of
5° to 80° using an X-ray diffractometer (XRD, Rigaku TTRAX III) with Cu-Ka radiation (4 =
1.5406 A) operating at 5 kW in Bragg—Brentano geometry. Fig. 4.1(a) displays the XRD spectra
of GO and Al,O3/GO nanocomposite. GO exhibits a prominent peak at 10.2° (001) in its XRD
pattern, indicating an interlayer spacing of approximately 0.8 nm. In the AlO3;/GO
nanocomposite, the characteristic peaks of GO are no longer observed. Instead, the XRD
pattern displays a smooth background with a high intensity at low angles that gradually
decreases at higher theta angles. This pattern resembles simulated XRD patterns for nano-sized,
single layers of carbon structures [109]. The absence of distinct peaks in the XRD pattern of
the nanocomposite suggests the absence of crystalline entities within the nanocomposite. It can
be explained by the amorphous nature of Al,O3 in the composite, as Al,O3 tends to adopt an
amorphous structure when treated at temperatures < 500°C [110]. In order to investigate the
surface morphology and size distribution of the developed nanocomposite, further analysis was
carried out using a field-emission transmission electron microscope (FETEM, JEOL-2100F).
Fig. 4.1(b) displays a typical FETEM image of Al2O3/GO nanocomposite, which indicates that
the Al2O3 nanoparticles are uniformly entrapped and distributed on the surface of GO. Fig.
4.1(c) illustrates the size distribution within the developed Al,03/GO nanocomposite. As can
be seen, particle size is predominantly in the range of 3-9nm, with an average particle size of

6+0.06nm.
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4.2.2 Sensor preparation and characterization

T

Figure 4.2: (a) FESEM image of the centrally decladded region of the fiber carrying AuNPs coating. (b) FESEM
pattern of surface morphology of the AuNPs coated region. (c) FESEM image of the centrally decladded region
carrying Al,O3/GO nanocomposite film over the AuNPs coated fiber core. (d) FESEM pattern of the surface
morphology of Al,03/GO nanocomposite coated region.

A plastic clad silica (PCS) multimode optical fiber of 600 um core diameter is used to develop
the sensor. Total length of 40cm was taken and both the ends of the fiber were polished to get
optically flat end-faces in the transverse section of the fiber. This is critically important in order
to achieve maximum power coupling efficiency from source to the fiber and fiber to the
detector. Cladding was removed from the 2.5 cm long central section of the fiber. The
decladded section was cleaned with soap solution, de-ionized water, and acetone. Afterwards,
this decladded section of the fiber was carefully bent into a U-shape by exposing it to a propane
flame. Experiments were performed only on the probes having perfect U-shape and uniform
core diameter in the U-shaped region. U-shaped probes having a diameter of 4 mm are
employed in this research. In order to attach gold nanoparticle, similar procedures are employed
to as discussed in chapter 2. The thickness and surface morphology of the gold nanoparticle
coating on the optical fiber core was analyzed using a Field Emission Scanning Electron
Microscope (FESEM) (Zeiss, Sigma 300). Fig 4.2(a) depicts image of the coated region of

optical fiber. An average diameter of ~600.085 um was observed for this region, which
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establishes the average thickness of AuNPs film as ~42.5 nm. Surface morphology of the
deposited AuNPs film onto the fiber core is depicted in Fig. 4.2(b). This image illustrates not
only a high density but also a uniform coating of AuNPs on the decladded fiber surface.

In the next step and to add a coating of Al,03/GO nanocomposite onto the probe, already
coated with AuNPs, an appropriate amount of Al,O3/GO nanocomposite was dissolved in a
suitable amount of Isopropyl Alcohol (IPA) under continuous stirring for 1-2 hours. In order to
investigate the effect of sensing film composition on the sensor performance, amount of
Al,03/GO nanocomposite dispersed in IPA was varied as 1mg/ml, 1.5mg/ml, 2mg/ml. Dip-
coting method was employed afterwards, where AuNPs deposited U-shaped region of different
probes were slowly dipped into the three solutions separately. Thereafter, these dip-coated
probes were dried for two days at room temperature. Surface morphology, nanostructure, and
deposited film thickness were examined using FESEM. Fig. 4.2(c) displays an image of the
nanocomposite coated sensing region of the optical fiber that already carried a coating of AuNP
onto the decladded core, as an example, for the Al,03/GO nanocomposite concentration of
1.5mg/ml in IPA. An average diameter of ~600.165 um is observed for this region. With the
thickness of AuNP coating already determined as ~42.5 nm, this establishes an average
thickness of ~40 nm for the Al,03/GO nanocomposite sensing film. Similarly, the thicknesses
for the other two film compositions are determined to be ~22.5 nm (for 1mg/ml of
nanocomposite) and ~62.5 nm (for 2mg/ml of nanocomposite). Surface morphology of the final
sensing probe is shown in Fig. 4.2(d), which illustrates an interconnected, high-quality coated

surface with moderate roughness.

To analyze the response characteristics, the same procedures discussed in Chapter 2 for
sensing probe characterization were followed. Throughout the experiment, As** concentrations

were varied from 0 ppb to 20 ppb.
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4.3 Result and discussion

4.3.1 Response of the proposed LSPR based optical fiber sensor towards As3" ions

detection
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Figure 4.3: Variation of transmittance of the optical fiber with different arsenic ion concentrations.

Proposed sensor exploits the phenomena of localized surface plasmon resonance through a thin
sensing film of Al,03/GO nanocomposite, synthesized onto the gold nanoparticles coated U-
shaped optical fiber probe. In order to optimize the response characteristics of the sensor,
impact of the composition of the sensing film was studied. For this, concentration of A1,03/GO
nanocomposite was varied in IPA to create different sensing film compositions. Specifically,
the amount of nanocomposite in IPA solution was varied from 1mg/ml, to 1.5mg/ml, and
finally, to 2mg/ml. Varying composition of the sensing film resulted in a proportional change
in the thickness of the film. FESEM measurements reveal a film thickness of ~22.5nm for
Img/ml, ~40nm for 1.5mg/ml, and ~62.5nm for 2mg/ml nanocomposite composition. To
examine the performance characteristics of the proposed sensor, outputs from the sensor were
monitored in real-time while exposing the sensor to the solutions of As®>* concentrations varying
in the range of 0-20ppb. Fig. 4.3 depicts the resulting LSPR spectra, as an example, for the
sensing probe having film composition of 1.5mg/ml Al,03/GO nanocomposite in IPA solution.
Notably, a significant red shift for the dip resonance wavelength, accompanied by an increase
in the transmittance is observed while increasing the concentration of arsenic ions. This is

because of the fact that, when the sensor is exposed to As>" ions solution, As>* ion gets adsorbed
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on the electronegative sites (hydroxyl, epoxide, carbonyl, carboxyl) present on the surface of
Al,03/GO nanocomposite. The adsorption of As®* ions on the surface of the nanocomposite
increases the refractive index of the surrounding medium of the gold nanoparticles. This results
in the observed red shift of the resonance wavelength in the LSPR spectrum. In order to get a
deeper insight, the dip resonance wavelength corresponding to the applied arsenic
concentration is plotted in Fig. 4.4 for each composition of the sensing film. As can be
observed from the figure, all the sensors with different film composition exhibit linear response
over the measurement range of 0-20 ppb for As>" concentration. The sensor with film
composition corresponding to 1mg/ml shows sensitivity of 0.1167nm/ppb. Upon increasing the
concentration of Al2O3/GO nanocomposite from 1mg/ml to 1.5mg/ml, sensitivity increases to
0.217nm/ppb, which is ~1.85 times higher than the sensitivity observed for 1mg/ml film
composition. This higher sensitivity can be attributed to an increase in the number of
electronegative sites available for the adsorption of As®" ions, a consequence of the higher
Al,03/GO nanocomposite concentration. This, in turn, led to more substantial changes in the
refractive index within the vicinity of the gold nanoparticles, resulting in a greater shift in the
resonance wavelength of the LSPR. Conversely, when the AlO3/GO nanocomposite
concentration was further elevated from 1.5mg/ml to 2mg/ml, sensitivity declines to
0.1833nm/ppb, which is ~1.18 times lower than the sensitivity detected for 1.5mg/ml film
composition. This decline 1s primarily attributed to the increasing thickness of the sensing film
as the AlO3/GO nanocomposite concentration in the sensing film increases. For
nanocomposite concentration of 2mg/ml, film thickness exceeded the decay length (20-40 nm)
of the LSPR [91]. Increased thickness resulted in the hindrance for the As®" ions to penetrate
deeper into the sensing film, that is, close to the gold nanoparticles. Consequently, even though
there were more electronegative sites available to adsorb arsenic ions in this case, they were no
longer effectively involved in the sensing process. Interaction of As** ions with ALO3/GO
nanocomposite beyond the decay length didn’t contribute significantly to the sensing process,
and hence, didn’t significantly impact the resonance wavelength shift. This was the reason for
the reduced sensitivity observed in this case. These investigations establish an optimal film
configuration for the sensor that corresponds to 1.5mg/ml of Al203/GO nanocomposite in IPA

solution.
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Figure 4.4: Sensor response with different sensing film compositions (1mg/ml, 1.5mg/ml and 2mg/ml
concentration of AlO3/GO nanocomposite in I[PA).

4.3.2 Limit of detection for the sensor

Apart from sensitivity, the limit of detection (LOD) is another figure of merit, which is critically
important while evaluating the performance characteristics of a given sensor. The LOD for the
optimized probe is determined to be 0.09 ppb. The LOD of the proposed sensor is significantly
lower than the maximum permissible limit for arsenic ions in drinking water set by the WHO
(10 ppb). This implies that the proposed LSPR sensor is capable of accurately detecting arsenic
ions at concentrations lower than the regulatory threshold, thus making it a promising tool for

ensuring the safety of drinking water.

4.3.3 Reusability, Reversibility and Response time of the sensor

As mentioned previously reusability/Repeatability and reversibility are the other crucial
parameters for evaluating the performance of a given sensor. To investigate these
characteristics, the sensor was tested by exposing it to the minimum (1 ppb) and maximum (20
ppb) As** ion concentrations. Initially, the sensor was exposed to As*" ion solution of 1ppb
concentration within the flow cell, and the corresponding LSPR spectrum was recorded. The
sample was left in the flow cell for 1 min and the LSPR spectrum was recorded again. The
resonance wavelengths extracted from these two spectra provided insights into the consistency
or stability of the sensor. After removing the 1 ppb solution from the flow cell, the sensor was

cleaned with deionized water in order to ensure no trace deposition of As** ion solution onto
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the sensor. Sensor was then exposed to As®>" ion solution of 20ppb concentration.
Corresponding LSPR spectrum was recorded again at an interval of 1 min. To complete one
cycle, As*" ion solution of 1ppb concentration was reintroduced into the flow cell after the
removal of 20ppb solution and cleaning of the sensor. Corresponding LSPR spectrum was
recorded again at an interval of 1 min and compared with the initial measurement. This whole
cycle was repeated three times, and the observed response is shown in Fig. 4.5. As can be seen,
resonance wavelength remained consistent for each measurement at lower concentration of
As*" ion solution in various cycles, indicating no residual As*" ions were left onto the sensor
after the removal of solution with higher concentration. The figure illustrates that the sensor
produces consistent results during both the forward (1 ppb to 20 ppb) and backward (20 ppb to
1 ppb) change in As** ion concentration. This establishes the highly repeatable and completely

reversible nature of the proposed sensor.
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Figure 4.5:Repeatability and reversibility test for the optimized optical fiber LSPR sensor against cyclic variation
of As** ion concentration.

As mentioned earlier the speed of detection is another very critical parameter for
evaluating the sensor performance. Achieving a rapid response time holds significant
importance for a sensor. To examine the response time of the proposed sensor, the resonance
wavelength of the LSPR sensor was measured before and after pouring As** ion solution of
20ppb concentration into the flow cell. For this, LSPR spectra were recorded after every 0.125
sec, and the corresponding resonance wavelength values were determined. The results of these
measurements are presented in Fig. 4.6, where the resonance wavelength values are plotted
against time. As can be observed, resonance wavelength is constant before the introduction of
As** solution into the flow cell (sensor being exposed to air). Upon introduction of the As** ion
solution into the flow cell, the resonance wavelength initially exhibits red shifts, and then
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gradually stabilizes after approximately 0.5 second. This establishes a response time of 0.5

second for the proposed sensor.
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Figure 4.6: Response time (during the variation from air to 20 ppb As*") for the optimized optical fiber LSPR

SEnsor.

4.3.4 Comparative analysis of the response characteristics

Table 4: Response comparison of the proposed sensor with other As** ion sensors utilizing different sensing

techniques.

Ref. Sensing Technique Limit of Detection (ppb) Response time (s)
[37] Colorimetric 18 -
[100] Colorimetric 2 240
[101] Colorimetric 0.53 :
[117] UV-VIS Spectroscopy 45 -
[118] Fluorescence 27 -
[119] Electrochemical 46 -
[120] Electrochemical 5.6 -
[44] SPR (prism based) 10 30
[45] SPR (optical fiber based) 0.47 10
[74] LMR (optical fiber based) 0.99 10
[75] LSPR (liquid-phase based) 10 -
[76] LSPR (optical fiber based) 1 -

This work LSPR (optical fiber based) 0.09 05

In order to have a comparative analysis, the limit of detection and the response time of

previously reported As®>* sensors, employing different sensing schemes, along with that of the
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proposed sensor are reported in Table 4. As can be observed from Table 4, proposed sensor
brilliantly surpasses all the other sensors employing various sensing schemes, and stands out
with its outstandingly low LOD of 0.09 ppb. Observed LOD for the proposed LSPR sensor is
~5.2 times lower than the previously reported lowest LOD in [45]. Additionally, proposed senor
exhibits an ultrafast response time of 0.5 s (lowest amongst all the reported sensors), which
shows 20 times faster response time than the previously reported fastest response time in [45]

and [75].

4.3.5 Selectivity of the sensor
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Figure 4.7: Comparison of the resonance wavelength shift of the proposed optical fiber LSPR sensor with
different heavy metal ions.

Furthermore, selectivity is another very important parameter as for as the performance
characteristics of a sensor is concerned. Hence, selectivity of the proposed sensor is evaluated.
For this, experiments were performed by testing the optimized LSPR sensor against various
heavy metal ions, such as, Sn**, Pb*", Fe**, F-, Cu?**, and Hg?*, which are commonly found in
groundwater. These heavy metal ions can potentially interfere in the detection of As**. The
concentration of each ion was kept constant at 20 ppb. The sensor was immersed in each
solution, and the corresponding LSPR spectrum was observed using the same experimental
setup, used for detecting arsenic ions. The shift in the resonance wavelength is determined for
each heavy metal ions while varying their concentration in the range of 0 to 20 ppb. Fig. 4.7
shows the observed wavelength shifts for each ion. As can be observed from Fig. 4.7, proposed
sensor exhibits significantly higher shift in the resonance wavelength for arsenic ions, in

comparison to any of the other ions tested in this experiment. This can be attributed to the
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surface modification of GO with Al,O3 while the formation of nanocomposite, which increases
the adsorption capability for As** ions. Al,O3 has a known selective sensitivity towards As**
ions, as established in prior studies [105,106]. Additionally, the larger molecular size of the
other heavy metal ions limits their interaction with the sensing layer, resulting in lower
sensitivity. Thus, experimental results obtained in this part of study confirm high selectivity of
the proposed sensor towards As** ions, highlighting its potential application in detecting arsenic

in real field environment.

4.3.6 Stability and reliability of the sensor

Stability and reliability are other critical parameters for As** detection. Subsequently, rigorous
analysis was carried out to thoroughly examine the short-term and long-term performance of
the proposed sensor. To assess the sensor's short-term stability, the LSPR spectrum was
recorded continuously at 1-minute intervals for 16 minutes while exposing the sensor to three
distinct As®" ion concentrations (1 ppb, 10 ppb, 20 ppb). Results, depicted in Fig. 4.8,
conclusively demonstrate high stability in the response characteristics of the proposed sensor.
Standard deviations of the resonance wavelength are observed to be + 0.0098 nm, + 0.0115
nm, and £ 0.0127 nm at 1 ppb, 10 ppb, and 20 ppb As>" ion concentrations, respectively. Hence,
maximum resolution of the sensor for As®" detection is observed to be = 0.058 ppb, highlighting

its exceptional stability and accuracy in As>" detection.
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Figure 4.8: Short term stability test: Continuous resonance wavelength for 16 minutes at 20ppb, 10ppb and 1ppb
As*" concentration.
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For the long-term stability/reliability test, the developed LSPR optical fiber As*" sensor
underwent testing on four different days with an interval of 5 days, thus spanning a total of 18
days. Fig. 4.9 displays the proposed optical fiber sensor output corresponding to the three
different As®>* concentrations (1 ppb, 10 ppb, and 20 ppb), observed over the course of these 18
days. Maximum variation in the resonance wavelength of the developed As®" optical fiber
sensor, compared to day one at all the three As> concentrations, is observed to be less than
0.004%. This underscores the excellent repeatability and reliability of the developed optical

fiber As** sensor.
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Figure 4.9: Repeatability and reliability test: Resonance wavelength on four different days at 20ppb, 10ppb and
1ppb As*" concentration.

4.3.7 Arsenic detection in real sample and validation of the sensor

To validate the commercial application of the proposed sensor, experiments were carried
out using real drinking water samples. Samples were collected from diverse drinking water
sources in Guwahati, Assam, India. These water samples included the drinking water within
IIT Guwahati, tap water from the neighbouring locality, water from a location near a mill in
Guwabhati city, samples from the Brahmaputra River taken both from the IIT Guwahati side
and the city side. All these water samples were diluted in 5% HNO3 and no further sample
treatment was done. In order to validate the accuracy of As** ions detection for the proposed
optical fiber sensor, a comparison was made between the data obtained from analyzing various

real drinking water samples using the proposed optical fiber sensor, and the data obtained using
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established method of inductively coupled plasma mass spectrometry (ICPMS). The obtained
experimental results, shown in Table 5, demonstrate a close correlation between the
concentrations of As** ions determined by the standard ICPMS (Agilent, 7850) method and
those derived from the proposed optical fiber sensor. Additionally, the relative percentage
difference (RPD) was also calculated, which is an indicator of the accuracy of the proposed
sensor. The smaller the RPD value, the greater is the accuracy of the proposed method in
comparison to the established method [93]. As can be observed from Table 5, calculated RPD
values from the experimental data are less than 5%. This also indicates a strong agreement
between the outcomes of the two methods. These findings strongly support the notion that the
proposed optical fiber LSPR sensor serves as a reliable, straightforward, cost effective
alternative to conventional techniques like ICPMS for the precise detection of As** ions.

Table 5: As*" ion concentration from different real water samples using ICPMS analysis and proposed optical
fiber sensor.

Arsenic (As®) Arsenic (As®)
Real water Sample concentration concentration (Optical RPD RPD%
(ICPMS) fiber sensor)

Drinking water 0.98 ppb 0.93 ppb 0.047 4.7

Tap water 1.24 ppb 1.29 ppb 0.043 4.3

Near mill water 20.1 ppb 20.17 ppb 0.003 0.3
Brahmaputra river city side 6.96 ppb 6.94 ppb 0.001 0.1
Brahmaputra river IIT side 4.2 ppb 4.18 ppb 0.004 0.4

4.4 Conclusion

A highly sensitive and selective U-shaped optical fiber arsenic sensor based on LSPR
is developed using Al2O3/GO nanocomposite as the sensing material. The sensor displays a
linear correlation between arsenic ion concentration and the LSPR wavelength shift within the
range of 0-20 ppb. Further the proposed sensor is characterized with a sensitivity of 0.217
nm/ppb As*" ion concentration. Additionally, the sensor displays excellent selectivity for
arsenic over other heavy metal ions and has a remarkably low limit of detection of 0.09 ppb,
which is significantly below the WHO's recommended limit for arsenic in drinking water.
Further, the sensor exhibits a very fast response time of 0.5 s. Also, the sensor demonstrates
high degree of repeatability, stability, reusability and reliability. Moreover, when the proposed

sensor is utilized to detect arsenic in real water samples, its results are observed to be in good
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agreement with the standard ICPMS method, validating the accuracy of the proposed sensor.
Thus, this sensor presents a reliable, cost effective and straightforward solution for monitoring
arsenic in real-world. While the sensor offered high sensitivity, very low LOD and a fast
response time, there still exists scope of improving the sensitivity and LOD for detecting As>".
Hence, the next chapter of this thesis aims to develop another novel optical fiber As** sensor

to augment sensitivity and lower the LOD.
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Chapter S : Novel LSPR based Arsenic Ion Sensor Employing
Lauryl Sulphate Functionalized Gold nanoparticles

5.1 Introduction

In order to further enhance the sensing performance for detecting As>" ion, another novel
optical fiber sensor is developed using lauryl sulphate functionalized gold nanoparticles. In this
case, the gold nanoparticles serve both as the LSPR generator and the sensing material unlike
the sensor reported in chapter 4, where a sensing material is coated over the gold nanoparticles

coated optical fiber.

Lauryl sulfate-functionalized AuNPs are selected as the sensing material because arsenic
ions have a strong affinity for sulfur-containing compounds. This characteristic of arsenic ions
has been previously utilized in various colorimetric arsenic ion sensors employing sulfur-based
ligands [111], [112]. It is important to mention that lauryl sulphate functionalized gold
nanoparticles are used for the first time to realize an optical fiber arsenic sensor to the best of
authors’ knowledge. A thorough experimental investigation highlights that the
functionalization of gold nanoparticles with lauryl sulphate LSPR sensing probe enables the
sensor to accurately detect arsenic (As®") ions, even at extremely low concentrations in the sub-
parts per billion range. Most importantly, the proposed sensor exhibits a high sensitivity of
0.3073 nm/ppb As** ion concentration and a remarkably low limit of detection of 0.06 ppb As**
ion concentration. The sensor also exhibits a very fast response time of 0.5 s. Additionally, the
sensor demonstrates high degree of repeatability, stability, reversibility and reliability. The
results obtained from this investigation underscore the potential of the proposed sensor as a
highly sensitive, selective, rapid and cost-effective arsenic sensor for real-field applications.
Furthermore, the proposed sensor is utilized to detect arsenic in real water samples and the
results are validated from the standard inductively coupled plasma mass spectrometry (ICPMS)

method.

5.2 Experiment

5.2.1 Synthesis of lauryl sulphate functionalized gold nanoparticles

Gold nanoparticles (AuNPs) functionalized with lauryl sulphate (LS) was synthesized by
reducing the salts of gold (HAuCls) with tri-sodium citrate (NazCsHs0O7) [88]. In a flask, 50 ml
solution of AuHCl4 (1 mM) was mixed with 0.1 M of LS and stirred for 20 min then heated to
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boiling. Following this, 2 ml of Na3CsHs07(38.8 mM) was added into the boiling solution, and
further heated for approximately 10 minutes. Sodium citrate facilitates in the reduction of Au
ions to AuNPs. The color of the solution turned into wine-red, which indicates the formation

of AuNPs.

5.2.2 Characterization of lauryl sulphate functionalized gold nanoparticles
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Figure 5.1: UV-Vis Absorbance of AuNPs and LS functionalized AuNPs.
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Figure 5.2: FETEM image of LS functionalized AuNPs. (b) Size distribution of the LS functionalized AuNPs.

The absorption characteristics of the synthesized LS-functionalized AuNPs and pure AuNPs
were investigated using a UV-visible spectrometer. Fig. 5.1 illustrates the UV-visible spectra
for both the synthesized nanoparticles. The results show that pure AuNPs display the
characteristic absorption peak at 520 nm, while the LS-functionalized AuNPs display the peak
at 529 nm. This observed shift in absorbance from 520 nm to 529 nm indicates successful

functionalization of the AuNPs with LS. Moreover, the size of the LS functionalized gold nano
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particles was determined using a Field Emission Transmission Electron Microscope (FETEM,
JEOL-2100F). Fig. 5.2(a) depicts the typical FETEM image of the proposed LS functionalized
AuNPs, whereas, the size distribution of the LS functionalized AuNPs is illustrated in Fig.
5.2(b). As can be observed from the Fig. 5.2(b), diameter of the developed LS functionalized
AuNPs is found to be predominantly in the range of 10 — 25 nm, with an average particle size

of 18 £ 0.06 nm.

5.2.3 Sensing probe preparation and characterization

A plastic-clad silica (PCS) multimode optical fiber with a core diameter of 600 um is used to
develop the sensor. The total length of 40 cm of the fiber is taken, and both ends were polished
to get optically flat end-faces in the transverse section of the fiber. This step is crucial for
maximizing power coupling efficiency from the light source to the fiber and from the fiber to
the detector. The cladding was removed from the central 2.5 cm section of the fiber. The
decladded section was then cleaned with soap solution, de-ionized water, and acetone.
Following this, the decladded section was carefully bent into a U-shape by exposing it to a
propane flame. Experiments were conducted only on probes that maintained a perfect U-shape
and a uniform core diameter in the U-shaped region. The U-shaped probes having a bending
radius of 2 mm are employed in this research. In order to attach the LS functionalized AuNPs,
the U-shaped section was first soaked in chromic acid for 12 hours, followed by sonication in
de-ionized water and drying in an oven. Next, it was immersed in a 5% (v/v) ethanol solution
of 3-amino-propyltrimethoxysilane (APTMS) for 3 hours to functionalize the glass surface
with amine groups. After rinsing with ethanol and drying in the oven, the probe was dipped in
the solution of LS functionalized AuNPs for 2 hours. This resulted in the formation of a film
of LS functionalized AuNPs on the decladded fiber surface. Finally, the probe was rinsed with
de-ionized water and dried in the oven for 30 minutes. The AuNPs coated U-shaped optical
fiber probe is depicted in Fig. 5.3(a). The thickness of the gold nanoparticle coated probe and
the surface morphology of the coated region were analyzed using a Field Emission Scanning
Electron Microscope (FESEM) (Zeiss, Sigma 300). Fig. 5.3(b) depicts the image of a section
of AuNPs coated U-shaped optical fiber. An average diameter in this is observed to be ~600.085
um, which establishes an average thickness of the AuNPs filam as ~42.5 nm. Fig. 5.3(c) shows
the surface morphology of the deposited AuNPs film. The image illustrates not only a high

density but also uniform coating of the AuNPs on the decladded fiber surface.
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Figure 5.3: (a) AuNPs coated U-shaped probe, (b) FESEM image of the centrally decladded region of the fiber
carrying LS functionalized AuNPs coating, (¢) FESEM pattern of surface morphology of the LS functionalized
AuNPs coated region.

To investigate the response characteristics of the sensor, similar procedures were followed

as discussed in Chapter 2. During the experiment As>" concentrations were varied from 0-30

ppb.

5.3 Result and discussion

5.3.1 Response of the proposed LSPR optical fiber sensor towards As** ions detection

The proposed sensor utilizes the localized surface plasmon resonance technique employing LS
functionalized AuNPs as the sensing material, synthesized onto the U-shaped optical fiber
probe. LS functionalized gold nanoparticles are coated over the core of the U-shaped sensing
region of the optical fiber to induce LSPR. To examine the performance characteristics of the
proposed sensor, outputs from the sensor were monitored in real-time while exposing it to
solutions with varying concentrations of As>" (0-30 ppb). Fig. 5.4 depicts the resulting LSPR
spectra. Notably, the figure reveals a significant red shift in the dip resonance wavelength,
accompanied by an increase in transmittance as the concentration of As*>* rises. This can be
understood as following: when the sensor is exposed to varying concentrations of As** ions,
the As®" ions gets adsorbed onto the electronegative sulphur atoms present on the LS
functionalized AuNPs surface. The adsorption of the As** ions increases the refractive index of
the surrounding medium of the gold nanoparticles. This leads to the observed red shift of the
resonance wavelength of the LSPR spectrum. To gain deeper insights, the sensor response was
analyzed by plotting the dip resonance wavelength corresponding to the applied As**
concentration as shown in Fig. 5.5. As depicted in the figure, the proposed sensor exhibits a
linear response within the range of 0-30 ppb As** concentration, with a high sensitivity of
0.3073 nm/ppb. To determine the effect of functionalization of AuNPs onto the sensor
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performance, an optical fiber sensor coated with pure AuNPs sensing film was also

characterized for arsenic ion detection. For comparative analysis, the responses of the pure

AuNPs coated probe along with the LS functionalized AuNPs coated probe is also plotted in

Fig. 5.5. As can be observed from the figure, sensitivity for pure AuNPs is 0.0168 nm/ppb. This

shows that the proposed sensor exhibits much higher sensitivity, which is over 18.29 times

higher in comparison to the sensitivity observed for pure AuNPs coated optical fiber sensor.
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Figure 5.5: Experimentally observed sensor responses of LS functionalized AuNPs coated probe and pure AuNPs

coated probes.

This can be understood as following: when the concentration of As** ion is varied within the

range of 0-30 ppb, there is negligible change in the refractive index of the solution. As a result,

TH-3783_206121103

87



the pure AuNPs coated probe exhibit only a negligible shift in their resonance wavelength when
exposed to these varying concentrations of As** ions. In contrast, when the LS-functionalized
AuNP sensing probe is exposed to varying concentrations of As** ions, a different behaviour is
observed. While the refractive index of the surrounding medium remains largely unchanged;
however, the high binding affinity of the electronegative sulfur atoms in lauryl sulfate for the
electropositive As*" ions facilitates the adsorption of As*" ions onto the surface of the LS-
functionalized AuNP film. This adsorption significantly increases the local refractive index
around the AuNPs, leading to a pronounced red shift in the resonance wavelength of the LSPR

spectrum compared to that observed in pure or non-functionalized AuNPs coated probe.

5.3.2 Limit of detection for the sensor

As discussed earlier, the limit of detection (LOD) is another critical figure of merit when
evaluating the performance characteristics of a sensor. The LOD for the optimized sensor is
observed to be 0.06 ppb. This achieved LOD is significantly lower (~166.66 times) than the
maximum permissible limit set by WHO for arsenic ions in drinking water (10 ppb). This
indicates that the proposed LSPR sensor can detect arsenic ions at concentrations well below
the regulatory threshold, making it a highly promising tool for ensuring the safety of drinking

water.

5.3.3 Reusability, reversibility and response time of the sensor

Repeatability/reusability and reversibility are other important parameters in evaluating the
performance of the sensor. To determine these characteristics, the sensor was tested by
exposing it to the minimum (5 ppb) and maximum (30 ppb) concentrations of As*" ions.
Initially, the sensor was exposed to a 5 ppb As*" ion solution in the flow cell, and the
corresponding LSPR spectrum was recorded. The solution was kept in the flow cell for 1
minute and the LSPR spectrum was recorded again. After removing the 5 ppb solution from
the flow cell, the sensor was thoroughly cleaned with deionized water to ensure no trace of As**
ions remained onto the sensor. The sensor was then exposed to a 30 ppb As*" ion solution, and
the LSPR spectrum was recorded again at an interval of 1 min, completing one cycle of
evaluation. To test repeatability, the 5 ppb solution was reintroduced into the flow cell, and the
results were compared to the initial measurements. This entire cycle was repeated multiple

times, typical response of the sensor for 3 cycles is presented in Fig. 5.6(a). As can be observed
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from the figure, the resonance wavelength remained consistent for each measurement at the

lower concentration of the As®>* ion solution in various cycles. This indicates that no residual
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Figure 5.6: (a) Repeatability and reversibility test for the proposed optical fiber LSPR sensor against cyclic
variation of As®" ion concentration. (b) Response time (during the variation from air to 30 ppb As3") for the
proposed optical fiber LSPR sensor.

As* ions were left onto the sensor after the higher concentration of As** ion solution was
removed. The figure demonstrates that the sensor produces consistent results during both the
forward (5 ppb to 30 ppb) and backward (30 ppb to 5 ppb) change in As*" ion concentration.
This confirms the highly repeatable and fully reversible nature of the proposed sensor.

The speed of detection is another crucial parameter for evaluating the sensor performance.
Achieving a fast response time being significantly important for a sensor. To determine the
response time of the proposed sensor, the resonance wavelength of the LSPR sensor was
measured before and after introducing a 30 ppb As*" ion solution into the flow cell. LSPR
spectra were recorded after every 0.1 sec, and the corresponding resonance wavelength values
were determined. The results of these measurements are shown in Fig. 5.6(b), where the
resonance wavelength values are plotted against time. From the figure it can be observed that
before the As** solution was introduced, the resonance wavelength remained constant as the
sensor was exposed to air. Once the As*" ion solution entered the flow cell, the resonance
wavelength exhibited an initial red shift, gradually stabilizing after about 0.5 sec. This
establishes a response time of 0.5 seconds for the proposed sensor, demonstrating its rapid

detection capability.
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5.3.4 Selectivity of the sensor

Selectivity of the proposed sensor is evaluated, which is another very important parameter of
a sensor performance. The selectivity of the sensor was evaluated by testing it with various
heavy metal ions, commonly found in groundwater such as Sn>*, Cu?**, F-, Fe’", Hg*", Pb*",
Cd**, Mg?*', Ni**, Co*", and Zn?". These heavy metal ions could potentially interfere in the
detection of As>". The concentration of each ion was kept constant at 10 ppm, except for As>*
which was tested at a very lower concentration (~333.4 times) of 30 ppb. The sensor probe was
immersed in each solution, and the corresponding LSPR spectrum was observed using the same
experimental setup used for detecting arsenic ions. The shift in the resonance wavelength is
determined for the change in the concentration of each heavy metal ions from 0 to 10 ppm. As
demonstrated in Fig. 5.7, the sensor exhibited a significantly higher shift in the resonance
wavelength corresponding to arsenic ions compared to any of the other ions tested even at a
lower concentration as low as 30 ppb. This can be attributed to the surface modification of
AuNPs with LS, which increases its adsorption capability for As*" ions. This observation
confirms the sensor's high selectivity towards As®* ions, highlighting its potential application

in detecting arsenic in real field.
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Figure 5.7: Comparison of the resonance wavelength shift of the proposed optical fiber LSPR sensor with
different heavy metal ions.

5.3.5 Stability and reliability of the sensor

Stability and reliability are other essential parameters for effective As®" detection. To

thoroughly examine these aspects, the proposed sensor underwent comprehensive short-term
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and long-term performance testing. To examine the sensor’s short-term stability, the LSPR
spectrum was recorded continuously at every minute for 16 minutes at three different As>* ion
concentrations (5 ppb, 15 ppb, and 30 ppb) separately. The observed results are shown in Fig.
5.8. The standard deviations of the resonance wavelength measured to be £0.0180 nm, £0.0166
nm, and +0.0194 nm for 5 ppb, 15 ppb, and 30 ppb concentrations, respectively. Therefore,
maximum resolution of the sensor for As** detection is observed to be £0.063 ppb, confirming

the sensor's high stability and accuracy in detecting As>* ions.
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Figure 5.8: Short term stability test: Continuous resonance wavelength for 16 minutes at Sppb, 15ppb and 30ppb
As*" concentration.
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Figure 5.9: Repeatability and reliability test: Resonance wavelength on four different days at Sppb, 15ppb and
30ppb As*" concentration.

For long-term stability or reliability test, the developed optical fiber As** ion sensor underwent

testing on four different days with an interval of 5 days at three different As** concentrations
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(5 ppb, 15 ppb, and 30 ppb) in a span of 18 days. The observed results are shown in Fig. 5.9.
Notably, it can be observed from the figure that the maximum variation in the resonance
wavelength of the developed As®" optical fiber sensor is less than 0.006% of the resonance
wavelength recorded on the first day. This result highlights the excellent repeatability and
reliability of the developed optical fiber As** sensor.

5.3.6 Detection of Arsenic ion in real sample and validation of the sensor

Table 6: As*" ion concentration from different real water samples using ICPMS analysis and proposed optical
fiber sensor.

Arsenic (As®*) Arsenic (As®)
Real water Sample concentration concentration optical ~ RPD RPD%
ICPMS fiber sensor

Drinking water 0.98 ppb 0.97 ppb 0.003 0.34

Tap water 1.24 ppb 1.18 ppb 0.047 4.77

Near mill water 20.1 ppb 20.15 ppb 0.002 0.26
Brahmaputra river city side 6.96 ppb 6.91 ppb 0.006 0.60
Brahmaputra river I T side 4.2 ppb 4.20 ppb 0.005 0.05

To evaluate the commercial applicability of the proposed sensor, experiments were conducted
using real drinking water samples. Water samples were collected from various drinking water
sources in Guwahati, Assam, India. These included water samples from drinking water within
Indian Institute of Technology (IIT) Guwabhati, tap water from the neighboring locality, water
from a location near a mill in Guwabhati city, samples from the Brahmaputra River taken both
from the IIT Guwahati side and the city side. In order to verify the accuracy of As®" ion
detection by the proposed optical fiber sensor, results obtained from analyzing various real
drinking water samples using the proposed optical fiber sensor were compared with the data
obtained using the established inductively coupled plasma mass spectrometry (ICPMS)
method. Prior to analysing the real water samples, they were diluted with 5% HNOs, a
necessary preparation step for ICPMS analysis. This dilution ensures the stability of the
samples during the measurement process. After this step no further water treatment was done.
The experimental results, presented in Table 6, show a strong correlation between the As3*
concentrations measured by the standard ICPMS (Agilent, 7850) method and those detected
by the proposed optical fiber sensor. Additionally, the relative percentage difference (RPD) was

also calculated, which is an accuracy measure of the proposed sensor. The smaller the RPD
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value, the greater is the accuracy of the proposed method in comparison to the established
method [93]. As can be observed from Table 6, calculated RPD values are under 5%,
demonstrating close agreement between the outcomes of the two methods. These findings
strongly validate the proposed optical fiber LSPR sensor as a reliable, straightforward, and

cost-effective alternative to conventional methods like ICPMS for detecting As® ions in real

field.

5.4 Conclusion

A highly sensitive and selective U-shaped optical fiber arsenic ion sensor based on LSPR is
developed employing lauryl sulfate-functionalized gold nanoparticles as the sensing material.
The sensor demonstrates a linear relationship between arsenic ion concentration and LSPR
wavelength shift in the 0-30 ppb range, with a high sensitivity of 0.3073 nm/ppb for As*" ions.
It shows excellent selectivity for arsenic over other heavy metals and achieves a remarkably
low detection limit of 0.06 ppb, which is significantly below the WHO's recommended limit
for arsenic ion in drinking water. Additionally, the sensor responds rapidly, with a fast response
time of 0.5 sec. Moreover, the sensor exhibits high degree of repeatability, stability, reusability,
and reliability. Further, when the sensor is tested with real water samples, the results closely
align with those from the standard ICPMS method, confirming its accuracy. Moreover, it is
evident that, the reported sensor achieves an enhanced sensitivity, an even lower LOD (1.5
times) while maintaining the same response time, high selectivity, stability, repeatability and
reliability in comparison to the sensor reported in chapter 4. Thus, this sensor offers a reliable,

cost-effective, and straightforward approach to arsenic ion monitoring in real field applications.
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Chapter 6 : Novel Optical Fiber Sensor for Explosive
(Trinitrophenol) Detection

6.1 Introduction

Detecting explosives accurately has emerged as a critical concern given the escalating instances
of explosive deployment in terrorist activities. The constituents of many industrial explosives
predominantly include nitroexplosives like 1,3,5-Trinitrol,3,5-triazinane (RDX), 2.4,6-
Trinitrotoluene (TNT), and compounds such as Trinitrophenol (TNP), also recognized as picric
acid (PA), 2,4-Dinitroanisole, 2,4- Dinitrotoluene (DNT), and 4-Nitrotoluene (NT). Among
these, TNP stands out as one of the most powerful explosives and is extensively used in
landmines over several decades. TNP is a very powerful explosive, even stronger than TNT
[46]. Furthermore, TNP is highly soluble in water, and extremely toxic, even at trace
concentrations. Its high solubility poses a serious threat to soil and groundwater, increasing the
risk of human exposure through indirect means. Such exposure can result in health issues like
cyanosis, anemia, cancer, and eye and skin irritation [47]. Despite these adverse effects, TNP
continues to be used in various industries, such as pharmaceuticals, leather, and dye industries.
Regulatory standards like the "surface water environmental quality standards" (GB3838-2002)
have set a strict maximum allowable TNP concentration in water at 0.5 mg/L (ppm) [113],
highlighting the importance of precise detection methods for TNP in aqueous environments.
Effective strategies for detecting trace amounts of TNP are vital for environmental safety and
security, particularly in identifying unexploded landmines. The development of highly
selective sensors capable of detecting TNP at low concentrations is crucial for safeguarding
both environmental and public health. However, selectively detecting TNP remains a
significant challenge due to its electron-deficient nature, which it shares with other nitro
explosives and phenolic contaminants. Therefore, there is an alarming need for developing

efficient, selective sensors for TNP detection in water.

Various analytical techniques exist for analyzing nitro explosives such as TNP, including
high-performance liquid chromatography [49], surface enhance Raman spectroscopy [50],
mass spectrometry [51], Raman scattering [52], colorimetry [53], [54] and electrochemical
analysis [55]-[57] etc. These techniques are highly accurate. However, they have drawbacks
such as they are complex, expensive, less sensitive, time-consuming, and require skilled
personnel, which limits their widespread use. In contrast, fluorescent probes have emerged as

a promising alternative for nitro explosive detection due to their simplicity, rapid response,
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portability, easy sample preparation and high sensitivity. Therefore, this field has caught the
attention of researchers and hence several fluorescent sensors for TNP have been reported. For
example, as discussed in Chapter 1 from references [48 — 63]. Nevertheless, these fluorescent
probes do have limitations, including fluorescence quenching in response to TNP which inturn
makes them non-reusable, selectivity issues, and challenges in on-site detection applications.
The primary unresolved challenge in this field is the remote detection of trace amounts of
explosives, such as landmines, which remains exceptionally difficult. To address this challenge,
optical fiber sensors have emerged as a promising alternative for explosive detection. These
sensors offer advantages such as high sensitivity, remote sensing capability, immunity to
electromagnetic interference, multiplexing, real-time detection, ease of use, cost-effectiveness,
and suitability for field applications. Only two optical fiber based fluorescence TNP sensors
are reported so far. For instance, as discussed in Chapter 1 from references [77, 78].
Nevertheless, these sensors did not show reusability and also there is a very high scope of
improving the detection limit further. So, there is a significant need for developing an optical
fiber sensor that is simple, exhibits a very low detection limit, high selectivity, optimal

sensitivity, reusability, and fast response and recovery time for real-field applications.

The main objective of the research reported in this chapter, is to develop an optical fiber TNP
sensor with high sensitivity, very low limit of detection, highly selective and fast response and
recovery times by employing simplest optical fiber sensing configuration. To achieve this, the
sensor employs a novel polymer, PFTPA film, as a sensing cladding over the centrally
decladded region of a straight and uniform plastic-clad silica (PCS) multimode optical fiber.
Proposed sensor exploits intensity modulation through evanescent wave absorption — one of
the simplest techniques for developing optical fiber TNP sensor. For the first time in the best
of author’s knowledge an optical fiber TNP sensor employing evanescent wave-based intensity
modulation scheme is reported. Rigorous experimental investigations are carried out to
establish the response characteristics of the proposed sensor. The sensor exhibits a linear
response in the range of 0-50 parts per billion (ppb) with a remarkable limit of detection (LOD)
of 1.06 ppb. Even after testing the sensor for over 18 days, the sensing characteristics remained
unchanged. This demonstrates the stability and reliability of the proposed optical fiber sensor,
which has the potential to be utilized in various applications that require accurate and precise
TNP detection. The sensor also shows high selectivity towards TNP. These significant findings

underscore the sensor's potential as an efficient, user-friendly, and cost-effective solution for
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real-world TNP detection, particularly in aqueous environments. In summary, the proposed
optical fiber sensor provides a direct and simple approach to TNP detection, contributing to the
critical need for reliable counterterrorism measures and addressing environmental health

concerns.

6.2 Experiment

6.2.1 Synthesis of the polymer (PFTPA)

A novel polymer, named PFTPA, was successfully derived from the monomer FTPA (F
indicates Fluorene and TPA indicates Triphenyl amine) through Stille coupling reaction with a
yield of 70%. For that three monomers: FTPA (50 mg, 0.076 mmole), 2,5-bis (trimethylstannyl)
thiophene (62 mg, 0.152 mmole), and FMI (F indicates Fluorene and MI indicates Methyl
imidazole) (62 mg, 0.076 mmole) were combined in a Schlenk tube equipped with a condenser
and an argon inlet. Then the mixture was made inert by degassing and purging with Argon.
Subsequently, 5 mg of the catalyst Tetrakis (triphenylphosphine) palladium (Pd(PPhs)4) was
added in inert condition. A solution containing a mixture of Dimethylformamide (DMF) and
Toluene in a 1:3 ratio was introduced into the reaction mixture. The resulting solution was
stirred at a temperature of 110°C for a duration of 30h while maintaining the inert condition.
Thereafter, the mixture was cooled down to room temperature and the final product was
extracted with Chloroform (CHCl3) and water. The organic layer was subsequently dried and
underwent further purification through repeated precipitation in ether and methanol. Upon
completion of the purification process, 100 mg of the polymer PFTPA was obtained with a
yield of 70%. The resulting polymer exhibited a reddish-brown color as shown in Fig. 6.1(a),
and the inset of Fig. 6.1(a) shows the structure of the polymer. Also, the FETEM picture of
prepared Polymer PFTPA is taken using Zeiss (Sigma) as shown in Fig. 6.1(b). The FETEM
image depicts the formation of large polymer PFTPA sheets resulting from the crosslinking of
monomers, forming elongated chains, with dimensions typically ranging in the magnitude of a

few microns.

6.2.2 Sensing probe preparation and characterization

To develop the TNP sensor, a plastic cladding silica (PCS) fiber measuring 40 cm in length and
200pum in core diameter was utilized. To ensure optimal performance, the fiber ends were

carefully prepared to be optically flat and perpendicular to the fiber axis. Next, a 3 cm section
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in the middle of the fiber was decladded, and this exposed section was precisely cleaned using
soap solution, followed by rinsing with de-ionized water, and finally, cleaning with acetone to
ensure a pristine surface. In order to explore the impact of the sensing film composition on the
sensor performance, the concentration of polymer PFTPA is varied in the order of 0.5mg/ml,
Img/ml and 1.3mg/ml in Tetrahydrofuran (THF), a commonly used solvent. Subsequently, a
smooth solution was prepared for each concentration. This solution was carefully coated onto
the decladded portion of the fiber using the dip coating method, where the fiber was dipped
into the solution and then slowly withdrawn at a predetermined speed to achieve an even and
uniform coating thickness. In order to investigate the effect of sensing film thickness on the
sensor performance, multiple dip coating (1-dip, 2-dip, 3-dip and 4-dip) was employed to vary

the thicknesses of the sensing film for each film composition.

Figure 6.2: (a) FESEM picture of 3-dip coated fiber and (b) Surface of the coated fiber.

Following the coating process, all of the coated fiber probes were left to dry naturally at room
temperature for a duration of two days. This drying period allowed the solvent to evaporate
gradually, leaving behind a solid and stable sensing layer adhered to the fiber surface. Surface

morphology and the thickness of deposited film were examined by Field Emission Scanning
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Electron Microscope (FESEM) (Zeiss, Sigma 300). Fig. 6.2(a) depicts, as an example, image
of the 3-dip coated sensing region corresponding to film composition Img/ml of polymer
PFTPA in THF of the optical fiber. Average diameter in this region is observed to be ~200.715
pum, which establishes an average thickness of the sensing film as ~ 357.2 nm. Surface
morphology of the deposited sensing film for this probe is depicted in Fig. 6.2(b), which shows
a good degree of uniformity of the polymer PFTPA coated over the fiber. Similarly, the
measured film thicknesses for other dip coatings are ~ 119.17 nm for 1-dip, ~ 239 nm for 2-

dip, and ~ 477 nm for 4-dip coating.

In order to investigate the sensor's response characteristics, extensive experiments were
carried out. For this, the developed optical fiber sensor was fixed within an in-house developed
flow cell in such a way that the sensing region remained at the center of the flow cell, as shown
in Fig. 6.3. Optical output from a UV laser source operating at wavelength 390.26 nm was
coupled to the optical fiber sensor from one end. Whereas the distal end of the fiber was
connected to a photodetector using subminiature version A (SMA) connector. The
photodetector is then interfaced with a computer through data acquisition (DAQ) card and
MATLAB program for real-time monitoring of the fiber sensor’s output. Aqueous TNP
solutions of varying concentrations, ranging from 0 ppb to 50 ppb, were prepared. To
characterize the optical fiber sensor, the output intensity of the sensor was monitored while
exposing it to a TNP solution of fixed concentration. Output intensity data were recorded during
sufficient time in order to let the sensor’s output getting stabilized. Afterwards, TNP solution
was removed, sensor was properly cleaned ensuring no trace deposition of the TNP solution
onto the sensor. Sensor was then exposed to the TNP solution of higher concentration.

Throughout the experiment, temperature was kept constant at 25°C.

Inlet for TNP
— Flow cell
UV-Laser . / -1 Photodetector Microcontroller
Sensing Region . based DAQ
Apear=390.26 nm Outlet for TNP

Figure 6.3: Schematic diagram of the experimental set-up for the characterization of optical fiber TNP sensor.
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6.3 Result and discussion

6.3.1 Response of the proposed optical fiber sensor towards TNP detection

The proposed sensor exploits intensity variation modulation through evanescent wave
interaction with the thin sensing film of polymer PFTPA in the cladding of the fiber. The sensor
employs the simplest and easiest sensing configuration where the sensing film is synthesized
onto the centrally decladded region of the straight and uniform PCS optical fiber. To precisely
assess the effect of film configuration on the sensor performance optimization, a thorough
examination of sensor characteristics by varying the film composition as well as the thickness
of the film were conducted. To do so, composition of the sensing film was varied specifically
at concentrations 0.5 mg/ml, Img/ml and 1.3 mg/ml of polymer PFTPA in THF, and the
thickness of the film was varied by applying 1-dip, 2-dip, 3-dip, and 4-dip coatings successively
for each composition. It is important to note that the concentration of polymer PFTPA in THF
could not be increased beyond 1.3 mg/ml due to solubility constraints. The complex structure
of polymer PFTPA, featuring long chains and a high degree of crosslinking, hindered solvent
(THF) molecules from effectively integrating individual polymer units into the solution beyond
this threshold. It is well-established that the dissolution of polymers relies not only on their
physical properties but also on their chemical structure, encompassing factors such as polarity,
molecular weight, branching, and crystallinity. In order to investigate the response
characteristics of the proposed sensor, various aqueous solutions of TNP with different
concentrations ranging from 0-50ppb were prepared. The corresponding optical fiber output
intensity was recorded while exposing the sensor to varying TNP concentration solutions. The
response characteristics for all the sensors with varying film thicknesses for each varying film
composition were studied. For example, in case of film composition 1mg/ml the thickness is
varied by multiple dip coatings. It's worth noting that since the films in each case were prepared
from the same solution composition, any disparities in sensitivity should be attributed solely to
differences in film thickness. To explicitly observe this effect, the response characteristics of
the sensing probe was determined by plotting the fiber sensor output intensity against varying
concentrations of TNP for each probe. Fig. 6.4 depicts the effect of varying film thickness for
the film composition of 1mg/ml polymer PFTPA in THF concentration, while increasing the
TNP concentration from 0-50 ppb. Similar responses were observed while decreasing the TNP
concentration. The results indicate that the fiber sensors output intensity decreases as

concentration of TNP increases in each case. The phenomenon can be explained as follows:
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Figure 6.4: Experimentally observed sensor response corresponding to film composition 1mg/ml with different
film thicknesses (1-dip, 2-dip, 3-dip and 4-dip).

The sensing film (PFTPA) contains a positively charged receptor that interacts with negatively
charged TNP molecules. Consequently, an increase in the concentration of TNP leads to
enhanced adsorption of TNP molecules onto the receptor film. This, in turn, causes the
refractive index of the cladding in the sensing region to increase. As a result, the guided power
leaks to the cladding modes, leading to a corresponding intensity modulation. All sensors with
different film thicknesses exhibited a linear response within the 0-50 ppb TNP concentration
range. The 1-dip coated sensor shows a sensitivity of 0.0008/ppb TNP concentration.
Increasing the film thickness from 1-dip to 2-dip enhances the sensitivity to 0.0019/ppb TNP
concentration, representing ~2.37 times increase compared to the one-dip coated sensor.
Moreover, increasing the thickness from 2-dip to 3 dip enhances the sensitivity to 0.0032/ppb
TNP concentration, about 1.57 times higher than the sensitivity of the two-dip coated sensor.
However, extending the thickness from 3-dip to 4-dip does not follow this trend. As the film
thickness goes from 3 to 4-dip, the sensor's sensitivity no longer improves and instead decreases
to ~0.0012/ppb TNP concentration. Thus, the 3-dip coated sensor exhibits the highest
sensitivity. This confirms the existence of an optimum film thickness for the 3-dip coated
sensor. The following reasons can be attributed to the observation of optimum film thickness.
In the case of 1-dip and 2-dip coatings, the film thicknesses were notably smaller than the
penetration depth of the evanescent wave, which is typically of the order of the wavelength of
the light source, approximately ~390.26 nm in this scenario. Consequently, there were fewer
positively charged receptors available on the sensing cladding comprising polymer PFTPA, to

interact with TNP molecules. As the TNP concentration increased, negatively charged TNP
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molecules could only interact with a limited number of receptors. Thus, the adsorption of TNP
molecules onto the receptor film was limited. This resulted in restricted absorption of the
optical power carried by the evanescent field in the sensing region, leading to a lower
sensitivity. The thickness of the sensing film in the 3-dip coated probe increased significantly
but remained slightly lower than the penetration depth. The increased thickness accommodated
more receptors and hence, more TNP molecules that are adsorbed onto the receptors within the
sensing film, filling up to the entire width of the evanescent wave. This facilitates optimum
exploitation of the optical power available in the evanescent field, and hence, optimum optical
absorption in this case, leading to a higher sensitivity compared to 1-dip as well as 2-dip coated
probes. The thickness of the sensing film corresponding to 4-dip coated probe was greater than
the penetration depth of the evanescent wave. Increased thickness resulted in the hindrance for
the TNP molecules to penetrate deeper into the sensing PFTPA film, that is close to the core-
sensing-clad interface. Thus, TNP molecules that are adsorbed onto the receptors were limited
within the range of (or, volume of the sensing film spanned by) the evanescent wave. This
resulted in the reduced absorption of the optical power carried by the evanescent field in the
sensing region, and hence, substantially lesser sensitivity. Therefore, an optimum film
thickness of 3-dip is observed for the film composition of 1mg/ml polymer PFTPA in THF.
Likewise, the impact of film thickness on the sensor's performance was investigated for the
other two film compositions (0.5 mg/ml and 1.3 mg/ml polymer PFTPA in THF) as well. In all
the cases, the 3-dip coated sensor exhibited the best response characteristics, regardless of the

film composition

Furthermore, to observe the sensor response with varying film composition, the sensor
responses corresponding to 3-dip coating of all three film compositions were plotted in Fig.6.5.
From the figure it can be observed that all the sensors corresponding to different film
composition shows a linear response in the range of 0-50 ppb TNP concentration. The sensor
with film composition of 0.5 mg/ml of polymer PFTPA in THF show a sensitivity of 0.0014/ppb
TNP concentration. Increasing the polymer PFTPA concentration in THF from 0.5mg/ml to
Img/ml enhances the sensitivity to 0.0030/ppb TNP concentration, which is ~2.14 times higher
than the sensitivity of the sensor with film composition of 0.5mg/ml. Further increasing the
polymer PFTPA concentration in THF from 1 mg/ml to 1.3 mg/ml increases the sensitivity to
0.0032/ppb TNP concentration, which is ~1.06 times higher than the sensitivity of the sensor

with film composition of 1 mg/ml. The increase in sensitivity with the rise in polymer PFTPA
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concentration in THF can be attributed to the greater amount of polymer PFTPA in the sensing
film, resulting in more receptors available to interact with TNP molecules. This induces a more
significant change in the refractive index of the cladding in the sensing region, leading to
increased leakage of the guided power to the cladding modes. Consequently, there is a higher
modulation in the output intensity of the optical fiber. Therefore, the film thickness
corresponding to the three-dip coated probe for 1.3 mg/ml concentration of polymer PFTPA in
THF (concentration cannot be increased further due to solubility issue of the polymer PFTPA),
which is approximately equal to the penetration depth, represents the optimum film
composition. This condition results in maximum evanescent wave interaction, leading to

maximum sensitivity.
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Figure 6.5: Experimentally observed sensor response corresponding to 3-dip coating with different film
compositions (0.5mg/ml, 1mg/ml, and 1.3mg/ml).

6.3.2 Limit of detection of the sensor

Apart from sensitivity, the performance of the sensor is also evaluated based on its ability to
detect the minimum analyte concentration, known as the limit of detection (LOD). It was
calculated the way discussed in chapter 2. The LOD for the optical fiber sensor with optimized
configuration is determined to be 1.06 ppb.

6.3.3 Repeatability, reversibility and response time of the sensor

In addition to sensitivity and LOD, the speed of detection is a very critical parameter to evaluate

the performance of a sensor. A TNP sensor with rapid response and recovery times, along with
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reversible response characteristics holds significant importance. Thus, the dynamic
performance, repeatability and reversibility characteristics of the proposed sensor were
investigated by exposing the sensor successively to air, 10 ppb TNP concentration, air, 50 ppb
TNP concentration and again air. This cyclic exposure between air, low concentration of TNP
(10 ppb) and high concentration of TNP (50 ppb) was repeated multiple times, and the
corresponding fiber output intensity variations in real time were recorded, as illustrated in Fig.
6.6. As depicted in the figure, the fiber sensor output changes instantly and smoothly during
both forward and reverse TNP concentration changes, without any hysteresis, indicating a
completely reversible response of the proposed sensor. Zoomed views of a single cycle during
exposure to air to 50 ppb and then 50 ppb to air are presented in Fig. 6.7(a) and Fig. 6.7(b). It
can be observed from the figures that the sensor exhibits a fast response time and recovery time

of 2 seconds. Identical response and recovery times are observed for other cycles as well.
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Figure 6.7: Time response of the developed sensor for cyclic variation of TNP concentration.
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Figure 6.6: (a) Response time (during the variation from air to 50 ppb), (b) Recovery time (during the variation
from 50 ppb to air).
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Further, in order to test the reversibility and repeatability of the proposed TNP sensor in real-
world conditions, where the sensor may encounter higher TNP concentrations, the sensor's
dynamic performance, reversibility, and repeatability were re-evaluated. This involved
exposing the sensor to a significantly higher concentration of TNP, specifically 100 parts per
million (ppm). For that, the time response of the sensor is investigated by exposing the sensor
successively to air, 10 ppb TNP concentration, air and then finally 100 ppm TNP concentration.
This cyclic variation from air, low TNP concentration (10 ppb) to much higher TNP
concentration (100 ppm) is repeated several times and the fiber output intensity in real-time
were recorded as depicted in Fig. 6.8. Notably, the sensor exhibited a completely reversible and
repeatable response even at the much higher concentration of TNP (100 ppm), without any
hysteresis. Furthermore, the sensor's response time and recovery time during the transitions
from air to 100 ppm TNP concentration and from 100 ppm TNP concentration to air were
evaluated. For that, the sensor demonstrated an average response and recovery time of 3 s. This
marginal increase in the response and recovery times from 2 seconds (for the transition from
air to 50 ppb TNP concentration) to 3 seconds (for air to 100 ppm concentration) is negligible

when compared to the change in TNP concentration, which is of the order of 10*,
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Figure 6.8: Time response of the developed sensor for cyclic variation of TNP concentration (from air, 10 ppb to
100 ppm).

6.3.4 Comparison of the response characteristics of the fiber

Next, the response characteristics of the proposed sensor are compared with other TNP sensors
reported in the literature using various sensing schemes. Table 7 provides details of the limit of

detection (LOD) for comparative analysis along with response and recovery times. Notably,
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most of the reported sensors employ non-optical fiber based fluorescence sensing (NOF) like
[48]-[63]. Only two sensors, [77] and [78], utilize optical fiber based fluorescence sensing,
while other sensing methods include electrochemical sensing ([55]-[57]) and colorimetric
sensing [54]. As can be observed from the table, among all the reported works, [58] showcases
the lowest LOD. Nevertheless, the proposed optical fiber TNP sensor significantly outperforms
all the reported sensors by demonstrating the lowest LOD of 1.06 ppb. This achieved LOD is
~11.01 times lower than the LOD reported in [58]. Additionally, it's noteworthy that among
these reported sensors, only [58] provides information regarding response time (i.e., 10 s),
while none of the other sensors offers details on response and recovery time, which are crucial
parameters for a sensor. Furthermore, the proposed sensor notably stands out by demonstrating
a fast response and recovery time of 2 seconds, which is ~5 times lower than the response time

reported in [58].

Table 7: Response comparison of the sensor with other TNP sensors utilizing different sensing techniques.

Ref Sensing TEHIE Limit (zrf) I]i)e)‘cection Respo(rse time Recov(esgy time
[54] Colorimetric and 2291 and 32074 - -
Fluorescence (NOF)
[55] Electrochemical 123.71 - -
[56] Electrochemical 8934.9 - -
[57] Electroanalytical 922.56 - -
[48] Fluorescence (NOF) 20 - -
[58] Fluorescence (NOF) 11.68 10 -
[59] Fluorescence (NOF) 12.83 - -
[60] Fluorescence (NOF) 228 - -
[61] Fluorescence (NOF) 2291 - -
[62] Fluorescence (NOF) 155.78 - -
[63] Fluorescence (NOF) 75.6 - -
[77] Fluorescence (OF) 5700 - -
[78] Fluorescence (OF) 25 - -
This work Evanescent wave based 1.06 2 2

Intensity modulation

6.3.5 Selectivity of the sensor

Selectivity of the sensor is another very important parameter of a sensor. To test the selectivity

of the proposed optical fiber TNP sensor, experiments were performed by testing the optimized
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sensor with various other nitro-explosives, including RDX, 4-NT, 2,4-DNT, 1,3-DNB, 2.4-
DNP, and 2,6-DNT. The concentration of each nitro-explosive was kept constant at 10 ppm.
The sensor probe was immersed in each solution, and the corresponding fiber sensor output
was observed using the identical experimental setup employed for TNP detection. The shift in
the fiber sensor output intensity were determined for the change in the concentration of each
nitro-explosive from 0 to 10 ppm, with the exception of TNP, which was tested at 50 ppb. Fig.
6.9 depicts the shift in fiber sensor output intensity for all the nitro-explosives. As evident from
the figure, the sensor exhibits a significantly higher shift in fiber output intensity for TNP compared

to all the other nitro-explosives tested, even at a concentration as low as 50 ppb.
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Figure 6.9: Comparison of the shift in fiber sensor output with different nitro-explosives.
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Figure 6.10: Comparison of the shift in fiber sensor output with different heavy metal ions.
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Furthermore, to address potential interference from common chemicals e.g., metal ions in
aqueous environments, the sensor's selectivity was tested against various metal ions, including
As3+, Hg2+, Fe3+, Pb2+, Cu2+, F-, Sn2+, Co2+, Na+, and Cr3+. The fiber sensor output was
observed for each metal ion solution at a constant concentration of 10 ppm using the same
experimental setup. Fig. 6.10 shows the shifts in fiber sensor output intensity, demonstrating
that the sensor depicts a significantly higher response for TNP compared to all the tested metal
ions, even at 50 ppb. These results underscore the sensor's remarkable selectivity for TNP,

highlighting its potential application in detecting TNP in real field.

6.3.6 Short term and long-term stability or reliability of the sensor
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Figure 6.11: Short term stability test: Continuous fiber sensor output for 20 minutes at SOppb, 30ppb and 20ppb
TNP concentration.
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Figure 6.12: Long term stability and repeatability test: Fiber sensor output on four different days at 50ppb, 30ppb
and 20ppb TNP concentration.
108

TH-3783_206121103



Stability, repeatability and reliability are other very important parameters for TNP detection.
Therefore, comprehensive short-term stability and long-term stability or reliability tests were
conducted for the proposed sensor. In order to determine the sensor's short-term stability, the
variation in fiber sensor output was continuously recorded over a period of approximately 20
minutes while subjecting the sensor to three distinct TNP ion concentrations (10 ppb, 30 ppb,
50 ppb). The results depicted in Fig. 6.11 conclusively indicate that the sensor exhibits a high
level of stability. The standard deviations in the fiber output intensity are observed to be +
0.00094, £ 0.00079, + 0.0008 respectively, at 10 ppb, 30 ppb and 50 ppb TNP concentrations.
Hence, maximum resolution of the sensor for TNP detection is observed to be + 0.294 ppb TNP
concentration, which indicates the excellent stability and accuracy of TNP detection. For the
long-term stability or reliability test, the developed optical fiber explosive sensor underwent
testing on four different days with an interval of 4, 5 and 5 days, spanning a total of 18 days.
Fig. 6.12 displays the proposed optical fiber sensor output corresponding to three different TNP
ion concentrations (10 ppb, 30 ppb, and 50 ppb) observed over the course of these 18 days.
Notably, it can be observed from the figure that the maximum variation in output of the
developed TNP fiber sensor is less than 0.19%, compared to the first day at all three TNP
concentrations. This result underscores the excellent repeatability and reliability of the

developed optical fiber TNP sensor.

6.3.7 Temperature Cross-sensitivity of the Sensor
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Figure 6.13: Fiber sensor output corresponding to varying temperatures at 10ppb, 30ppb and 50 ppb TNP
concentration.
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Further, it is crucial to examine the impact of ambient temperature fluctuations on the sensor’s
performance for real-field applications. As the sensor is developed to detect the explosive
(TNP), it becomes specially crucial in this case to understand the impact of the ambient
temperature variations. To study this, the sensor was placed in solutions with three different
TNP concentrations (10 ppb, 30 ppb, and 50 ppb) maintained at ~80°C. The fiber output was
measured at 10°C intervals as the water naturally cooled to room temperature. Additionally,
the sensor was tested at 20°C and 10°C for the same concentrations. The thermal response is
shown in Fig. 6.13. The standard deviations in fiber output intensity were £0.00022, +0.00048,
and £0.00066 for 10 ppb, 30 ppb, and 50 ppb TNP concentrations, respectively. These very low
temperature cross-sensitivities indicate that the sensor is highly temperature-independent,
making it suitable for real-field applications where continuous ambient temperature changes

are inevitable.

6.3.8 Real sample testing

Table 8: Determination of TNP in real water samples.

Samples TNP added (ppb) TN(l;It)"gl)md Recovery (%) RSD (n=3) (%)
5 5.07 101.56 0.022
Brahmaputra
25 25.33 101.33 0.04
River Water
50 49.23 98.46 0.016
5 496 99.35 0.015
Drinking
25 25.29 101.19 0.052
Water I[IT
50 49.43 98.87 0.023
5 5.08 101.72 0.028
Near Mill
25 2537 101.49 0.016
Water
50 49.21 98.42 0.022
5 5.14 102.94 0.001
Tap Water 25 25.21 100.87 0.026
50 49.22 98.45 0.008
5 5.08 101.79 0.029
Well Water
25 2497 99.89 0.01
50 49.58 99.16 0.033

Lastly, to verify the applicability of the proposed sensor for commercial use, the proposed optical

fiber TNP sensor was tested for detecting TNP in real water samples. For this purpose, water
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samples were collected from diverse real water sources in Guwahati, Assam India. The water
samples included sources like the drinking water within IIT Guwahati, tap water and well water
from the neighboring locality, water from a location near a mill in Guwahati city and sample
from the Brahmaputra River. Upon conducting experiments with the optimized optical fiber
sensor probe, no traces of TNP were detected in any of the collected samples. Consequently, a
recovery test was conducted on real samples spiked with TNP at different concentrations (5
ppb, 25 ppb, and 50 ppb). The results, shown in Table 8, indicated TNP recoveries in the range
of 98.42% to 102.94%. Furthermore, the relative standard deviation (RSD) for three replicate
tests of each sample was below 0.06%. These outcomes affirm the potential of the proposed

optical fiber sensor for effectively detecting TNP in real water sample as well.

6.4 Conclusion

A novel optical fiber explosive (TNP) sensor utilizing evanescent wave based intensity
modulation technique is reported for the first time to the best of author’s knowledge. The sensor
is developed by coating a novel polymer (PFTPA) thin film onto the decladded section of the
optical fiber for selective detection of TNP. The sensor displays a linear correlation between
TNP concentration and the intensity variation within the range of 0-50 ppb and exhibits a
sensitivity of 0.0032/ppb (73.31x10* M. Also, the developed sensor shows a fast response
and recovery time of 2 sec. Moreover, the sensor displays excellent selectivity towards TNP
over other nitro-explosives and exhibits significantly low detection limit of 1.06 ppb.
Additionally, the maximum fiber output variation during the repeatability and reliability test
was observed to be of the order of less than 0.19% only. Thus, this sensor presents a reliable
and straightforward solution for real-world monitoring of TNP. Furthermore, the practicality
of the proposed optical fiber TNP sensor is confirmed by the determination of TNP in real water
samples with recovery range of 98.42% to 102.94%. Although this sensor demonstrated high
sensitivity with very low LOD, there is still further scope of improving the sensitivity and

further lowering the LOD for TNP detection.

The PFTPA-coated evanescent wave fiber sensor demonstrated strong performance with a limit
of detection of 1.06 ppb and excellent stability, making it highly effective for trace-level
detection of TNP. However, compared to LSPR-based designs, only one inherent limitation is
observed. In evanescent wave sensors, light-matter interaction occurs only through the

exponentially decaying evanescent field outside the fiber core, which limits the magnitude of
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intensity variation and consequently the overall sensitivity. By contrast, LSPR-based sensors
exploit localized plasmonic field enhancement at the nanoparticle interface, greatly amplifying
even subtle refractive index variations and enabling much higher sensitivity. This laid the

foundation for the research work discussed in the next chapter.
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Chapter 7 : Highly Selective and Sensitive LSPR based Optical
Fiber Explosive (TNP) Sensor Employing ZnO QDs

7.1 Introduction

The sensor described in Chapter 6 utilizes intensity modulation through the evanescent wave
absorption technique to detect trace amounts of TNP. Very good sensitivity and excellent LOD
(over 11 times better as compared to the best LOD reported in the literature) was achieved. The
quest of achieving further improved response characteristics, especially optimum LOD without
compromising on the nature of the response (selectivity, repeatability, reliability etc.) resulted
in the development of another optical fiber sensor for the detection of trace amount of TNP

which is reported in this chapter.

Proposed sensor reported here, utilizes localized surface plasmon resonance (LSPR)
technique, employing ZnO QDs as the sensing material. Gold nanoparticles (AuNPs) are
employed to induce LSPR, while ZnO QDs are synthesized onto the AuNPs coated fiber core
as the sensing material. Gold nanoparticles (AuNPs) are employed to induce LSPR, while ZnO
QDs are synthesized onto the AuNPs coated fiber core as the sensing film. LSPR is a well-
known sensing technique due to its high sensitivity, simplicity, rapid response, and cost-
effectiveness. This technique exhibits a strong response to changes in localized refractive
index, resulting in a shift in the resonance wavelength [114]. It is important to mention that, for
the first time to the best of author’s knowledge, an optical fiber TNP sensor based on LSPR
technique is reported. Recently, ZnO QDs has been extensively used for biosensing, primarily
due to its high surface to volume ratio. Additionally, they are less expensive, eco-friendly,
biocompatible and less toxic [115]. It is worth mentioning that, ZnO QDs are used for the first
time, to the best of authors knowledge, to realize an optical fiber TNP sensor. Rigorous
experimental investigations are carried out to establish the response characteristics of the
proposed sensor. The sensor exhibits a linear response in the range of 0-50 parts per billion
(ppb) with a remarkable limit of detection (LOD) of 0.19 ppb. The sensor also shows high
selectivity towards TNP. Even after testing the sensor for over 18 days, the sensing
characteristics remained unchanged. This demonstrates the stability and reliability of the
proposed optical fiber sensor. These significant findings establish the sensor's potential as an
efficient, user-friendly, and cost-effective solution for real-field TNP detection, particularly in

aqueous environments. In summary, the proposed optical fiber sensor provides a direct and

TH-3783_206121103



simple approach to TNP detection, contributing to the critical need for reliable counterterrorism

measures and addressing environmental health concerns.

7.2 Experiment

7.2.1 Synthesis and characterization of ZnO quantum dots
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Figure 7.1: (a) XRD image of ZnO QDs, (b) FETEM image of ZnO QDs, (c) Size of the ZnO QDs.

To synthesize ZnO QDs, 140 mmol of Potassium hydroxide (KOH) was dissolved in 80 mL ethanol at
60 °C, followed by reducing the temperature to 4 °C [116]. Subsequently, 100 mmol of zinc
acetate dihydrate (Zn(Ac)2-2H>0) was added to a flask containing a 600 mL ethanol solution
and stirred at 78 °C until dissolved. Then, the KOH solution was added dropwise to the
Zn(Ac)2-2H>0 solution, and the mixture was allowed to react for 30 minutes under continuous
stirring. To provide aqueous stability to ZnO QDs, 1.6 mL of (3-aminopropyl) triethoxysilane
(APTES) and 6 mL of deionized water was added dropwise to the solution. The solution was

then allowed to stir at room temperature for 1 hr. Following this, ZnO QDs precipitated
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gradually. Finally, the precipitate was centrifuged at 6000 rpm for 2 minutes, and washed with
ethanol to remove unreacted precursors. This process was repeated multiple times to remove

unreacted material in the solution.

The structural characterization of synthesized ZnO QDs was conducted using an X-ray
diffractometer (XRD, Rigaku TTRAX III) in Bragg—Brentano geometry, operating at 5 kW
with Cu-Ka radiation (A = 1.5406 A). The XRD spectra is shown in Fig. 7.1(a). In the spectra,
ZnO QD diffraction peaks were observed at 31.6°, 34.46°, 36°, 47.28°, 56.44°, 62.7°, and 68°,
corresponding to the (100), (002), (101), (102), (110), (103), and (112) crystalline planes of
Zn0O QDs, respectively [116]. Further, the size and structural morphology of the synthesized
ZnO QDs were examined by using FETEM. Fig. 7.1(b) displays a typical FETEM image.
While Fig. 7.1(c) showcases the size distribution of the ZnO QD, predominantly ranging from
1.5 to 3 nm, with an average particle size of 2.2 = 0.06 nm. This result confirms the successful

synthesis of ZnO QDs.

7.2.2 Sensor preparation and characterization

LT

TR ekt TN

Figure 7.2: (a) AuNPs coated U-shaped probe, (b) FESEM image of the centrally decladded region of the fiber
carrying AuNPs coating, (¢) FESEM picture of surface morphology of the AuNPs coated region.

A plastic clad silica (PCS) multimode fiber, measuring 40 cm in length and 600 um in core
diameter, was employed to develop the sensing probe. The fiber-ends were prepared to ensure
that they were optically flat and perpendicular to the fiber axis. This is critically important in
order to achieve maximum power coupling efficiency from source to the fiber and fiber to the
detector. Subsequently, a 2.5 cm central section of the fiber was decladded. Then the decladded
section was cleaned with soap solution, de-ionized water, and acetone. Thereafter, the
decladded section of the fiber was carefully bent into a U-shape. Experiments were conducted

only on probes exhibiting uniform core diameter within a perfectly formed U-shaped region.
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The U-bend radius of the resulting sensor probe measuring 2.5 mm, are utilized in this research.
Following this, the sensing probe was coated with AuNPs using the same procedures as
discussed in chapter 2. The AuNPs coated U-shaped optical fiber probe is depicted in Fig.
7.2(a). The thickness of the gold nanoparticle coated probe and the surface morphology of the
coated region were analyzed using a Field Emission Scanning Electron Microscope (FESEM)
(Zeiss, Sigma 300). Fig. 7.2(b) depicts the image of a section of AuNPs coated U-shaped optical
fiber. An average diameter in this is observed to be ~600.08 pm, which establishes an average
thickness of the AuNPs filam as ~40 nm. Fig. 7.2(c) shows the surface morphology of the
deposited AuNPs film. The image illustrates not only a high density but also uniform coating

of the AuNPs on the decladded fiber surface.

600.16 pm

Figure 7.3: (a) FESEM image of the centrally decladded region of the fiber coated with ZnO QDs over the AuNPs
coating film. (b) FESEM pattern of surface morphology of the ZnO QDs coating region.

Afterwards, ZnO QDs film was coated over the probe already coated with AuNPs. For that,
prepared ZnO QDs was first dispersed in distilled water. Then, the U-shaped region of the fiber
was carefully immersed in the ZnO QDs solution and kept at 100°C in an oven. Drying the
probe at 100°C results in the evaporation of distilled water and hence, a uniform ZnO QDs film
was coated on to the U-shaped region of the fiber. In order to investigate the effect of sensing
film composition on the sensor performance, amount of ZnO QDs dispersed in 10ml of distilled
water was varied in the order of 170mg, 200mg, 220mg. Next, all the prepared sensing probes
were kept in a desiccator under partial vacuum for two days to remove the trace of water from
the ZnO QDs film. The surface morphology, nanostructure, and deposited film thickness were
examined using FESEM. For example, Fig. 7.3(a) displays an image of the 200 mg of ZnO
QDs coating over the AuNPs coated sensing region of the optical fiber. In this region, an

average diameter of ~600.155um was observed, establishing the average thickness of the ZnO

116

TH-3783_206121103



QDs sensing film as ~37.5 nm as the gold coating thickness is already determined to be ~40
nm. Similarly, the thickness for the other two film compositions is determined to be ~27.5 nm
for 170 mg and ~72.5 nm for 220 mg of ZnO QDs. Fig. 7.3(b) shows the surface morphology
of the deposited sensing film, illustrating an interconnected, high-quality coated surface with

moderate roughness.

To investigate the response characteristics of the sensor, similar procedures were followed
as described in Chapter 2. Throughout the experiment, TNP concentrations were varied in the

range of 0 ppb to 50 ppb.

7.3 Result and discussion

7.3.1 Response of the proposed optical fiber LSPR sensor towards TNP detection

The proposed sensor utilizes the LSPR technique with ZnO QDs as the sensing material,
synthesized onto the AuNPs coated U-shaped optical fiber probe. To optimize the sensor's
response, the impact of sensing film configuration on its performance was investigated. This
entailed varying the concentration of ZnO QDs in distilled water to create different sensing
film compositions. Specifically, the amount of ZnO QDs was varied in the distilled water
solution, starting from 170 mg, then 200 mg, and finally, 220 mg. Each concentration change
resulted in a proportional increase in the film's thickness deposited on the fiber. FESEM
measurements determines a film thickness of ~27.5 nm for 170 mg, ~37.5 nm for 200 mg, and
~72.5 nm for 220 mg of ZnO QDs film composition. To examine the performance
characteristics of the proposed sensor, outputs from the sensor were monitored in real-time
while exposing it to solutions with varying concentrations of TNP (0-50 ppb). Fig. 7.4 depicts
the resulting LSPR spectra, as an example, for the sensing probe having a film composition of
200 mg of ZnO QDs. Notably, the figure reveals a significant blue shift in the dip resonance
wavelength, accompanied by a decrease in transmittance as the concentration of TNP rises.
This can be explained as follows: amine groups are present on the surface of ZnO QDs due to
the capping of APTES. When a TNP solution is introduced to the APTES-capped ZnO QDs,
the acidic environment causes the amine group to change to ammonium, and exhibits a high
affinity for the phenolate group of TNP. This results in the adsorption of TNP onto the surface
of ZnO QDs, causing a change in the effective refractive index of the surrounding medium of
the AuNPs. As a result, a blue shift is observed in the resonance wavelength of the LSPR

spectrum. The response of all the developed sensors with varying film compositions is
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thoroughly examined. To gain deeper insight into the effect of film composition, the dip
resonance wavelength is plotted against the applied TNP concentration. Fig. 7.5 illustrates the
impact of varying ZnO QD concentrations on the response of the sensor. As depicted in the

figure, all sensors with different film compositions exhibit a linear response within the range
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Figure 7.4: LSPR spectrum with varying mercury ion concentrations.
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Figure 7.5: Sensor response with different film compositions (170 mg, 200 mg and 220 mg of GO in 10 ml of
distilled water).

of 0-50 ppb TNP concentration. For instance, the sensor with a film composition of 170 mg
demonstrates a sensitivity of 0.0772 nm/ppb. Upon increasing the concentration of ZnO QDs

from 170 mg to 200 mg, the sensitivity rises to 0.1288 nm/ppb, marking an approximately 1.66
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times increase compared to the sensitivity observed for the 170 mg film composition. This
increase in sensitivity can be attributed to the greater number of adsorption sites available for
TNP adsorption, resulting from the higher ZnO QDs concentration. Consequently, this leads to
more pronounced changes in the refractive index near the gold nanoparticles, causing a larger
shift in the resonance wavelength of the LSPR. Conversely, as the ZnO QDs concentration is
further increased from 200 mg to 220 mg, the sensitivity decreases to 0.0958 nm/ppb,
approximately 1.34 times lower than the sensitivity observed for the 200 mg film composition.
This decline is primarily due to the increased thickness of the sensing film deposited on the U-
shaped LSPR probe with the higher ZnO QDs concentration. For ZnO QDs concentration of
220 mg, the film thickness surpasses the decay length (20-40 nm) of the LSPR [91]. As a result,
even though more adsorption sites are available for TNP adsorption, they become ineffective
in the sensing process. The interaction between TNP and ZnO QDs beyond the LSPR decay
length does not influence the resonance wavelength shift, leading to a decrease in sensitivity.
These findings establish an optimal film configuration for the sensor, which corresponds to 200

mg of ZnO QDs.

7.3.2 Limit of Detection of the Sensor

In addition to sensitivity, the limit of detection (LOD) is another figure of merit, which is
significantly important while evaluating the performance characteristics of a given sensor. For
the optimized probe, the LOD was determined to be 0.19 ppb. The achieved LOD of the
proposed sensor is significantly lower (~ 2631 times) than the maximum permissible limit for
TNP in water set by the surface water environmental quality standards (0.5 ppm). This implies
that the proposed sensor is capable of accurately detecting TNP at concentrations lower than
the regulatory threshold, making it a promising tool for ensuring the environmental monitoring

and safety.

7.3.3 Reusability, reversibility and response time of the sensor

Repeatability/reusability and reversibility are crucial parameters for evaluating a sensor's
performance. Thus, these characteristics of the sensor was thoroughly examined by exposing
it to the minimum (5 ppb) and maximum (50 ppb) TNP concentrations. Initially, the sensor was
exposed to a Sppb concentration of TNP solution within the flow cell, and the corresponding
LSPR spectrum was recorded. The sample was left in the flow cell for 1 min and the LSPR

spectrum was recorded again. Subsequently, after removing the Sppb solution from the flow
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cell, the sensor was cleaned with deionized water in order to ensure no trace deposition of TNP
solution onto the sensor. Sensor was then exposed to a S0ppb concentration of TNP solution.
Corresponding LSPR spectrum is recorded again at an interval of 1 min, completing one cycle
of evaluation. To examine the sensor’s repeatability, the Sppb solution was reintroduced into
the flow cell, and the results were compared with the initial 5 ppb measurements. This cyclic
process was repeated multiple times, typical response for three cycles is shown in Fig. 7.6. As
can be observed, the resonance wavelength remains the same for each measurement at lower
TNP concentrations, indicating that no TNP residue was left on the sensor after removing the
higher concentration solution. The sensor exhibited consistent results during both the forward
(5 ppb to 50 ppb) and backward (50 ppb to 5 ppb) change in TNP concentration. This

demonstrates the highly repeatable and completely reversible nature of the proposed sensor.

535

534

533

532

531

530

Resonance Wavelength (nm)

529

528 | S0ppb

527 | I I N SN S S SN I S N E—
0 1 2 3 4 5 6 7 8 9 10 11 12 13

Time (min)

Figure 7.6: Repeatability and reversibility characteristics of the proposed sensor.

Detection speed stands as another critical aspect in evaluating sensor performance, holding
notable significance. Rapid response time is essential for effective sensor operation. To
examine the response time of the proposed sensor, we measured the LSPR resonance
wavelength before and after introducing a 50ppb TNP solution into the flow cell. This involved
recording LSPR spectra at every 0.125 sec, and analyzing the corresponding resonance
wavelength values. The outcomes are depicted in Fig. 7.7, showcasing the resonance
wavelength values plotted against time. Initially, when the sensor is exposed to air, the
resonance wavelength remains constant. However, upon introducing the TNP solution into the

flow cell, the resonance wavelength experiences blue shifts, gradually stabilizing after
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approximately 2 seconds. This stabilization establishes that the proposed sensor achieves its

response time of 2 seconds.
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Figure 7.7: Response time (during the variation from air to 50 ppb TNP concentration).

7.3.4 Selectivity of the sensor
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Figure 7.8: Comparison of the resonance wavelength shift of the sensor with different nitro explosives.

Furthermore, the proposed sensor's selectivity was evaluated, which is another crucial aspect
of sensor performance. To evaluate the selectivity of the proposed optical fiber TNP sensor,
experiments were conducted by testing the optimized sensor with various other nitro-
explosives, including 2,4-DNP, 2,4-DNT, 4-NT, RDX, 1,3-DNB and 2,6-DNT. Each nitro-
explosive was maintained at a constant concentration of 10 ppm, except for TNP, which was

tested at a significantly lower (~200 times) concentration of 50 ppb. The sensor probe was
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immersed in each solution, and the corresponding LSPR spectrum was observed using the same
experimental setup utilized for TNP detection. The shift in the resonance wavelength was
determined for the change in the concentration of each nitro-explosive from 0 to 10 ppm, except
for TNP, which was tested at 50 ppb. As illustrated in Fig. 7.8, the sensor exhibited a
significantly higher shift in the resonance wavelength for TNP compared to all the other nitro-

explosives tested, even at a concentration as low as 50 ppb.

To evaluate potential interference from common chemicals, particularly heavy metal ions in
aqueous environments, the sensor's selectivity was tested against various heavy metal ions,
including As**, Hg*", Pb**, Sn**, Cu**, F, Fe’", and Cr’*. The LSPR spectrum was measured
for each metal ion solution at a constant concentration of 10 ppm using the same experimental
setup. Fig. 7.9 illustrates the shifts in resonance wavelength, showing a significantly higher
response for TNP compared to all tested heavy metal ions, even at 50 ppb. This outcome
emphasizes the sensor's exceptional selectivity for TNP, highlighting its potential for detecting

TNP in real-field applications.

B
£ 6
E=]
2
25
)
3

4
=
@
o
S 3
c
a2
&2
£
.‘El
=
wn

0

Hg2+ Pb2+ Sn2+ TNP Cu2+ F- Fe3+ Cr2+

Figure 7.9: Comparison of the resonance wavelength shift of the sensor with different heavy metal ions.

7.3.5 Stability and reliability of the sensor

Stability, repeatability, and reliability are other critical parameters crucial for TNP detection.
Therefore, comprehensive analysis was conducted to thoroughly examine the short-term and
long-term performance of the proposed sensor. To evaluate the sensor's short-term stability, the
LSPR spectrum was continuously recorded at 1-minute interval for 16 minutes while exposing

the sensor separately to three distinct TNP concentrations (5 ppb, 30 ppb, 50 ppb). The results

122

TH-3783_206121103



are illustrated in Fig. 7.10. The standard deviations of the resonance wavelength were observed
to be £ 0.0249 nm, £+ 0.0143 nm, and + 0.0218 nm at 5 ppb, 30 ppb, and 50 ppb TNP
concentrations, respectively. Thus, the sensor exhibits a maximum resolution of + 0.193 ppb
for TNP detection, highlighting its exceptional stability and accuracy. For the long-term
stability or reliability test, the developed optical fiber TNP sensor underwent testing on four

different days with an interval of 5 days at three different TNP concentrations (5 ppb, 30 ppb,

538

536 | —o—5ppb 30ppb == 50ppb

o oo o a4 o
534 S —> e OO

532

530 r

528 F

Resonance Wavelength (nm)

526 1 1 1 1 1 1 1 1

Time (min)

Figure 7.10: Short term stability test: Continuous resonance wavelength for 16 minutes at Sppb, 30ppb and 50ppb
TNP concentration.
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Figure 7.11: Repeatability and reliability test: Resonance wavelength on four different days at Sppb, 30ppb and
50ppb TNP concentration.

and 50 ppb) over a span of 18 days. The observed results, depicted in Fig. 7.11, reveal that the

maximum variation in the resonance wavelength of the developed TNP optical fiber sensor is
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less than 0.005% of the resonance wavelength recorded on the first day. This outcome

highlights the excellent repeatability and reliability of the developed optical fiber TNP sensor.

7.3.6 Temperature Cross-sensitivity of the Sensor

Further, as described in the previous chapter it is very important to examine the impact of
ambient temperature fluctuations on the sensor's performance while detecting explosives in
real-field applications. For that, the sensor was immersed in solutions with three different TNP
concentrations (5 ppb, 30 ppb, and 50 ppb) maintained at ~80°C. As the water naturally cooled,
LSPR spectrum was recorded at 10°C intervals until it reached room temperature. The sensor
was also tested at 20°C and 10°C for the same concentrations. The thermal response of the
proposed sensor is shown in Fig. 7.12. The standard deviations of the resonance wavelength
were observed to be £0.01309 nm, £0.01594 nm, and +£0.01665 nm for 5 ppb, 30 ppb, and 50
ppb TNP concentrations, respectively. These low temperature cross-sensitivities confirm that
the sensor is highly temperature-independent, making it suitable for real-field applications

where ambient temperature fluctuations are inevitable.
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Figure 7.12: Fiber sensor output corresponding to varying temperatures at Sppb, 30ppb and 50ppb TNP
concentration.

7.3.7 TNP detection in real water samples

In order to find out the practical applicability of the proposed sensor, real water samples were
tested for TNP detection using the optical fiber TNP sensor. These samples were collected from

various sources across Guwahati, Assam, India. These water samples included Indian Institute
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of Technology Guwabhati's drinking water, tap water and well water from neighbouring areas,
water from a mill in Guwahati city, and samples from the Brahmaputra River. Despite testing
with the optimized optical fiber sensor probe, no traces of TNP were detected in any of the
collected samples. Consequently, a recovery tests were conducted on real samples spiked with
TNP at different concentrations (5 ppb, 30 ppb, and 50 ppb). The results, presented in Table 9,
revealed TNP recoveries ranging from 97.14% to 104.74%. Additionally, the relative standard
deviation (RSD) for five replicate tests of each sample was found to be below 0.032%. These
findings validate the potential of the proposed optical fiber sensor for effectively detecting TNP
in real water samples. These findings strongly suggest that the proposed optical fiber LSPR
sensor is a reliable, simple, and cost-effective alternative to conventional techniques for

accurately detecting TNP.

Table 9: Determination of TNP in real water samples

Samples TNP added (ppb) TNP found (ppb) Recovery (%) RSD (n=5) (%)
5 5.20 104.01 0.004
Brahmaputra
’ 30 31.42 104.74 0.031
River Water
50 50.05 100.10 0.019
5 485 97.14 0.012
Drinking
30 31.01 103.39 0.019
Water [IT
50 49.64 99.29 0.031
5 5.15 103.08 0.002
Near Mill
30 31.42 104.74 0.031
Water
50 48.83 97.67 0.024
3 499 99.93 0.005
Tap Water 30 31.01 103.39 0.019
50 49.24 98.48 0.019
5 5.08 101.70 0.001
Well Water
30 31.01 103.39 0.019
50 50.05 100.10 0.019

7.4 Conclusion

A novel optical fiber sensor for detecting the explosive compound TNP utilizing LSPR
technique is reported for the first time in the best of author’s knowledge. The sensor

demonstrates a linear relationship between TNP concentration and the resonance wavelength
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variation within the range of 0-50 ppb, exhibiting a sensitivity of 0.1288 nm/ppb. Additionally,
the sensor achieves a remarkably low detection limit of 0.19 ppb and shows outstanding
selectivity towards TNP. Moreover, the sensor exhibits a rapid response time of 2 seconds.
During repeatability and reliability testing, the maximum variation in resonance wavelength
was found to be less than 0.005%, indicating high degree of repeatability and reliability.
Furthermore, its practicality is confirmed through successful determination of TNP in real
water samples, with recovery rates ranging from 97.14% to 104.74%. The reported sensor
achieved an enhanced sensitivity, a significantly lower LOD (~5.5 times) while maintaining
the same response time, high selectivity, stability, repeatability and reliability in comparison to
the sensor reported in chapter 6. Overall, this sensor offers a reliable, cost effective and

straightforward solution for real-world TNP monitoring applications.
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Chapter 8 : Conclusion and future scope

8.1 Conclusion

This thesis presents a comprehensive experimental study aimed at achieving optimal
sensitivity, exceptionally low LOD, ultrafast response time, and high repeatability and
reliability by employing a simple optical fiber sensor configuration. Intensity modulation via
evanescent wave (EW) and wavelength modulation by localized surface plasmon resonance
are utilized to develop optical fiber Hg**, As** and TNP sensors, employing novel sensing
configurations within a very short sensing region. The responses of the developed sensors were
optimized by varying chemical composition of the sensing material. Further, the response
characteristics such as LOD and response time were compared with the other Hg**, As®" and
TNP sensors using different sensing techniques reported in the literature. The first part of the
research, AuNPs were coated onto the centrally decladded U-shaped core of the PCS optical
fiber followed by the coating of GO-CS composite for the development of the sensor. The
sensor exhibits a linear response across the 0—200 ppb range, with a sensitivity of 0.0728
nm/ppb for Hg?*" concentration and an impressively low LOD of 0.29 ppb. The achieved LOD
is substantially lower than the regulatory threshold set by the WHO for Hg*" in drinking water.
It exhibits high reversibility and stability, with average response time of 0.6 s. Another optical
fiber Hg*" sensor is developed to further enhance sensitivity and reduce the LOD by
incorporating CNT/PVA nanocomposite film, utilizing the same fiber configuration.
Optimizing the sensing film configuration results in an enhanced sensitivity of 0.2458 nm/ppb
over the range of 0-30 ppb Hg?" concentration. The average response time of the sensors is 0.4
s and the LOD is determined to be 0.08 ppb. Next, a novel optical fiber sensor for detecting
another highly toxic water contaminant As** is developed. The sensor utilizes the LSPR
technique, employing an aluminum oxide/graphene oxide (Al20s/GO) nanocomposite as the
sensing material. The optimized sensor exhibits a linear response within the 0-20 ppb range
with a high sensitivity of 0.1833 nm/ppb along with high selectivity towards As*". The
proposed sensor also exhibits an impressively low LOD of 0.09 ppb, which is significantly
lower than the threshold of As** set by WHO in drinking water. Furthermore, the proposed
sensor demonstrates an average fast response time of 0.5 s. In order to enhance response
characteristics, another optical fiber As** sensor is developed, incorporating a sensing film of

lauryl sulphate functionalized gold nanoparticles. This sensor demonstrates an enhanced
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sensitivity of 0.3073 nm/ppb. The sensing probe shows linear dynamic range of 0-30 ppb with
a very low LOD of 0.06 ppb. The sensor also exhibits a high selectivity towards As** ions.
Additionally, the proposed sensor exhibits an average response time of 0.5 s. In the next part
of the research, a simple yet innovative optical fiber sensor for detecting the explosive
compound TNP is developed. To accomplish this, a polymer PFTPA film is synthesized onto
the centrally decladded straight PCS fiber. For this sensor, intensity modulation through
evanescent wave absorption technique is employed. The optimized sensor demonstrates a
linear response within the 0-50 ppb range, with a high sensitivity of 0.0032/ppb (73.31x10*
M) and a remarkably low LOD of 1.06 ppb. The sensor also shows excellent selectivity for
TNP and offers a rapid response time of just 2 s. To further improve the sensing performance
for detecting TNP, in the next work an LSPR based optical fiber sensor is developed that
employs ZnO QDs as the sensing material. The optimized sensor displays a linear response in
the range of 0—50 ppb, with an enhanced sensitivity of 0.1288 nm/ppb and a remarkably low
LOD of 0.19 ppb for TNP. Additionally, the sensor demonstrated high selectivity towards TNP
and exhibits an average response time of 2 s. It is worth mentioning that all the novel sensors
developed in the research presented here exhibit high degree of stability, reversibility,
repeatability and reliability. Furthermore, in order to find out the real-field applicability of the
all proposed optical fiber sensors, the proposed sensors were employed to detect Hg**, As*",

and TNP in real water samples as well.

8.2 Future scope

The research presented in this thesis has successfully laid a strong foundation for the
development of highly sensitive and selective optical fiber sensors for detecting Hg**, As**, and
TNP. While the proposed sensors demonstrate excellent performance in terms of sensitivity,
selectivity, and response time, there is significant potential for further advancements. The

following key areas are suggested for future research:

Development of Multi-Parameter Sensors for Heavy Metal Ions

The current research focuses on the detection of mercury (Hg*") and arsenic (As*"). However,
several other toxic heavy metals, such as lead (Pb?*), fluoride (F"), iron (Fe**), and nickel (Ni**),
also pose severe environmental and health risks. Future research should aim at extending the
sensing capabilities of the proposed optical fiber platform by designing multi-parameter
sensors capable of detecting multiple toxic heavy metals simultaneously. This can be achieved
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by employing a combination of nanomaterials with distinct affinities for different metal ions,

allowing for selective detection in complex real-world samples.

Expansion of Nitroexplosive Detection Beyond TNP

The present study primarily focuses on the detection of trinitrophenol (TNP). However, other
nitroexplosives, such as trinitrotoluene (TNT), dinitrotoluene (DNT), and pentaerythritol
tetranitrate (PETN), are also critical targets for security and defense applications. Future efforts
should be directed toward the development of optical fiber sensors that can selectively and
sensitively detect a broader range of nitroexplosives using novel functional materials, such as
metal-organic frameworks (MOFs), quantum dots, and molecularly imprinted polymers

(MIPs).

Detection of TNP in Vapour Form

Currently, the developed sensors demonstrate efficient detection of TNP in aqueous solutions.
However, for practical security applications, it is crucial to extend the detection capability to
the vapor phase. Detecting TNP vapours is vital for counterterrorism and environmental
monitoring. Future research can explore modifications in the sensing layer, such as employing

advanced nanomaterials that can enhance adsorption and interaction with TNP vapours.

Packaging and Integration for Real-Field Deployment

The developed sensors have undergone extensive experimental evaluations, including both
laboratory tests and real-site sample analyses. Moving forward, these sensors need to be
integrated into portable, user-friendly devices, ensuring protection from environmental
contaminants while maintaining efficient interaction with target analyte. By packaging the
developed sensors, the developed optical fiber sensors can be transformed into practical, real-

world tools for environmental monitoring, water safety, and security applications.

Further Enhancement in Sensitivity, Limit of detection, Selectivity and Response time

Despite achieving impressive sensitivity, LOD, response time and selectivity, there is always

room for further enhancement. This can be pursued by:

o Exploring novel nanomaterials such as quantum dots, 2D materials, and hybrid

nanocomposites.
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o Improving optical configurations to maximize evanescent wave interactions or
enhance localized surface plasmon resonance effects.
o Developing artificial intelligence-based data processing algorithms to analyze

spectral shifts and improve detection accuracy in complex real-world samples.

By advancing in these directions, the optical fiber sensors developed in this research can
significantly contribute to environmental monitoring, security applications, and real-time field

detection of hazardous substances.

Use of sustainable sensing materials

To further improve sustainability, future work can focus on incorporating eco-friendly
nanomaterials, biodegradable polymers, or encapsulation strategies that both enhance stability
and ensure minimal release risk. By combining controlled fabrication, proper waste
management, and the use of greener materials, the deployment of such sensors can be aligned

with both environmental safety and sustainable monitoring practices.
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