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Abstract

In this study, a fiber optic sensing probes based on localized surface Plasmon resonance was presented to detect
various Heavy metal zinc concentrations in an aqueous solution. The fiber optic sensing probe consists of a single
mode fiber-coreless fiber-single mode fiber structure coated with a 40 nm thickness of gold nanoparticles - polyvinyl
pyrrolidone using an immersion method. The results obtained in the experiment showed that the sensor's sensitivity
is 1.38 nm/ppm in the range of 0 to 6 ppm concentrations.

Key Words: Fiber Optic, Coreless Fiber, Sensing Probes, Heavy Metal.

DOI Number: 10.14704/nq.2021.19.7.NQ21087

NeuroQuantology 2021; 19(7):78-83

Introduction

As a result of the great industrial development,
drinking water is exposed to pollution, making it
unsuitable for drinking. Among the most prominent
water pollutants are toxic heavy metals (such Zn),
so their detection is extremely important. There are
various detection methods such as atomic
absorption method (Jarzynska et al, 2011),
spectrophotometry method (Pehlivan et al, 2009),
inductively coupled plasma mass spectrometry
method (Chen et al, 2013), chemiluminescence
method (Tsukagoshi et al, 2000), and
electrochemical approaches method
(Bakhtiarzadeh et al, 2008). Though sensitive, but
very tedious, these methods are expensive and
involve huge tools to operate. A simple, sensitive,
easy, inexpensive and straightforward analysis
method is required. One option for this is a fiber
optic sensor based on (LSPR).

Researchers have developed fiber-based (LSPR)
sensors on a large scale by several manufacturing
methods, such as side polishing (Jing et al, 2019),

fiber's etching (Coelho et al, 2015), the use of tilted
fiber Bragg grating (Caucheteur et al, 2011)or long

period fiber grating (Hu et al, 2014), also utilizing 78

distinctive fiber like photonic crystal fibers (Rifat et
al, 2018)or coreless fiber (CF) (Han et al, 2019). For
a number of reasons, CF-based LSPR sensors stand
out among these schemes, including the lack of
complicated fiber pre-processing, inexpensive,
simplicity of fabrication, and low insertion loss. It's
perfect for environmental applications because of
these benefits.

Experimental
Preparation of Zn Solution with Water

Zn solution was prepared with 1ppm concentration
by dissolving a 1mg of zinc nitrate (Zn(NO3),) in 1L
of distilled water and then stirred using magnetic
stirrer until dissolved. This step was repeated to
prepare 2ppm, 3ppm, 4ppm, 5ppm and 6ppm zinc
solution concentration.
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Synthesis of Gold Nanoparticles (Au NPs)

In a two-electrode electrochemical cell, gold
nanoparticles are synthesized using the Electrolysis
process as seen in the figure 1.a. Two electrodes of
99% purity gold were made, one anode and the
other as a cathode, and the two electrodes were
immersed vertically face-to-face at a constant
distance of 4 cm in distilled water. The electrodes
(gold) are electrically connected to the electric
voltage through the voltage regulator. When a
voltage (30 volts) is applied, the crystal lattice of
the gold metal is destroyed and then gold starts
vaporizing and the vapour condense into the
distilled water to form to the particles of colloidal
size. Thus, we got the gold solution and tested the
size of the minutes in the simplest way, which is to
pass the laser through the solution. The laser beam

appeared as a straight line along its path through
the colloidal solution of the gold nanoparticles, as
shown in Figure 1.b, which indicates that the
particles are of the nanoscale size. The prepared
gold nanoparticle colloidal solution is taken and
dissolved in it (0.1 g) of the polymer (PVP) at a
temperature of (60-70 degrees Celsius). At that
time, a polymer is obtained with nanoparticles in
gold (Au-NPs/PVP). After that, the solution was
cooled down to room temperature while being
stirred continuously. The sizes of the NPs described
in this experiment are 15 and 30 nm and has been
verified by transmission electronic microscopy
(TEM) Figure 1.d. It can be seen for the image that
particles are approximately spherical. The
prepared (Au-NPs/PVP) colloid was stored at room
temperature as shown in Figure 1c.
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Figure 1. (a) photograph of Au nanoparticle synthesis in distilled water by two-electrode electrochemical cell. (b) Mechanism for testing the
particle size of Au-nanoparticle. (c) Colloidal Solution. (d) TEM image of Au nanoparticle

Fabrication of Fiber Optic Sensing Probe

The sensing portion includes a segment of coreless
fiber (CF) (FG125LA from Thorlabs) 2.5 cm long
and 125 pm as the outer diameter. The optical fiber
stripper (JIC - 375 Tri - Hole) (by Fujikura
Corporation) was used to remove the polymer
coating from (CF), and the Fiber Cleaver (CT-30)
was used to cut the part (CF) to the length required
and by an angle of 90 ° to create to achieve a
perfectly flat and smooth end face. Two SMF
((Corning 8/125 pm) and a CF have been
fusion-spliced via commercial fiber splicer
(FITEL-S178) in the manual-mode (Fujikura
FSM-60S). The cladding of the sensing region was

etched from 125 to 18 pm by a chemical etching
process to boost the efficiency of the sensing probe
and make it more sensitive to heavy metals. Finally,
a gold nanoparticles - polyvinyl pyrrolidone with a
40 nm thickness has been coated on CF's surface
via the use of the immersion method. Also, gold was
selected since it is providing high sensitivity and
good stability compared to other often utilized
LSPR coating materials, like copper and silver.

Principle of the Mechanism of Sensing

Light beam transmits via SMF to the CF, which has
an approximate gaussian-shaped field intensity
distribution which causes interference with several
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directed modes that spread along the CF. Input field
self images are generated at periodic intervals
along with the CF due to interference between
these excited modes. The output transmission
spectrum's central wavelength can be expressed as
follows(Alsweefe et al, 2018; Ayesh et al, 2016):

d2
Ac=p <nCLF—CFCF> erven e (1)

Here, p represents a self imaging number, d;r and
ncg representing the diameter and effective
refractive index (RI) of the CF section, while L
represents CF's length. As seen in Eq (1), the
diameter d CF has been proportional (inversely) to
the central wavelength. With the reduction of CF's
diameter, evanescent wave (EW) is formed in the
gold nanoparticles - polyvinyl pyrrolidone and after
that disperse to the (sensing medium). The
penetration depth (d,,) of this evanescent wave:

Ac
d, = = e v (2)
27 Nep \/sinz 0 — (ﬁ)
Nncr
Where (ng) denotes the sensing medium's
refractive index (RI) and (@) denotes the light's
incident angle on the fiber cladding. The diameter
related to the etched area as well as the sensing
medium's (RI) are connected to the evanescent
wave's overflow. At the core/metal interface, the
propagation constant of the (EW) is given by
(Gupta et al, 2018; Li, 2020):

21 )
Bev = = Neo sinf ...........(3)
L
Where n., is core refractive index A; the

wavelength of incident light and 6 is the angle of
the incident light at the core/metal interface. At the
same time, the propagation constant ( Bsp ) of the
surface plasm wave spreading along the interface
between the medium and metal is written from
Maxwell's equations(Gupta et al, 2018; Li, 2020) as
follows:

Bsp ZE (4

Where Agp is the wavelength of the SPR, &, is the
dielectric constants of the metal and ngis the
refractive index of the sensing medium. Through
Equation (4), we will see that the Bsp at the same
given wavelength Asp is determined by that of the

permittivities of a metal and also a sensing
medium, i.e., &, and &5 = n?.

SP are excited when the evanescent wave vector
matches that of SPs (Bsp = Bey) at a particular
angle (resonant angle 6,,; ), the reflected light
intensity decreases to a minimum. At certain
resonant wavelengths, these excited surface
plasmons will produce a strong localized
electromagnetic field, scattering light and forming
plasmon absorption bands(Tu, Sun et al, 2012).
Changes in the concentrations related to the
sensing-medium will result in changes in the
wave-vector of SP, and thus the excitation light's
necessary wave-vector. The amplitude, phase,
polarization, and spectral distribution of the
excitation light determine the wave-vector of the
light. As a consequence, any change in the
concentrations at or near the metal-fiber interface
affects these characteristics. As a result, by
measuring changes in the optical parameters
regarding the reflected light, the concentrations
changes over the sensing surface might be
identified.

Experimental Setup

The experimental set-up for the zinc coreless fiber ==

sensors is shown in Figure 2. The device is using a
spectral analysis related to LSPR. Also, the
experimental setup includes a laser
(450 nm, 5000 mW) as a source of light, a plastic
U-groove to fix the fabricated sensing probe, also to
keep the fluid sample as well a spectrum analyzer
(OSA) with 0.02 nm resolution as an SPR detection
system. A laser source is connected to one end of
the SMF, and a sensing probe (CF) is placed in a
plastic U-groove that contains a test solution. The
other end of the SMF has been connected to an
optical spectrum analyzer for monitoring the
output transmission spectrum. Also, the output
transmission spectrum is monitored continuously
at various Zn concentrations. Furthermore, the
spectrometer has been connected to a computer
through the Spectra Suite software, which is a
program developed by Ocean Optics for real-time
data acquisition from spectrometers. All spectra are
plotted using Origin Pro 9 (Origin Lab).
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Figure 2. Schematic diagram of the (CFO)sensing probe

Result and Discussion

An in-depth analysis of the sensor response to zinc
(Zn) variations was performed. The sensor
characterization was conducted by using fabricated
sensing probe in the Oppm to 6ppm concentration
range. After each 10 minutes of stabilizing the
transmission  spectrum, we registered the
concentration around the probe to ensure
uniformity.

Figure 3. show the localized surface plasmon
resonance (LSPR) spectra as a function of
concentrations different of zinc (Zn) solution
ranging from (0-6) ppm at room temperature for
the fabricated coreless fiber (CF) sensing probe,
which were illustrated in section (2.3).

The LSPR spectra of this sensing probe shows a
pronounced red-shifts of the wavelength or the
resonance wavelength with the increase of
concentration from Oppm to 6ppm, which confirms
the LSPR phenomenon (Bao et al, 2019).

Because of this, as per the literature, the
wavelength increases, the effective refractive index
of the nearby the plasmon layer increases, it
becomes increasingly important for optical

designers to explore ways to use highly precise
coating techniques. Here, the redshift of the
wavelength with the increasing zinc (Zn) solution
concentration due to of the increasing refractive
index of Au NPs colloid as the concentration
increases.

It may also be noted from Figure 3 that the LSPR
curves broaden as the concentration of (Zn) ions
increases. The broadening of LSPR curves,
generally, occurs due to the increase in the number
of reflections in the sensing region or due to the
increase in the refractive index of the sensing
medium. In the present case the number of
reflections in the sensing region is fixed because
same probe was used for all the LSPR curves. Thus,
the only remaining reason of the broadening of the
LSPR curves is the increase in the refractive index
of the sensing layer due to the increase in the
concentration of (Zn) ions. In other words, increase
in the concentration of (Zn) ions increases its
interaction with the Au NPs colloid and hence
increases the refractive index of the Au NPs colloid.
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Figure 3. LSPR spectra response of (AuNPs-PVP)-coated coreless fiber with various Zn concentrations (0 ppm to 6ppm)

Figure 4. shows the relationship between the LSPR
wavelength and concentration of zinc. It is clear
from the figure that there was a good linear
relationship between wavelength and
concentrations. Based on the linear fitting of the

data, when the concentration changes from Oppm
to 6ppm, the concentration sensitivity of this
optical fiber sensors coated with a 40 nm thickness
of nano-gold polymer coreless fibers is 1.38

nm/ppm.
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Figure 4. Sensitivity of the (AuNPs-PVP)-coated fiber

Conclusion

A highly sensitive heavy metals sensor based on a
sensor probe and a nano-gold polymer acting as a

cladding layer has been successfully developed in
this contribution. An experimental zinc sensing
contrast was performed using an etched sensor
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probe coated with a 40 nm thickness of nano-gold
polymer. The sensor probe showed much higher
sensitivity.
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