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Abstract: A compact, reliable, and fast responsive PCF (photonic crystal fiber) based modal
interferometric sensor for lead ion detection is proposed and experimentally demonstrated. The
sensor has been fabricated by splicing a small section of PCF with SMF (single mode fiber)
followed by collapsing the air holes of PCF at its tip. The interferometer is dip coated with
chitosan-PVA (polyvinyl alcohol) and glutathione functionalized gold nanoparticles. Three
probes have been fabricated, and the maximum sensitivity has been found to be 0.031 nm/ppb for
lead ions whereas the detection range has been considered from 0 ppb to 50 ppb. The probe has
been found to have a faster response time of ~ 10 s. Furthermore, the sensor has been found to be
less responsive towards other heavy metal ions, thereby demonstrating its selectivity towards lead
ions. Besides, a section of FBG (fiber Bragg grating) has been embedded into the interferometer
and the temperature response of FBG peak along with interference spectra has been investigated
for better accuracy.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Over the last decennium, water pollution has emerged as one of the environment’s primary threats
due to the dramatic increase in the number of industries, mining, agricultural wastes, and fossil
fuel combustion. Heavy metals pollution is deemed one of them due to its toxicity and pernicious
effect on humans, aquatic life, and nature [1]. The fast accumulation of the heavy metal ions
(such as arsenic (As), lead (Pb), cadmium (Cd), and mercury (Hg), etc.) in the ecosystem and
non-biodegradability poses a severe threat [2]. Among them, lead (Pb) ion is a well-known
and dangerous heavy metal for its significant usage in industrial applications and consequences
on human life such as liver, brain, lung, nerves damage, stroke, high pressure, and skin cancer
[3,4]. Therefore, international agencies including WHO (World Health Organization) have set
the threshold level for lead concentration up to 10 ppb (parts per billion) in drinking and in-situ
water [5]. Many diverse and conventional analytical techniques including atomic absorption
spectrometry [6], inductively coupled plasma mass spectrometry [7], spectrophotometry [8],
fluorescence [9], and electrochemical based methods [10] have been employed for lead ion
detection. These approaches are constrained by the complicated fabrication process, expensive
detection devices, sizable quantity of substances, and long tracing time for the laboratory and
environmental use [11-13]. Thus, it is significant to implement a simple, inexpensive, and
susceptible sensor for monitoring lead ions to avoid these drawbacks.

Concurrently, optical fiber based sensors have got the interest over traditional methods for
their compactness, minimal expense, immune to electromagnetic interference, and high precision
[14—18]. Fiber optic sensors based on various techniques have been demonstrated for lead ion
detection. For instance, a TBFG (tilted fiber Bragg grating) coated with BP (black phosphorus)
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nanosheet has been demonstrated for lead concentration tracing [19]. The sensor has achieved a
sensitivity of 0.5 x 1073 dB/ppb with a wide measurement range from 0.1 to 107 ppb. Optical
fibers based SPR (surface plasmon resonance) sensors have also been reported for lead ion
detection using both chitosan and GSH (glutathione) as a coating layer, and the probe has been
found to have a sensitivity of 0.28 mV/ppb with the detection range being 1-7 ppb [20]. Also, an
ion-imprinted fiber sensor has been reported using similar approach [21]. The above sensors
for lead ion detection rely on intensity based interrogation where the results may be vulnerable
to fluctuation in intensity of incident light as well as bending of the fiber. Additionally, these
devices involve complex fabrication processes and have a longer response time [22].

Meanwhile, optical fiber based interferometric sensors have also been developed for detecting
lead ions because of their compact design, quick reaction, and high accuracy [23]. For instance,
a microfiber based lead sensor has been demonstrated using functionalized BP layer for lead
concentration ranging from O ppb to 10 ppb [24]. Moreover, a glutathione coated microfiber
based fiber sensor has also been utilized for lead ion detection [25]. Furthermore, an optical
fiber based on FPI (Fabry-Pérot Interferometer) has been fabricated for lead ion detection by
depositing a thin layer of chitosan on the tip of the fiber, and the sensitivity has been found to be
0.177 dB/ppm (parts per million) with tracing limit confined to 0—1.2 ppm [26]. Nonetheless, all
the reported interferometric based sensors have an extensive reaction period, no selectivity, and
narrow detection limit.

In this study, a simple and compact reflection based interferometric sensor is proposed to
detect heavy metal ion such as lead. The interferometer has been fabricated by splicing a section
of SMF with PCF using a commercial splicer machine, while a section of FBG is spliced to this
interferometer for temperature monitoring. The PCF is coated by a chitosan-PVA layer followed
by a GSH functionalized gold nanosheets. The GSH is an economical biocompatible material
that has a selective response towards lead ions through its mercapto group [27]. The sensitivity
response of the proposed sensor is recorded based on the shifting in the interference minima.
Besides, the selectivity, response time and temperature response have been studied to improve
the measurement accuracy of the sensor.

2. Fabrication of materials and chemicals
2.1. Materials

PVA (99%), chitosan (medium molecular weight), gold chloride solution, GSH (I-glutathione,
98%), lead nitrate (99%, for analytical), mercury nitrate monohydrate, cadmium nitrate tetrahy-
drate, copper nitrate hydrate, acetone, and acetic acid were procured from Sigma Aldrich. All
these chemical components were used for the fabrication process without any extra modification.
Besides, distilled water is utilized for making the aqueous concentration of heavy metal ions.

2.2. Preparation of coating layers

AuNPs (gold nanoparticles) were synthesized by dissolving chitosan in the gold chloride solution.
In this process, 1% wt. of chitosan was added to 4% (v/v) acetic acid solution, and the mixture
was stirred for 6 hrs [28]. Subsequently, 40 ml of 1 mM gold chloride was stirred in a beaker at
40°C. Once the solution started evaporating, 4 ml of chitosan was soluted into it. The formation
of AuNPs was confirmed when the mixer turned into violet color (see Fig. 1(a)). Subsequently,
the solution was cooled at ambient temperature and then was kept in a refrigerator below 4°C
for further use [22]. Afterwards, 1 mM GSH was mixed with AuNPs at a 1:1 ratio (v/v) to
make functionalized AuNPs (see Fig. 1(b)), and the mixture was stirred overnight at room
temperature. The mixture of GSH functionalized AuNPs are stable as the GSH prevent AuNPs
from aggregation [27]. On the other hand, GSH functionalized AuNPs has two carboxylic
(-COOH) groups, where one group forms bonding with AuNPs surface layer and the other with
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the target lead ion [27]. Moreover, chitosan-PVA solution was prepared by heating and stirring
PVA for 4 hrs followed by the addition of chitosan to the hot PVA solution (displayed in Fig. 1(c)).

Glutathione  Gold chloride Chitosan PVA
Boil at 40° c (a) 1 (c)
GSH Functionalized AuNPs Chitosan & PVA

AuNPs

Fig. 1. Steps followed for the synthetization of functionalized AuNPs and chitosan-PVA.

3. Sensing principle, probe fabrication process, and experimental setup
3.1.  Principle of the interferometer

The schematic of the proposed SMF-PCF structure along with light propagation is shown in Fig. 2.
The core mode of SMF diffracts and broadens at the collapsed region, thereby exciting core and
cladding modes in PCF. These modes travel along the PCF and combine again at the collapsed
region at the tip of PCF before being reflected back to the PCF. The curved tip of the collapsed
area helps in a better collection of reflected light by the PCF. The reflected light is collected
at the SMF-PCF junction and a part of this light is filtered into the core of SMF. Due to the
difference in the effective index of the core and cladding modes of PCF, these modes accumulate
phase difference during their forward and backward propagation leading to the formation of
the interference pattern. The evanescent wave of cladding modes is sensitive to the change in
the surrounding environment. Therefore, any change in the refractive index of the surrounding
medium will lead to the change in the effective index of cladding modes which in turn shifts the
resultant interference pattern [29].

3.2. Fabrication of the sensor

The proposed interferometer was fabricated by splicing a section of SMF with a small section
of commercial PCF (Newport, model no: F-SM8) using a commercial fusion splicer (FITEL
s178A). The average diameter of the core of PCF is 8.6 um, while the diameter (d) and pitch (A)
of the holes are 2.39 um and 5.63 um, respectively. The cross section of the PCF along with
geometrical parameters are shown in Fig. 3(a) and its inset, respectively. The splicing of SMF
with PCF leads to the collapse of holes of PCF over a length of 270 um at the SMF-PCF junction,
as shown in Fig. 3(b). Then the PCF was cleaved at a distance of 8 mm from the splicing junction.
Afterwards, the tip of PCF was sealed by providing suitable arc discharge, and the length of the
collapsed region formed in this process is 153 um (see Fig. 3(c)). The sealing of the tip of PCF
helps to prevent the infiltration of liquid into the holes of PCF. Additionally, a section of FBG
(Iength =5 mm, pitch =0.53 um) was spliced to the SMF before the SMF-PCF junction.

The probe (PCF along with collapsed region) was considered for the dip coating process.
Firstly, the probe was first immersed into acetone for 20 mins to remove the contaminants present
on its surface. The treated probe was washed with DI water and then dried at 65°C for an hour.
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(a)
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Fig. 3. Cross-sectional view of the PCF (a), collapsed region at the SMF-PCF junction (b)
and collapsed region at tip of PCF (c).

Afterwards, the probe was dip coated into the prepared chitosan-PVA mixture for 20 minutes,
thereby forming a layer on its surface. The chitosan-PVA layer binds easily to the silica PCF
surface due to the good adhesive strength of PVA through its water-soluble synthetic polymer
[30]. Then the coated probe was dried in vacuum at 65°C for 30 mins to make the deposition
uniform as well as enhance the bonding between the fiber and the coating layer [24]. Thereafter,
the dried probe was dipped into the solution of functionalized AuNPs and then dried again in the
vacuum chamber. The schematic of the coated layers on PCF is illustrated in Fig. 4(a). Besides,
the SEM (scanning electron microscope) images of the coating and the zoomed view of a section
of the coating layer are shown in Fig. 4(b). Before the coating the PCF diameter was 125 um,
whereas after the coating the average diameter of the PCF is found to be as 130 um. Following
the above procedure, three probes with similar geometrical parameters are fabricated.

3.3. Experimental setup

The schematic of the experimental setup is shown in Fig. 5(a). The first and third port of a
circulator (6015-3-APC, Thorlabs Inc, New Jersey, USA) was connected to a homemade BBS
(broadband source, maximum output power ~3 mW) and OSA (optical spectrum analyzer,
AQ6370D, YOKOGAWA, Tokyo, Japan), respectively, while the second port was connected
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Fig. 4. (a) Schematic of the coated layers on the PCF surface, (b) SEM images of the
chitosan-PVA and GSH functionalized AuNPs coated probe.

to the probe. The light launched from BBS gets reflected from the tip of the probe, and the
reflected light was collected at the OSA for analysis while keeping the spectral resolution fixed at
0.05 nm. The resultant interference pattern before and after coating materials on the probe is
depicted in Fig. 5(b). The sharp peak in Fig. 5(b) corresponds to the FBG incorporated before
the interferometer. As can be seen from the figure, there is a change in intensity as well as the
shift in interference minima which occurs due to the change in the effective index of cladding
mode upon interaction with the surrounding medium.

(a)

—_—
(=2
-
&
=]

7 == Before coating
@ After coating
After measurement

Collapsed area -60 4 FBG

FBG

Reflected power (dBm)

Circulator

Lead solution Sensor head

1450 1500 1550 1600 1650
Wavelength (nm)

Fig. 5. (a) shows the experimental setup and (b) shows the spectra before and after deposition
of the coating layers as well as spectra after measurement.

4. Results and discussion

In order to detect the lead concentration, the fabricated probe was dipped into aqueous solutions
with concentrations of lead ranging from 0 ppb to 50 ppb. Upon immersion into various solutions,
the interference minima exhibit a red shift with an increase in lead concentration, as shown in
Fig. 6(a). The change of the interference minima can be attributed to the interaction between
glutathione functionalized AuNPs with lead ions. In particular, two carboxylic (-COOH) groups
and one amino group (-NH») group in the GSH structure facilitates the attachment of lead ions.
Thus, when the sensor is submerged in the solutions, the lead (Pb%*) ions forms a bond with
chelating ligands of the coated layer thereby changing the effective index of cladding modes
of PCF which in turn shifts the interference minima [27]. The above procedure was repeated
for three cycles for each probe and the average sensitivity along with the error bar is shown in
Fig. 6(b). As can be seen from the figure, the average sensitivity of the three probes are found to
be 0.031 nm/ppb, 0.028 nm/ppb, and 0.029 nm/ppb. It may be noted that after each measurement
cycle, the interference pattern comes back to its original position (when unexposed to lead
solution), thereby confirming the potential for reusability (see Fig. 5(b)). Besides, considering the
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resolution of the OSA (AL) and the probe highest sensitivity (s), the LOD (limit of the detection,
AMs) for the proposed sensor has been found as 1.6 ppb.
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Fig. 6. (a) Shift in the interference spectra for various lead ion concentrations (Probe 1) and
(b) shows the average sensitivity of three probes.

In addition to sensitivity, the response time of a probe plays a significant role in practical
applications. Therefore, the response time of the proposed probe was investigated by immersing
it in solutions with three different concentrations such as 10 bbp, 30 ppb, and 50 ppb and the
result is depicted in Fig. 7(a). It can be seen from the figure that the response time of the probe
for an increase in the concentration from 10 ppb to 30 ppb and 30 ppb to 50 ppb is found to be 9
s and 12 s (see Fig. 7(b), 7(c)) respectively while it is 9.5 s and 11.5 s for the reversing order
(displayed in Fig. 7(d), 7(e)). Therefore, the average response time is around 10 s which is better
than the previously reported results [20,22,24-26,31]. The fast response time can be attributed to
the quick bond formation between the GSH coated layer and lead ions. Besides, an instability has
been noticed in Fig. 7(a) due to sensor transition from air to various lead concentrations and vice
versa. Table 1 summarizes the performances of various fiber optic sensors for lead ion detection.
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Fig. 7. Response time of the probe for lead concentrations of 10 ppb, 30 ppb, and 50
ppb. (b), (¢), (d), and (e) refer to the response time that corresponds to the transition of
interference minima for change in concentration from 10 ppb to 30 ppb.

The practicality of the probe for lead ion detection has further been verified by investigating its
response towards other heavy metal ions. This was achieved by immersing the probe into aqueous
solutions of mercury (Hg2+), copper (Cu?*), cadmium (Cd?*+) with concentrations varying from



Research Article

Optics EXPRESS

Table 1. Performance of the various fiber optic sensors for lead detection.

Method Sensing Coated material | Concentration | Sensitivity Response Ref.
structure range time
TFBG BP 0.1-107 ppb | 0.5x1073 - [19]
Fiber grating dB/ppb
based sensors FBG BP 0-5ppb _ _ [25]
LPFG PMO 0-10° ppb 0.01 nm/ppb - [32]
SPR based Multimode | Chitosan and 1-7 ppb 0.28 mV/ppb - [20]
sensor POF GSH
Microfiber | BP 0-10 ppb - 45s-56s | [24]
Interferometer [ ppy Chitosan 0-1200ppb | 0.17x 1073 - [26]
based sensors
dBm/ppb
SMF- Chitosan-PVA, | 0-50 ppb 0.031 nm/ppb 9s-12s this
PCF GSH study
functionalized
AuNPs

0 to 50 ppb, and the results are plotted in Fig. 8. It can be noted from the figure that the sensitivity
of the proposed probe is nearly three times higher for lead ions than other heavy metal ions due to
the strong bonding between lead ions and GSH functionalized AuNPs [27,33], thereby proving
its selectivity.

0.03 -

0.02 +

0.01 4

Wavelength shift (nm)

0.00 -

cu?* cd2* Hg2* Pb2*

Fig. 8. Response of the sensor towards lead ions and other heavy metal ions.

Afterwards, the response of the sensor towards change in ambient temperature has also been
studied by monitoring of the FBG peak and interference spectrum. The interferometer and the
FBG were kept in a tube furnace (shown in Fig. 9(a)), and the temperature was increased from
25°C to 45°C at a step of 5°C. Both the interference spectra and the FBG peak shows a red shift
with an increase in temperature and have a linear response as shown in Fig. 9(b) and Fig. 9(c) and
their insets, respectively. The interference minima corresponding to the coated probe has been
found to have an average temperature sensitivity of 11.8 pm/°C (see Fig. 9(b)), while that of FBG
peak has been found to be ~ 9.8 pm/°C (see Fig. 9(c)). Considering the response of the sensor to
change in lead ion concentrations and change in temperature, the cross-temperature sensitivity
has been found to be 0.38 ppb/°C. The presence of FBG helps in evaluating the cross-temperature
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error due to the fluctuation
concentration.
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Fig. 9. Schematic of the temperature measurement (a), temperature response of the
interference spectrum (b) and FBG (c).

5. Conclusion

A compact modal interferometer based optical fiber sensor coated with chitosan-PVA and GSH
functionalized AuNPs has been demonstrated for lead ion detection. The fabrication of the
interferometer has been accomplished by splicing a section of SMF with a small section of
PCF. The tip of the PCF has been sealed by collapsing the air holes, thereby preventing the
infiltration of liquids into the holes of PCF. Dip coating method has been followed to coat
the PCF with chitosan-PVA and GSH functionalized AuNPs layers. Three probes have been
fabricated following the similar approach and the maximum sensitivity response to the various
concentrations of lead ions was found to be 0.031 nm/ppb along with a fast response time of ~10
s, while the dilution range of lead ions has been considered from O ppb to 50 ppb. Furthermore,
the response of the sensor towards other heavy metal ions have been found to be insignificant.
The temperature response of the probe has been studied by monitoring both the FBG peak
and interference spectra, and the sensitivity has been found to be 9.8 pm/°C and 11.8 pm/°C,
respectively. Therefore, the accurate response of the sensor towards lead analytes can be achieved
by considering the temperature response of both these spectra. Thus, the proposed miniaturized
sensor can easily be applied for eco-friendly detection of lead ions in water based medium.
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