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Abstract

Detection and characterization of chemical contamiis in water streams is paramount for water qualit
and water security. The current trend of monitotting presence of contaminants is the batch sampling
technique, where sample of water is collected aradyaed in the laboratory this method is not pradti

in case of disasters. A modified cladding Polyaeilbased sensor is developed that can detect ammoni
and hydrochloric acid. The sensor developed shaaveapid reversible color change when exposed to
ammonia and hydrochloric acid. The change in intgnsaused by the modified cladding is studied
parametrically which will help in formulation of @rrelation between response time, concentration of
chemical contaminant and change in optical intgnsit

1. Introduction

Sensors constitute one of the most important plagng system be it mechanical or electrical. Many
systems utilize information from sensors to deteamvarious quantities which can be used for proper
functioning. For example, mobile robots use infaiiorafrom various sensors to determine their positi
with respect to surroundings. Out of the varioysety of sensors available very few can be used for
detecting chemicals, commonly known as chemicaba@asn Of the chemical sensors (viz. Enzyme
sensors, Catalytic sensors, CHEMFETS, Chemiresist@ptical Sensors) Optical Chemical Sensors and
CHEMFETSs are the most commonly used sensor techiesoFiber-Optic sensors represent an exciting
class of devices because of their lightweight, sms&de, low cost, immunity to electromagnetic
interference, and ability to be embedded into o#tterctures. The basic operation principle of therf
optic sensor is that when it is exposed to a chanoicphysical stimulus, the characteristics dfifigignal
traveling through an optical fiber changes. Thamfdiber-optic sensors provide a means wherebt lig
guided within an optical fiber can be modified @sponse to external physical, chemical, biological,
other influences [2]-[5]. Optical Chemical Sensare based on the interaction of electromagnetic
radiation with matter, which results in alteringms® property of the radiation. Examples of such
modulations are variation in intensity, polarizatiand velocity of light in the medium [1]. In tihecent
years, Fiber Optics based sensors are being pdfever conventional chemical sensors, such as
Chemiresistors and Transistor based sensors, leeoétieir large dynamic range, selectivity, sevisjt
simplicity and cost effectiveness [1]-[4]. Fibertiap based sensors can be used to respond to a&xtern
physical, chemical, biological changes [5]-[9]. BEnWilson et.al, in their study “Chemical Sensins
Portable, Handheld Field Instruments”[10], statattoV/VIS spectroscopy is simple to construct and
requires little power but lacks the sensitivity amdectivity for direct measurements, hence indigathat

an indirect way of measurement must be utilizedib&r optics based sensor can be formed in many
ways. Among the number of architectures, in theflag years, some intrinsic sensors based on neaHifi
cladding sensing elements have been proposed dwsimigle theoretical background and the low
complexity of the resulting structure in additiangood performance with reasonable prices. Intiie

of sensor a variation in the measuring quantityseaua change in the optical properties of the
electromagnetic wave passing through the coredriler optic cable which can be measured. Althoug



core modification technique, where the core isuwost made, is another attractive way for formingpar
optic sensor. Rajeev Jindal et.al, in their worlptida-Fiber Sensor Using Tailored Porous-Gel Fiber
Core” [11], state that an optieiber chemical sensor based on evanescent wavedtitan is simple ir
structure, compact in size, less sensitive to dlight noises but is also less sensitive becausthe
limited path length. The main drawback wittis sensor is that ihas very hig signal to noise ratio,
because of which the signal received at the othdrig not the same as that was sent. Sunil Khija
et.al, in their work “An Evanescent wave opticéledi relative humidity sensor with enhanisensitivity”
[12], answer to the point raised by the previousepaAccording to them the sensitivity can be ewked
by using fiber optic cables that are “bent”. Bemdihe fiber cable increases the path length oft
flowing hence increasing the sitivity. In all such sensor systems, although mdthttke measureme
of phase angle change can be employed, intensigygeh is the preferred way of detecting
contaminants because of the simplicity and less In cladding modification techniquehe fiber optic
sensing element is prepared by replacing the aigitadding material with a chemical sensing fil
Light intensity modulation is achieved by this nfaell optical fiber structure based on the refrac
index change of the cladding mdal when it is exposed to a chemical vapor. Varipo/mers haw
been utilized in this method such as Polyanilineicivhcan be used in detecting Ammonia .
Hydrochloric Acid, reversibly. The main goal of thisesearch is to develop a sensor which cetect
ammonia and hydrochloric acid in .

2. Experimental Setup and Procedure:

2.1. Reagents and materi¢
All chemicals were obtained from Aci Organics (New Jersey, USA). Chemicals were |
without any purification. All aqueous solutions wemrepared with Deionized wat
Concentrated Ammonium hydroxide and Hydrochloriégdawere used, and based on
requirement the concentration was dilt.

2.2. Sensor Design:
The Setup consists of a light source and the speetier which are connected by a fiber c:

with a small modified cladding portion which actsthe sensing regiias shown in Fig.
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Fig. 1 Experimental Setup Computer
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All the above parts were obtained from Ocean Ogtics The spectroscopic data was processed with
Spectrasuite, software provided by Ocean Optice 3énsing region is made on the fiber cable by
replacing a small portion, typically 2 to 3 cm bétglass cladding with the Polyaniline layer. Tplaee

the glass cladding a 50% Sodium Hydroxide soluitonsed as the etching agent. The rate of reaction
increases by increasing the temperature. The temyerof Sodium Hydroxide solution is maintained at
240F, by doing so an etch rate of 660 nm/min iseaed. Using the above solution was found to be
much easier to work with when compared to HF sofutiThe Polyaniline solutions were made as
mentioned in [13]. Dip coating technique was usedgply a thin coating of Polyaniline onto the eith
portion of the fiber cable. It was observed thatdipping the fiber cable in the solution for 15 nries,
uniform thin films of thickness less tharufin is obtained. Any further exposure of the fiber leato

Polyaniline caused a non-uniform coating. The aurfition of the fiber-optic sensor is created om th
fiber itself, as shown in Fig. 2, using the claddimodification methodology.

Sensing region
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Fig.2 Structure of a modified cladding Polyanilsensor
3. Theory and Simulation

The sensing takes place due to two reasons in fbheabased sensors (i) Evanescent field (ii)
Multiple reflections. In evanescent field basedsserthe modified cladding, which was exposed
to contaminant, interacts with the evanescent figlds absorbing energy at a specific
wavelength from it and causing a decrease in thpubwf the signal. In case of multiple
reflections, the modified cladding has higher Retfxe Index (RI) compared to core hence light
refracts into the cladding region but gets refldaéthe cladding-air interface as shown in Fig.2.
Polyaniline in its acidic form known as Emeraldis&t has a refractive index of 2.43 and in
basic form known as Emeraldine base has a refmatidex of 1.94 [14]. Both the values are
more than RI of water. Hence the Polyaniline badadding modified sensor (PCMS) senses
contaminants due to both evanescent field and phelteflections. In order to gain a qualitative
knowledge of thethickness of the coating and the length of the isgneegion a five point finite
difference waveguide analysis was conducted foetlamescent sensor for the Polyaniline sensormegio
Maxwell's wave equation in cylindrical form [15, l&as used to conduct mode analysis and beam
propagation:
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To determine the modes of the optical fiber, wietlse right side of (1) to zero and expand usimiéi
difference and solve the resulting Eigen system:
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Wherep (Eigen value), u(Eigen vector) and [A] are the effective propagatconstant, field sampling
points, and characteristic matrix. For the casiévefpoint difference, the FD results in the folliogy:
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To reduce the effects of sharp edges and null @oitite center of the optical fiber for case of,nz@nd
n were set to the average radial distance and gwerafractive index, respectively giving
n=0.5*(n(i)+n(i+1)) and #&=0.5*(r(i)+r(i+1)). In addition, only TM modes werxamined with m=0. We
solved (2) with Matlab Eigen solver routines anadianeously determined the effective propagation
constant and field values. We used Neumann bowraarditions at the edges of the waveguide. In the
mode simulation, the operating wavelength was 600 the core diameter was 200 um, clad thickness
was 20 um, and the radial step size was set torir@5In addition, we estimated the corg) @nd clad
refractive index (j of the optical fiber to be around 1.458 and 1.488uming a 0.2 NA and with a pure
silica core. Figure 2 shows the penetration depth@evanescent field into cladding as a functibthe
angle of the beam with respect to core/clad interfee. In this case, the angle is extracted froen th
effective propagation constant: cos(Angl&kn.. The penetration depth is defined as the poirdrevtthe
field drops by & from the peak.
I

Depth (um)

Angle (deg)

Fig. 3 Penetration depth of the evanescent figlmtime cladding for the case of higher order modes.



Untill the point where the incident angle is 3 de=gg the penetration depth is very small but inesé&sa
large value beyond it hence suggesting that fanérigrder modes which typically have a higher ianid
angle the penetration depth of the evanescent ifiétdthe cladding increases. Using the previoua da
given in the literature [17], it was estimated thiad minimum and maximum absorption coefficient of
Polyaniline to be around 0.3 tnwhen exposed to HCI and 0.6 Urwhen exposed to concentrated
ammonia gas, respectively. Four lengths of theiegrregion were examined: 5 mm, 10 mm, 20 mm,
and 50 mm. The core diameter was set to 200 unsehsing thickness was set to 20 um, and the step
size was set to 0.5 um. In addition, two paransetere of interest: Percent change in transmittance
Absorbance. The percent change in transmittandbeischange in transmittance when the sensor is
exposed HCI and then Ammonia:

T = [ Th, J
ol =100*|1-— (6)
HCI
Likewise, the absorbance is given by:
A= |0910£THC| J (7
TNH3

Figure 3 shows the absorbance of sensor when fphesed to HCl and Ammonia for the four lengths of
the sensor as the angle setto 2, 3, 4, and 6aegre
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Fig.4 Variation of Absorbance with angle.

As shown in Figure 4, the absorbance increasebeasrigle of the beam and the length of the sensor
increases. At 4 degrees, the absorbance is 0.062%,, 0.27, and 0.625 for sensing length of 5 hdn,
mm, 20 mm, and 50 mm, respectively. Since theeaisgiierived from the effective propagation cornstan
smaller angles correspond to lower order modedaagdr angles correspond to higher order modes.



Higher order modes will result in larger absorbaaoe percent change in transmittance compared to
lower order modes. From the mode analysis we cama® an optimum thickness and optimum length
for the sensing region. We can estimate the optintlickness to around 0.4 um or at the midpoint
between 0.38 um and 0.44 um as shown in Fig. 3thelength, it was estimated to be 35 mm or the
midpoint between 20 mm and 50 mm. When beam prdeagharough the sensing the region, the
penetration depth will slightly reduce due to tlighhcontrast in refractive index between the cord a
sensing region for the Polyaniline evanescent semsaddition, part of the power in the core vk
transmitted to the sensing region since the senmsgmn has a higher refractive index then the ,core
where it will be absorbed due to the high absorptioefficient of Polyaniline. Since we only examine
TM modes, we expect differences in the experimedédh for the Polyaniline evanescent sensor. We
expect TE modes to have similar sensitivity comgaoeTM modes. However, skew rays will reduce the
overall sensitivity.

4. Experimental Resultsand Discussion

4.1.Optical property of Polyaniline
Polyaniline polymers are usually prepared by chahiit3-14, 17-18] oxidation of aniline hydrochlogid
by ammonium persulphate.Most common form of Polyamiis the Emeraldine Base (EB) form which

can be protanated to Emeraldine salt (ES). Ofésteior development of optical sensor is the reblers
protanation and deprotanation reaction betweem#ise and salt as seen in Fig.5. This change frem ba

to salt and back is accompanied by a shifflj,, from 900nm for HCI to 785nm for ammonia as seen

from Fig. 6, where Friedman'’s statistical smoothimgdone for clarity of the plot. The change in WS
spectrum characteristics of Polyaniline when exgdseammonia and HCI is being used for detection.
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Fig. 5 Polyaniline in Emeraldine Base and Emeradialt forms
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Fig. 6 Characteristic plot of Absorbance as afimm of Wavelength for Polyaniline

Polyaniline in basic medium has a characteristie llolor which when exposed to acid changes tangree
[17]. This change in color of Polyaniline can beedisto detect the presence of Ammonia and
Hydrochloric acid. From the above graph it candbserved that Polyaniline when exposed to 2%
ammonia solution shows a dip at 490 nm which changé&40nm when exposed to acidic conditions. It
is well known that a material of a particular colaitl not absorb light of wavelength correspondiag
that color. The same observation can be made fhrenabove graph where the dips at 490 nm for basic
medium (blue in color) and 540 nm for acidic coiudis (green in color) are seen. Also to be notised
the absorbance plot for the dip coated polymer Wiskknost matches the one with HCI solution. This
proximity was a result of the acidic conditions dise prepare the Polyaniline coating which imprtve
various properties of the deposited coating [17].



4.2.Effect of concentration

The effect of varying the concentration on the abaonce-wavelength plot is as shown in Fig.7. and

Fig. 8, where Friedman'’s statistical smoothingaselfor clarity of the plot.
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Fig. 7 Absorbance as a function of wavelength fofous concentrations of Ammonia

From Fig.7 and Fig.8 it is observed that the minimabsorbance in case of ammonia are observed at
490 nm, 495 nm, 498 nm and 505 nm for 2%, 4%, 6% 9% Ammonia solutions, respectively. A
similar trend of shift in absorbance minima is aldoserved in case of HCI where the values of
wavelengths are 536nm, 540nm, 548nm and 557nm2terd26, 6%, 12% HCI solutions, respectively. It

is concluded from the above graphs that as theertration of HCI/Ammonia increases the initial
greenish-blue/bluish-green color of Polyanilinedmverted into pure blue when exposed to ammonia or
pure green when exposed to HCI. Based on the wagtleange in which the Absorbance minimum is
observed, the contaminant can be observed as &lttleor Ammonia and based on the specific value of
the wavelength at which absorbance minimum is eeserthe contaminant with the concentration level

is identified.
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4.3.Responsetime

Fig. 9 shows a graph between Absorbancdiaedfor 2, 4, 6 and 12% ammonia solutions.
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Fig. 9 Absorbance as a function of time



For a given thickness of the sensing region, tkparse time or rise time which is defined as theeti
taken by the signal to attain 90% of the steadtestalue, is a function of concentration of ammonia
Increase in concentration decreases the respamsewvthich can be observed from Fig. 9 where the
response time for concentration of 2, 4, 6 and BPémonia solutions can be observed to be 36, 32, 27
and 8.5 seconds, respectively. This is useful mfdion which can be used for field deployment & th
sensor. The settling time defined as the time reduor the output to reach 2 to 3% of the stedalies

value can be observed to be approximately 200 siscon

5. Conclusions

A clad modified Polyaniline based optic sensor @ageloped which can detect ammonia and HCI to a
concentration level of 2% in air. Based on the $ations a sensing region length between 20 to 50 mm
and thickness of less tharnufn was prepared. By monitoring the absorbance ateal fivavelength or

Anin the concentration and contaminant can be identifiée response time for the sensor developed was
observed to be between 36 to 8.5 seconds baséw @oncentration.
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