Polyaniline deposition on tilted fiber Bragg grating for pH sensing
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ABSTRACT

In this paper, we present the results of a new pH sensor based on a polyaniline (PAni) coating on the surface of a tilted
fiber Bragg grating. The pH-sensitive PAni was deposited by in situ chemical oxidative polymerization. The
performance of the fabricated pH sensor was tested and the obtained pH values were compared with the results obtained
using a pH meter device. It was found that the sensor exhibits response to pH changes in the range of 2-12, achieving a
sensitivity of 46 pm/pH with a maximum error due to the hysteresis effect of +1.14 pH. The main advantages of this
PAnNi-TFBG pH sensor are biochemical compatibility, temperature independence, long-term stability and remote real-
time multipoint sensing features. This type of sensor could be used for biochemical applications, pipeline corrosion
monitoring or remote-multipoint measurements.
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1. INTRODUCTION

Optical and fiber-optic pH sensors complement the glass electrodes for pH measurement and offer numerous advantages
such as immunity from electrical interference, feasibility of miniaturization, robustness, possibility of remote and real
time sensing and in vivo measurements.

Conducting polymers possess both the mechanical properties of a polymer and the electrical properties of a conductor
and have a big potential in many technological applications. Polyaniline (PAni) is a well-known conducting polymer,
which is relatively easy to prepare, shows excellent stability, biochemical compatibility and has rapid and reversible
adsorption or desorption kinetics [1]. It has attracted much attention in numerous sensor applications, such as gas
detection [2], multi-electrode sensor arrays [3], as coatings for quartz crystal microbalance sensors [4], chemiresistors
using single walled carbon nanotube (SWNT) [5] and as modified cladding in optical fiber sensors [6].

Tilted fiber Bragg grating (TFBG) sensors have proven to exhibit really interesting features when applied to chemical
sensing [7]. Compared to uniform Bragg gratings (FBGs), the TFBG tilt angle causes a coupling of part of the
transmitted light to the cladding of the optical fiber in the form of several cladding mode resonances [8]. Each of these
modes propagates with a corresponding refractive index value and is confined in the cladding by reflection on the
cladding-outer medium interface. Thus, when the refractive index value of the surrounding medium reaches a value close
to the one of a mode, it loses the total internal reflection condition, being transmitted to this medium and producing a
change on the grating transmitted spectrum. The monitoring of these alterations allows us to detect and quantify the
variations of the refractive index of the outer medium, turning these devices into highly accurate refractometers [9].

In this work a novel pH sensor consisting on a polyaniline deposition on the surface of a TFBG is presented and
characterized. PANI presents indeed a pH sensitive optical absorption spectrum in the NIR region. This effect is due to
the partial protonation leading to a doping and a conformational change of the polymeric chains. The working principle
of the sensor is based on the monitoring of the transmission spectrum of the TFBG, which varies with pH as the
refractive index of the sensitive layer changes with pH. The useful signal is a wavelength shift of the TFBG cladding
modes, achieving an overall sensitivity of 46 pm/pH unit in the range 2-12 pH. Due to the main properties of this
combination, PAni-TFBG pH sensors could have applications in various domains: medical smart textiles [10],
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bioelectrical and in vivo measurements [11], pipeline corrosion monitoring [12] or remote real-time multipoint for liquid
solution measurements.

2. EXPERIMENTAL SETUP AND OPERATING PRINCIPLE

The sensor’s centerpiece was a 1 cm long 6° TFBGvphoto-inscribed in the core of a hydrogen-loaded single-mode
photosensitive optical fiber (FiberCore PS-1250) using a frequency-doubled Ar laser emitting at 244 nm and a 1070 nm
pitch phase mask. After the photo-inscription process, the grating remained inside an oven at 85 °C for 12 hours to get
rid of the residual hydrogen content and stabilize its behavior at room temperature.
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Figure 1. Experimental setup.

Fig. 1 shows the experimental setup implemented to characterize the PAni-TFBG sensing heads. Two sensors were
developed to ensure the repeatability of the experiment. A commercial FBG interrogating device (Micron Optics) with a
customized Labview software (scanning frequency of 10Hz) and a 5pm resolution was employed to analyze the sensor’s
optical spectrum.
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Figure 2. (a) Wavelength shift during PAni deposition and (b) optical spectrum of sensor.

PAni film was deposited by in situ oxidative polymerization during 20 minutes starting from aniline and ammonium
peroxodisulfate (oxidant) in an acid aqueous solution. The sensors’ optical spectrum was continuously tracked in order to
find out the optimal deposition time, avoiding saturation effects, as Fig. 2b illustrates. The PAni coating modifies (rises)
the external refractive index of the TFBG leading to a higher number of resonant modes coupled to the external medium
and inducing a wavelength shift and an amplitude variation on the remaining cladding guided ones. The exceptional
features provided by the TFBG enable direct interaction between the cladding coupled light and the bounding medium,
without the need for any additional processing treatment.

3. EXPERIMENTAL RESULTS

The pH sensing heads were immersed into a NaCl solution at a constant temperature of 19 °C in order to perform
controlled pH variations. HCI and NaOH were added to the NaCl to move towards acidic or basic aqueous solutions
respectively. The pH was monitored with a Lab 850 (Schott Instruments) pH meter with a resolution of 0.001 pH.
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Notice that the refractive index of the NaCl solution was monitored with a refractometer (Reichert AR200) during the
experiments and the refractive index of the solution is considered as negligibly affected (variations within 10 refractive
index units (RIU) in the whole range corresponding to the resolution of the digital refractometer).

Sensor’s response of one of the resonance modes is illustrated in Fig. 3.
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Figure 3. Wavelength shift with increasing pH: (a) Sensor 1 and (b) Sensor 2.

As can be noticed, sensor’s mode resonances shifts towards lower wavelengths with increasing pH, presenting a total
shift of almost 500 pm in a range between 2 and 12 pH. The complete responses of the sensors are shown in Fig. 4.
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Figure 4. Sensitivity: (a) Sensor 1 and (b) Sensor 2.

On the one hand, sensors present sensitivities of 46 pm/pH and 48 pm/pH in the whole pH range after 3 complete cycles
of pH to achieve stable features (slight differences are present between the first and the following cycles). On the other
hand, they present an error of +1.01 pH and +1.14 pH respectively due to the hysteresis effect. This hysteresis, already
reported for polyaniline, could be attributed to the difference in the swelling degree of polyaniline at different pH values
which leads to a change in its porosity and conformation during various doping and de-doping processes [13]. This
hysteresis can be reduced by reducing the thickness of the layer and increasing its porosity.

PAni TFBG based sensors are replicable (a high degree of similarity has been achieved between both sensors), and long
term stable (sensor 1 was tested twice with a week lapse between tests). Furthermore, due to the characteristics of the
TFBG structures, they are temperature independent.
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4. CONCLUSION

To summarize, a new fiber optic pH sensor has been proposed and experimentally demonstrated. The sensing head is
based on a PAni coating on the surface of a TFBG. The interrogation of the sensing head has been carried out by
monitoring the wavelength shift of one of the resonance modes of the TFBG. The sensor presents a sensitivity of
46 pm/pH unit in the range of 2-12 pH, which is quite broad, with a maximum error of +1.14 pH unit due to the
hysteresis effect. Two different quasi-identical sensors have been developed in order to assure the repeatability of the
process. Due to the characteristics of the sensing head, it is temperature independent and biochemical compatible which
make it suitable for new medical smart structures, pipeline corrosion monitoring or remote-long distance-real time-
multipoint measurements.
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