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SURFACE PLASMON SENSOR BASED ON POLYPYRROLE MULTIWALLED
CARBON NANOTUBE COMPOSITE LAYER TO DETECT Al (111) IN AQUEQOUS
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In this study, the concentration of aluminum ion was measured using the surface plasmon
resonance technique with polypyrrole multi-walled carbon nanotube composite layer and
polypyrrole chitosan layer. The experiments were carried out at room temperature. The
results of the measurement of the concentration of aluminum ion with polypyrrole multi-
walled carbon nanotube layer were compared with that of the concentration of aluminum
ion with polypyrrole chitosan layer. The angle shift for the polypyrrole multi-walled
carbon nanotubecomposite layer was larger than the angle shift of the polypyrrole chitosan
layer. The limitation of sensors was about 0.1 ppm.
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1. Introduction

Surface plasmon resonance (SPR) is a powerful technique to retrieve information on the
optical properties of the biomaterials and nanomaterials. The Biosensor based on the SPR is a
versatile method for the biological analysis. Essentially, the SPR depends on the optical properties
of the metal layer [1] and the environmental changes. The SPR phenomenon is related to charge
density oscillation at the interface between the layer and the ions solution or biomolecule [2].
Hence, the biomolecule is excessively sensitive to the plasmon resonance, removing the
requirement for extrinsic biomolecule labeling [3]. One advantage of the SPR method is that the
light beam never passes through the dielectric medium of interest; hence, the effect of absorbing
the light in the analyte does not appear. Therefore, characterization of the medium after the metal
layer and monitoring the interaction of the biomolecule with a sensing layer are the primary
potentialities of the SPR.

Nanostructures have sparked interests in biosensing owing to their novelty and having
unique properties. Different types of nanostructure-based biosensors include carbon nanotube,
SnO, nanoparticles, nanowires, and gold nanoparticle. Nanostracture have contributed to
improving the sensitivity, the selectivity, and the multiplexing capacity in the biosensors.

“Corresponding author: mahnaz@upm.edu.my



536

The SPR sensor is classified to angular, phase, intensity and polarization modulations. The
SPR affinity biosensor is typically based on the angular modulation, and the output of the sensor is
the resonance angle shift. When the sensor senses the biomolecules having low molecular weights
or being in low concentrations, there will be a rise in the sensitivity of the sensor because the
variation of the angle of the resonance is very small and detecting the molecules is daunting [4].
Accordingly, some researchers have used the nanoparticles and nanotubes (carbon nanotube) to
enhance the angle shift and the sensor’s sensitivity.

Carbon nanotubes (CNTSs) have been used as both electrode and transducer components in
biosensors for their interesting electrochemical and electrical properties including their flexibility
to vary the electrical property (from metallic to semiconductor), small diameters, high mechanical
strength, and easy fabrication integration. Wang [5] and Balasubramanian and Burghard [6]
presented the design methodologies, performance characteristics, and potential applications of
CNT biosensors, as well as the factors limiting their practical applications. It is obvious that many
challenges still remain, especially in the sensitivity of the nanotube response to the environmental
effects, and thus to the chosen type of the raw CNT material as well as its functionalization.

In recent years, various researchers have reported the properties of polypyrrole (PPy)
based on humidity sensors [7-9] and gas sensors [10-12]. The conductivity of PPy has been
observed to be higher than the other polymers. Moreover, the environmental stability and quick
response recovery properties of PPy outweigh some inorganic materials [13-14].

Numerous methods such as atomic abortion spectroscopy, inductively coupled plasma-
mass spectrometry (ICP-MS), and fluorescence spectrometry have been employed to detect and
measure the concentration of metal and aluminum (Al) ions. The disadvantages of these methods
include the experiment costs, the device costs, and the nonlinear calibration curve with each
experiment. The explanation and carried out experiments require the chemical knowledge.
Moreover, these methods do not have portability.

In this paper, Polypyrole Multiwalled Carbon Nanotubes (PPy-MWCNT) composite layer
was prepared by electro-polymerization of pyrrole (Py) and carbon nanotube. The PPy-MWCNT
sensing layer incorporated with SPR was used to detect the Al (lll), while the sensitivity and
resonance angle shift were compared with the sensor based on polypyrrole chitosan (PPy-CHI )
sensing layer.

2. Materials and methods

2.1 Preparation of PPy-MWCNT sensing layer

The preparation of PPy-MWCNT was explained in [15-16]. Briefly, the gold layer was
coated on a microscope glass slide using the sputtering coater prior to coat the PPy-MWCNT or
PPy-CHI. The thickness of the gold layer was 49 nm.

Multi-walled carbon nanotubes (Nanostructure & Amorphous Materials) and sodium
dodecylbenzensulfonate of analytical grade were purchased from Sigma-Aldrich. The outside and
inside diameters of the MWCNT were 8 to 15 nm and 3 to 5 nm, respectively. The length and
purity of the carbon nanotubes were 10 to 50 um and >95 %, respectively.

The PPy-MWCNTSs layer were synthesized by electrochemical (Autolab PGSTAT 101)
polymerization of pre-distillated pyrrole on the MWCNT at the presence of  sodium
dodecylbenzensulfonate (SDBS) in distilled water at room temperature. The weight ratio of the
MWCNT to the pyrrole monomer was 0.7% which were dispersed in a SDBS solution, and the
ratio of nanotubes to SDBS was 1:10. The pyrrole was dissolved in the MWCNT/SDBS solution
and stirred. The Pyrrole-MWCNT premixed solution was electropolymerized at +0.7 V for 5 sec.
The gold coated glass was used as a working electrode. A graphite rod and a saturated calomel
electrode were used as the counter and reference electrode, respectively. The final PPy-MWCNT
thin layer was washed with water and methanol with the aim of removing the electrolyte solution
and dried under a vacuum at room temperature for 24 h [16].
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2.2 Preparation of PPy-CHI sensing layer

The PPy—CHI sensing layer was coated on a gold layer by the electrochemical (Autolab
PGSTAT 101) deposition method. The anodic potential of the working electrode was 1.1V relative
to a saturated calomel electrode. The polymers were potentiostatically prepared in a solution
containing 0.3M pyrrole (predistilled), 0.1M PTS dopant, and 0.7% w/v of CHI in acetic acid at
room temperature [17].

2.3 SPR setup

As displayed in Figure 1, the SPR setup is based on Kretschmann configuration. It consists
of a He-Ne laser (632.8 nm), a high index prism (n=1.83956, SF52), a precision rotation stage, a
polarizer, a photodiode, a chopper and a flow cell [18]. The detailed explanation of Kretschmann
configuration can be found elsewhere [19-20]. The prism was placed on a rotation stage and
rotated up to 33° at an increment of a 0.016° step size. The photodiode, which is sensitive to
intensity, was connected to the lock in amplifier to register the SPR signal when the rotation stage
was momentarily stopped. The experiment was repeated more than ten times for each sample and
the angle of resonance was registered along with the time [15].
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Fig. 1. The SPR setup includes laser, chopper, polarizer, prism, photodiode, and a flow cell.

The uncoated surface of the glass slide of the sensing unit was attached to the prism using
an index matching gel. The DI water was first passed through the flow cell to be kept in direct
contact with the sensing layer to determine the measurement base line. Once a stable base line was
achieved, the setup and sensing layer were ready for measurement. Aqueous solutions of Al ions in
different concentration were in turn passed through the flow cell separately. The sensing layer was
expected to absorb the Al ions, and it could be detected by the SPR signal due to the change in the
refractive index of the sensing layer and the thickness of the bound ion on its surface [21-22]. The
Fresnel equation based on matrix method was used [22] for the data analysis with a computer
program.

2.4 lons solution

In the preparation of Al ions in aqueous solution, 1 g of aluminum nitrate was dissolved in
11 of deionized water (DI) separately, which resulted in a 1000 ppm Al (I11) solution. Then, other
concentrations (0.1, 0.5, 1, 5, 15, 25, 50, and 100 ppm) were prepared by systematic dilution of the
1000 ppm aluminum nitrate solution in DI water.

3. Results and Discussions

3.1 Calibration of SPR sensor

Fig. 2 displays the SPR signals of Prism/Gold layer/PPy-CHI/water and Prism/Gold
laye/PPy-MWCNT /water configurations to determine the baseline. The experimental signals were
fitted well to the theoretical the SPR reflectance signals.
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R=rr, (1)

where I denotes the reflection coefficient [17, 21-22]. The SPR signal is a function of the
resonance angle, the refractive index of layer, and the refractive index of the interest medium
(water); hence, the resonance angles were achieved by minimizing the summation of the difference
value of the theory and the experimental reflectivity as follows:
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Fig. 2. SPR signals to determine the baseline

where R, and R are the experimental and theoretical reflectivity. The angles of the resonance

for Prism/ Gold layer/PPy-MWNT/water and Prism/ Gold layer/PPy-CHI/water configurations at
the baseline were 56.5° and 57.761°, respectively.

Theory

3.2 Sensing of Al ion

In this experiment, the Al ion solution in different concentrations was separately loaded to
the flow cell. The ion solution contacted the sensing layer (PPy-MWCNTSs layer or PPy-CHI layer)
during the 800 seconds. The SPR signal was recorded at different times using the computer
program; the experiment was repeated more the 10 times for each sample. The angles of the
resonance were obtained via the Eq (2). The angle shift was calculated from subtracting the
resonance angle of baseline and the resonance angle of each experiment at different time. Figures
2(a) and 2(b) exhibit the variations of the angle shift versus time for the PPy-MWCNT sensing
layer and the PPy-CHI sensing layer in different concentrations of Al ions in the agqueous solution.
The angle shift increased with increasing the time until 500 s and after that the angle shift
remained almost constant; this was the saturation value of the angle shift. The stars points were the
experimental results that fitted well to Langmuire’s first order adsorption model as follows [22-
23].

AO = A0, (1—exp(—k, t), ®3)

where A@, A6, , ka1 and t are the angle shift, the saturated value of the resonance angle shift,

the rate constant, and the response time of the sensor, respectively.
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Fig. 3. The sensogram related to (a) PPy-MWCNTSs sensing layer and (b) PPy-CHI sensing layer.

The variations of the saturated values of the angle shift with concentrations of the ions
have been illuminated in Figure 4 for the PPy-MWCNTSs and the PPy-CHI sensing layers. The

experimental value was fitted to the Langmuir equation [15, 17, 23-24] . If AG,,, .C ,and K are

the maximum value of the resonance angle shift, the concentration of the ions, and the affinity
constant, respectively, the Langmuir equation is

_AG,,,C
_}{(-FC.

The experimental values were fitted to the theory with correlation coefficients greater than 0.96.
Moreover, the variation of the PPy-MWCNTS sensing layer were larger than that of the PPy-CHI
sensing layer. As a result, the sensitivity of the PPy-MWCNTS sensing layer to detect Al ion was
higher than the PPy-CHI sensing layer.
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Fig. 4. Variation of the angle shift at the saturated value versus the concentration of Al ion.
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The concentrations of the aqueous solution were measured using AAS before and after the
experiments. Moreover, after the experiments, each sensing layer was immersed in DI water for 5
minutes to release the Al ion and the concentration of Al ion was measured using AAS. The
obtained results are presented in Table 1.

Table 1 Al ion and the concentration of Al ion measurement using AAS

Concentration of Al ion Concentration of Al ion Concentration of Al ion released
before the experiment after the experiment form the layer in DI water (ppm)
(ppm) (ppm)

0.1 0.02 0.08

1 0.07 0.97

5 0.06 494

10 0.07 9.3

25 0.09 2491

50 0.08 49.92

100 0.05 99.95

4. Conclusion

The SPR method is an accurate method for measuring the concentration of Al ion in the
aqueous solution based on conductive polymers such as the PPy-MWCNT and PPy-CHI sensing
layers. The sensitivity of the PPy-MWCNT was observed to be higher than PPy-CHI while the
variation of the angle shift in low concentration of Al ion was linear.
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