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Abstract

A polyaniline/chitosan (PANI/CHT) modified SPCE based sensor was developed and validated by
electrochemical detection of PFOA. The PANI/CHT composite was synthesized by chemical oxidative
polymerization technique. The synthesized material was characterized by scanning electron microscope
(SEM)-Energy dispersive X-ray spectroscopy (EDX), Thermal gravimetric analysis (TGA) and
Ultraviolet visible Spectroscopy (UV-Vis) techniques. Therefore, from the SEM result showed that the
combination of both materials give porous morphology which would further enhance the
electrochemical activity of PANI-CHT composite against PFOA. From the TGA analysis also revealed
that the addition of CHT to the PANI would increase the thermal stability of the composite compared
to the PANI. In addition, the redox properties of the modified SPCE were examined by cyclic
voltammetry studies. The investigation showed that PANI/CHT SPCE exhibit high electroactive surface
area compared to unmodified SPCE. The PANI/CHT SPCE recorded lowest detection limit (LOD) of
1.60 ppb with LOQ of 4.82 ppb, in the linear range of 25-50 ppb.
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Introduction
Perfluorooctanoic acid (PFOA) is a synthetic perfluorinated compound (PFCs) and known as common
emerging environmental contaminants (Dewitt et al., 2012). The contamination of PFOA has received
considerable attention over the years and pose a major health concern including certain types of cancers,
cardiovascular problems and birth defects (Atsdr, 2004). The unique properties of the PFOA is the
carbon fluorine (C—F) bonds which is strongest covalent bond in organic chemistry (485 kJ/mol) that
attribute to its high thermal and chemical stability (Ordonez et al., 2022). Hence, it is extremely hard to
undergo degradation processes, such as biodegradation and chemical oxidation. It was used in several
domestic and industrial applications, and as a consequence of its use, PFOA was widely detected in
various water matrices, wildlife and even human blood throughout the world (Ahrens & Bundschuh,
2014; Shankar et al., 2012). Therefore, owing to the strong (C-F) bond, high electronegativity, smaller
size of the fluorine atom makes them stables to travel for long distances in a natural environment
(Sznajder-Katarzynska et al., 2019). Therefore, the U.S. Environmental Protection Agency (EPA)
announced the lifetime health advisory level of PFOA in drinking water to be 70 ng/L or 70 ppt (Cordner
et al., 2019; EPA, 2016). Thus, there is a need to fabricate easy and cost-effective techniques for the
fast and reliable measurement of PFOA. Frequently used analytical methods used for validation of
PFOA, includes chromatographic technique; high performance liquid chromatographic (HPLC) and
liquid chromatography—tandem mass spectrometry (LC-MS/MS) However, these techniques require
complex instrumentation, have tedious sample pre-treatment process, and expensive making them

175



Journal of Academia Vol. 10, Issue 2 (2022) 175 — 186

inapplicable for on-site measurements (Ryu et al., 2021). Thus, electrochemical methods have been
reported to possess unique advantages, such as cost-effectiveness, convenience for onsite application,
ease of use, easier construction of electrode materials, and rapid response during analysis (Younis et al.,
2021). In light of this, one of the most up-to-date research has focused on the development a simple,
cost-effective, and selective electrochemical sensor that comprised of screen-printed carbon electrodes
(SPCE) which small in size, simple and have a high conductivity due to the carbon paste used during
the printing process (Padmalaya et al., 2022). However, further modification of the electrode surface is
required to improve its performance in sensor. Poly-aniline (PANI) is the most promising conducting
polymers (CPs) that exhibit many remarkable properties; such as conductivity, thermal and chemical
stability (Anisimov et al., 2020). Due to several advantages, it has been effectively utilized in numerous
sensors and exhibited excellent sensitivity and low detection limit (Che et al., 2019; Faisal et al., 2020;
Suhail et al., 2019). Nevertheless, based on the previous studies on PANI-based sensors, it showed low
mechanical properties that limit its functionality, electronic interactions and current flow. In this work,
a rather eco-friendly, chitosan (CHT) was integrated with PANI to modify the SPCE surface for
electrochemical determination of PFOA. CHT, as a natural cationic biopolymer, owing to its unique
characteristics features such as good water permeability, high adhesion ability, film-forming ability,
high mechanical strength, biocompatibility and nontoxicity (Mittal et al., 2018). The use of CHT can
improve the stability of the electrode surface by forming a film on the electrode surface. In our research,
the electrochemical behavior properties using PANI/CHT composite has been studied. PANI/CHT
composite has been synthesized through chemical oxidative polymerization technique. As far as we
know, the development of modified SPCE with PANI-CHT composite for the detection of PFOA is still
not available in the literature. Functionalizing the electrode surface with the PANI/CHT tends to
improve the additional features that can enhance the electrochemical behavior for PFOA detection.
Reactive groups in CHT will speed up the transfer of electrons, resulting in more effective
electrochemical sensing. The drop-casting method has been used to modify electrode surfaces since it
is an efficient and straightforward method. The electrochemical characterization and behavior of the
modified-SPCE ~ were investigated using UV-VIS, SEM-EDX, TGA and CWV.

Methods

Chemicals and Materials

In this study, aniline (99% purity), ammonium peroxydisulfate (APS), and hydrochloric acid (HCI,
37%) were purchased from R&M, while sodium hydroxide (NaOH, 50%) was obtained from Sigma
Aldrich for the extraction of CHT from Crab Shells (CS). The supporting electrolytes, such as potassium
chloride (KCI), potassium ferricyanide (Ks[Fe(CN)g]), and dimethyl sulfoxide (DMSO, 99%), were
supplied by Fisher Scientific. The analyte, such as perfluorooctanoic acid (PFOA, 95%), was purchased
from Sigma-Aldrich. Deionised (DI) water was used for the dissolution of other chemical substances.
All reagents were of analytical grade (A.R.) unless specified differently.

Synthesis of PANI/CHT composite via Chemical Oxidative Polymerization

Dry CHT was first dissolved in 2% acetic acid solution at a weight to volume (w/v) ratio of 1:10 for 24
hrs to form a colourless homogenous aqueous solution. In the resultant solution, 15 mM aniline
monomer in 100 mL of 1.0 M HCI was added under constant stirring at 600 rpm for an hour. Then, 15
mM APS solution was added drop-by-drop into the solution under pre-cooled conditions for an hour
and constant stirring at 600 rpm. Finally, the in-situ polymerisation of PANI-CHT was carried out for
24 hrs at 0 °C. PANI was also synthesised in the absence of CHT as a control in the study.

Modification of Electrode Surface (SPCE)

For the surface modification, the electrode surface was rinsed with deionized water to remove any
impurities/dust presence on SPCE. Then, the SPCE was modified through the addition of 1.0 uL of
PANI by drop-casting technique and this procedure was repeated for the remaining material (CHT and
PANI/CHT composite). Then, the modified SPCEs were dried at RT for a week in a petri dish filled
with silica gel to evaporate the residual solvent.

176



Journal of Academia Vol. 10, Issue 2 (2022) 175 — 186

Characterization and Electrochemical Measurement

The modified-SPCE with CHT, PANI, and PANI-CHT composites were characterised by using various
methods such as Ultraviolet-Visible (UV-vis), Scanning Electron Microscopy (SEM), Energy
Dispersive X-Ray (EDX) analysis and Thermal Gravimetric Analysis (TGA). In this study, the
electrochemical characterisation and testing of the sensor were performed via CV using AUTOLAB
potentiostat/galvanostat (PGSTAT204) (Metrohm). The CV experiment of the modified SPCEs were
conducted between -1.0 V and +1.0 V at a scan rate of 100 mV/s in 1.0 mM K;[Fe(CN)s] solution
containing 1.0 M KCI as the probe. Additionally, the electrochemical behaviour effect of the scan rate
and pH of the modified SPCE was determined using the CV method in the presence of 25 ppb PFOA
in 0.2 M Phosphate Buffer Solution (PBS).

Results and Discussion

Physicochemical Analysis

Figure. 1 (a), (b) and (c) depicts the SEM micrographs of the CHT, PANI and PANI/CHT composite at
10k magnification. It was observed that the CHT appeared to smooth, irregular and thick surface
structure (Geetha Devi et al., 2012), while the thin-film PANI exhibited a cauliflower-like structure
with a highly porous texture (Fahim et al., 2019). In contrast, the morphology of the PANI/CHT
composite in Figure. 1(c) illustrates the porous structures with the presence of cavity that leads to
improvement in ion transportation and electron transfer in conductive material during the charge-
discharge process (Waikar et al., 2020). Besides, the EDX analysis was performed to explore the
elemental compositions on the surface of the materials, as shown in Figure 1. Based on the results, the
Carbon, Oxygen, Nitrogen, and Sulphur element are present in the CHT, PANI, and PANI-CHT
composite and the summary of the elemental distribution of the samples are provided in the Table 1.
The Sulphur (S) was presented in the EDX spectra, which most likely originated from APS as the
oxidant in the polymerisation process (Karthik & Meenakshi, 2015).

Table 1. Summary of elementary EDX analysis for the synthesis materials.

% Wt. N (0} C S F
CHT 14.23 32.31 53.46 - -
PANI 22.13 10.10 67.06 0.72 -

PANI-CHT 16.46 13.26 65.63 4.66
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Figure 1. SEM-EDX mapping at 10kx magnification of PANI, CHT and PANI/CHT composite

The TGA was used to determine the thermal stability of the synthesized PANI-CHT composites and
compared to that of the CHT and PANI as shown in Figure 2. According to the results, CHT and PANI
exhibited two and three sequential decomposition steps, respectively. The first weight loss was recorded
at a range of 60—86 °C for all materials, which indicated the evaporation of moisture/water and any
unreacted species. For the CHT, the second weight loss was observed at a range of 440-525 °C, which
was associated with the degradation of glycosidic bonds within the polysaccharide rings and
deacetylated chains with a total residue of 65.88% (Cabuk et al., 2014). Meanwhile, the second and
third weight losses for the PANI were recorded at a range of 243-353 °C and 350-550 °C with a weight
loss of approximately 52.97% and 22.04%, respectively, and a total residue of 15.1%. The summary of
TGA analysis has been provided in Table 2. These occurrences were ascribed to the phase transition
and the decomposition of the PANI backbone (Sahnoun & Boutahala, 2018). In comparison, CHT
exhibited higher thermal stability than PANI since PANI lost more weight than CHT. In addition, it was
assumed that the presence of CHT enhanced the thermal stability of the composite due to the
intermolecular and intramolecular hydrogen bonding in the composite structure (Huang et al., 2021).
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Figure 2. Thermal stability profile for the synthesized materials

Table 2. Summary of TGA analysis for the synthesized materials.

Materials Tonset Tendset Tmax 1st 2nd 3rd 4th Total
(°C) (°C) (°C) weight weight weight weight residue

loss (%) loss (%) loss (%) loss (%) (%)

CHT 252.79 510.64 467.45 4.66 29.46 - - 65.88

PANI 235.35 319.54 298.76 9.89 52.97 22.04 - 15.1

PANI-CHT 176.24 276.50 236.97 6.6 25.75 16.85 11.76 39.04

The UV-vis spectra of CHT, PANI, and PANI-CHT composite are shown in Figure 3. According to the
CHT spectra, a characteristic band was detected at 264 nm, which corresponds to the m—m* transition.
However, Thamilarasan et al., 2018 stated that this band belongs to the unsaturated bond on the covalent
linkage (glucosamine unit) in the CHT structure (Thamilarasan et al., 2018). Oppositely, three
significant bands at 325 nm, 480 nm, and 634 nm in the pristine PANI were attributed to the n—mx,
polaron—mnx, and m—polaron, respectively, where the peak at 325 nm was assigned to the benzenoid ring
(Mohd Norsham et al., 2020). In addition, a small shoulder polaron band at 480 nm signifies the
conductive nature of PANI, which can only be observed in emeraldine salt (Dhivya et al., 2019;
Goswami et al., 2016). Meanwhile, the band at 634 nm was attributed to the doped state of PANI. Thus,
the detected absorption band at 275 nm confirmed the presence of CHT in each PANI-CHT composite,
which corresponds to m—m*. Furthermore, the bathochromic shift and hypsochromic shift were observed
at 380 nm and 457 nm, respectively, with the addition of CHT in the PANI due to the interaction of the
glucopyranose component in CHT with the electronic transition of benzenoid and quinoid rings (Cabuk
et al., 2014). Therefore, the shifting might be occur due to the absorption and the bond formation
between the amine group of PANI on the surface of CHT (Mostafaei & Zolriasatein, 2012).
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Figure 3. UV-Visible pattern of PANI, CHT and PANI/CHT Composite

Electrochemical Performance of potassium ferrocyanide, K3[Fe(CN)¢] at the modified SPCE

The cyclic voltammetry (CV) response of the BARE, PANI, CHT and PANI/CHT SPCE were studied
in 1.0 mM K;[Fe(CN)¢] containing 1.0 M potassium chloride (KCl) solution at the scan rate of 100
mVs™ ! as shown in the Figure 4. The CV indicates a well-defined redox peak for the PANI and
PANI/CHT SPCE. However, there is no redox signal for CHT SPCE since it is non-conductive material
(Nontipichet et al., 2021). From the studies, the redox peak data for the modified SPCE are shown in
Table 3. The redox peak current ratio (Ia/Ic) for PANI/CHT SPCE was higher than the PANI/SPCE.
This phenomenon suggests an enhancement in the current signal of the PANI/CHT SPCE are due to the
cationic nature on the protonated C2 (amino groups) in CHT and the electron conducting behaviour on
the conjugated structure of the PANI salt itself enhanced the electron transfer (Figiela et al., 2018;
Rajeev et al., 2020) Therefore, the Electroactive surface area (EASA) of the electrode was calculated
by using the Randles-Sevcik equation 1 (Ferrari et al., 2018). The EASA of the PANI and PANI/CHT
SPCE was 0.121 cm?and 0.137 cm? correspondingly, and it indicates the PANI/CHT SPCE has high
EASA as compared to PANI SPCE due to the synergistic effect obtained from the excellent electrical
conductivity of PANI and the high electrocatalytic active sites of CHT. This finding was supported by
the SEM morphology of the PANI/CHT composite, which revealed a porous structure with a cavity that
facilitates the electron transfer process (Nontipichet et al., 2021). Therefore, these parameters make the
PANI/CHT SPCE more suitable for redox application than the PANI SPCE.

I, =2.69 x 105A x DY/2n3/2y1/2C (D
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Figure 4. CV response of BARE, PANI, CHT and PANI/CHT SPCE in the 1.0 mM K4[Fe(CN)¢] at scan rate of
50mVs!

Table 3. The CV redox for 1.0 mM [Fe(CN)6]* containing 1.0 M KCI at the SPCEs at scan rate: 100 mVs-!

Electrode Ipa(A) Epa(V) Ipc(A) Epc(V) E°(V) Ipa/Ipe AEp(V)
Bare - - - - - - -
CHT - - - - - - -
PANI 1.26 x10*  0.41595 -1.93 x 10 -0.10895 0.15 0.65 0.31

PANI/CHT 1.79 x 10*  0.43304 -2.32 x10% -0.04303 0.20 0.77 0.40

Electrochemical behaviour of PFOA at PANI/CHT SPCE

Figure 5 (a) shows electrochemical CV response of PANI/CHT in the absence and presence of 25 ppb
PFOA in 0.25 M PBS, pH 7.2 with a scan rate at 50mVs™'. As shown in the figure, the CV response for
PANI/CHT SPCE (black line) with the absence of PFOA show low redox current signal. However, the
CV response was enhanced with the presence of PFOA at the PANI/CHT SPCE (red line) in the
oxidation and reduction peak current. The redox peak potential of PANI/CHT SPCE shows redox peak
potential at Epa: 0.567 V and Epc: -0.155 V respectively with the change in peak potential of 0.722 'V,
it implies that higher the electron transfer rate as the change in peak potential is lower (Nuifiez et al.,
2021). The above results are indicates the electrocatalytic activity of PANI/CHT SPCE during the
detection of PFOA (Priyanka & Latha, 2021). The scan rate variation from 20-100 mVs™' for PANI/CHT
SPCE were studied in 0.25 M PBS, pH 7.2 as shown in the Figure 5 (b). Both oxidation and reduction
peak current increases with increasing the scan rate and the oxidation peak potential shift to less
negatively and reduction peak current shift to less positively. Therefore, the electrochemical oxidation
and reduction of CV response on PANI/CHT SPCE were investigated by different concentration PFOA
(25-50 ppb) in pH 7.2 of 0.25 M PBS at scan rate of 50 mVs™ !. Figure 5 (c) signifies that the
concentration of PFOA increases with redox peak current also increases. Thus, the graph of Ipa vs PFOA
concentration was plotted and present a straight line with good linearity as shown in the Figure 5 (d).
The limit of detection (LOD) of the sensor was calculated to be 1.60 ppb using the formula, LOD =
3S/m, where S is the standard deviation, m is the slope of the calibration curve and 3 being the signal
to noise ratio. Remarkably, our modified electrode can be considered more reliable than the other sensor
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as reported in the Table 4. The measured LOD was 1.60 ppb and can be considered more feasible
compared to the fluorescence and optical signal. In comparison, the LOD for ion selective electrode is
Ippb which very competitive to our recorded LOD however, PANI/CHT SPCE has recorded the fastest
detection time which is <5 min which is significant to be a quick detector. In view of the simple
electrode fabrication process, instant detection time and low detection limit, the present work suggests
that the PANI/CHT SPCE is a promising electrode sensor that can be used to monitor the presence of
PFOA in environmental water samples.
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Figure 5. (a) CV responses of PANI/CHT SPCE - absence of PFOA (black line) and PANI/CHT SPCE — (red line)
in the presence of 25 ppb PFOA in 0.25 M PBS at pH 7.2, scan rate: 50 mVs™! (b) CV of different scan rate in the
presence of 25 ppb PFOA. Scan rate: 20-100 mVs™! (c) CV response for PANI/CHT SPCE with a range of PFOA
concentration from 25-50 ppb (d) Calibration curve for different PFOA concentration

Table 4. Comparison table of PFOA detection with different detection method

Platform Material Method of Detection LOD (ppb) Time (min) Reference
aMagnetic Fe,O3; NPs Fluorescence signal 109+ 0.1 15 min (Zheng et al., 2019)
°FPI optical fiber Optical signal 5 fnr (Faiz et al., 2020)
IS electrode Potentiometric signal 1 2880 (Chen et al., 2013)
¢ Pt nanoelectrode (HER) 30 fnr (Ranaweera et al.,
2019)
ISPCE Voltammetric signal 1.60 <5 This work

2 Magnetic Iron Oxide Nanoparticles
b Fabry-Perot Interferometry optical fiber
¢ Platinum nanoelectrode
4Screen printed carbon electrode
¢Hydrogen Evolution Reaction
fNot reported
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Conclusion
In summary, we have demonstrated a facile, chemical oxidative polymerization synthesis of PANI/CHT
composite that was drop cast onto the SPCE for the first ever sensing of PFOA. Detection of PFOA was
performed using CV technique. The sensor demonstrated very low LOD of 1.60 ppb in a linear range
of 25-50 ppb. The PANI/CHT SPCE developed in this work can be used to develop similar
electrochemical sensors for various potential hazardous analyte.
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