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In this study a nanocomposite of graphitic carbon nitride-silver polyvinylpyrrolidone (gCN-AgPVP) was fabricated for the electrochemical detection of paracetamol (PAR). The nanocomposite of gCN-AgPVP showed superior electrocatalytic ability for PAR detection since it is selectively adsorbed by electrostatic interactions of the nanocomposite of gCN-AgPVP. This selective adsorption is also facilitated by charge assisted interactions between the PAR and gCN-AgPVP surfaces. The stability of the GCE/gCN-AgPVP was characterised using cyclic voltammetry (CV) at potentials ranging from −0.2 to +0.7 V and a scan rate of 50 mV/s. Square wave voltammetry (SQWV) was employed to characterise and detect PAR. The analysis was conducted on modified GCE/gCN-AgPVP in 0,1M phosphate buffer solution (PBS) and pH 6.1. GCE/gCN-AgPVP showed excellent performance in detecting PAR in the concentration range of 0.2–100 µM with a correlation coefficient of 0.9951 respectively. The calculated detection limit (LOD) was 0.079 µM.
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1 INTRODUCTION
Carbon nanomaterials, have gained recognition in analytical chemistry for sensor modification due to their unique properties (Kang et al., 2010). Graphitic carbon nitride (gCN) nanostructures have pyridinic and graphitic groups which are rich in nitrogen thereby rendering them suitable for electrocatalytic applications (Kesavan and Chen, 2020a). In the recent decades, graphitic carbon nitride (gCN) has acquired a lot of interest as a new two-dimensional material (Wen et al., 2017). gCN has been used in catalysis, electronics, biomedical imaging and sensor field due to its unique physical and chemical properties (Wang and Wang, 2022). The gCN and its composites are applied in manufacturing fluorescence, photoelectrochemical, electrogenic chemiluminescence, optical, and electrochemical sensors (Zhang et al., 2014; Hang et al., 2017). Several published articles have reported gCN as a modifier material and it has formed composites with materials such as metals, semiconductors, graphene, etc. (Adhikari et al., 2015). Contrarily, gCN has inferior water solubility and a bulky size which renders it unsuitable for electrochemical applications. In an attempt to improve water-solubility, and to achieve low toxicity and high photoluminescence quantum yields direct ultrasonication of bulk gCN in water has been performed (Vinoth et al., 2021). Graphitic carbon has a limited electrochemical sensing performance due to its chemical inertness, specific surface area and conductivity (Zhang et al., 2014). However, due to some drawbacks such as low electrical conductivity and a bulk limited structure, the application of this structure was limited (Dai et al., 2017; Zhao et al., 2017). There have been few reports on the development of electrochemical sensors based on gCN modification with nanomaterials such as polymers and metal nanoparticles to broaden their application (Zhang et al., 2014; Adhikari et al., 2015; Afshari et al., 2019; Munusamy et al., 2021; Vinoth et al., 2021). The composite of gCN modified with silver (Ag) and polyvinylpyrrolidone was therefore strategically prepared to achieve excellent electronic band structure, stability, and conductivity which are the key characteristics of a good electrochemical sensor (Veerakumar et al., 2018; Lütfi and Atar, 2019). The use of silver and Polyvinylpyrrolidone will increase the surface area of the modified material, and this will make them less prone to aggregation. Therefore, gCN was hydrothermally grown on smaller PVP, and Ag nanoparticles to improve conductivity and the surface area of the electrode for the detection of paracetamol.
Paracetamol (acetaminophen) with the IUPAC name N-(4-hydroxyphenyl) ethanamide is known for its antipyretic, analgesic and anti-inflammatory properties which render it suitable for the treatment of fever, miscellaneous pains, coughing and colds (Teker and Aslanoglu, 2020; Annadurai et al., 2021). Paracetamol (PAR) is a weak acid with PKa = 9.5 which is easily retained by cells and is released from the human body as urine (Niedzia, 2019a; Mangaiyarkarasi et al., 2020). Generally, no harmful side effects are observed when it is used in moderation. On the other hand, excessive use may cause kidney damage, gastrointestinal bleeding, rashes liver damage and even lethal effects such as coma or death (Haridas et al., 2021). Only 1–4% of PAR remains unaltered in the urine after human consumption and it is discharged into the sewage systems (Niedzia, 2019b). PAR is often found in aquatic environments, in concentrations ranging from μM to mM due to sewage disposal (Niedzia, 2019b), (Pinyou, Blay, Chansaenpak, Lisnund), because PAR is prescribed for most diseases which means that tons of it are used in a year (Raymundo-pereira et al., 2017). The guidelines recommend maximum concentrations of acetylcysteine of 200 mg/kg in a 4 h period, then 100 mg/kg after 16 h. The detection of paracetamol is therefore imperative and is extensively under investigation globally (Wong et al., 2020).
For this purpose analytical techniques such as high performance liquid chromatography (Palur et al., 2020), spectrophotometry (Khaskheli et al., 2007) and titrimetric methods (Ali et al., 2015), have been used previously. Unfortunately, these methods have also demonstrated shortcomings such as high cost and time consumption, low sensitivity, tedious operation and also require a skilled person to operate the instruments (Analysis, 2003; Fanjul-bolado et al., 2009; Premlatha and Ramesh Bapu, 2018). Due to the electroactive nature of paracetamol, electrochemical detection has been identified as a better method for its detection. This technique offers advantages such as high sensitivity, low cost, less time-consumption, detection of a wide concentration range and renders rapid responses (Fanjul-bolado et al., 2009).
Electrochemical techniques therefore present an excellent alternative for PAR determination as consequently have been extensively applied for the determination of paracetamol in pharmaceutical samples (Burç et al., 2020; Murtada et al., 2020). The most popular working electrodes which have been applied for the electrochemical sensing of PAR include carbon-based electrodes, such as glassy carbon electrodes (GCEs), and screen-printed carbon electrodes (SPCEs) (Boumya et al., 2021) and carbon paste electrodes (CPEs) (Liu et al., 2017; Paul et al., 2020; Saravanan et al., 2021). One of the disadvantages of using conventional electrodes, is difficult oxidation of PAR and poor response due to slow electrode kinetics. For this reason, chemically modified electrodes have become more popular as electrochemical sensors for PAR (Mangaiyarkarasi et al., 2020).
In this study, the fabrication of a novel nanocomposite, namely gCN-AgPVP is reported. It has further been utilised for the electrochemical detection of PAR. According to literature, gCN-AgPVP nanocomposite has not been explored as an electrochemical sensor. In the present work, the synthesis of gCN and gCN-AgPVP nanocomposites was conducted in a series of steps. Then both the nanocomposites were fabricated on GCE and used for selectivity electrochemical assay of paracetamol. In addition, GCE/gCN-AgPVP was applied for the detection of PAR in real paracetamol tablets and gave satisfactory results.
2 EXPERIMENTAL
2.1 Materials and Reagents
Paracetamol, melamine, sodium hydroxide, polyvinylpyrrolidone, disodium hydrogen phosphate, ferro/ferricyanide and sodium dihydrogen phosphate were purchased from Sigma Aldrich (South Africa). Unless otherwise stated chemicals are of analytical grades. HCL and NaOH stock solution was prepared using deionised water, 1 mM paracetamol stock solution was prepared using 0.1M Phosphate buffer (pH 6.1) as supporting electrolyte, deionised water was used for all the solutions that were prepared.
2.2 Apparatus
A field emission scanning electron microscope (FESEM) on a Zeiss Crossbeam 540 FEG SEM coupled with Oxford Instruments energy dispersive X-ray spectrophotometer (EDS) detector (United Kingdom) was used to obtain the SEM images of both the unmodified and nano-modified electrodes. All electrochemical experiments were performed by using an Ivium Compactstat potentiostat (Netherlands). This involved a three-electrode system which included a platinum wire counter electrode, glassy carbon working electrode and Ag/AgCl (3 M KCl) reference electrode. All electrochemical impedance spectroscopy (EIS) measurements were conducted using a bias potential of 0.22 V and frequencies ranging from 100 kHz to 100 mHz. The cyclic voltammetry experimental conditions were as follows: potential of −0.2–1.0 V, E-step of 0.03 V, current range of 1 μA and a scan rate of 50 mV/s in ferro/ferricyanide solution. A Thermo Fisher (ICAP6500 Duo, China) instrument was used for the validation studies which included the use of square wave voltammetry and UV-Vis spectrometry.
2.3 Synthesis of gCN-AgPVP Electrode
Melamine was pyrolyzed to synthesise graphitic carbon nitride. This was achieved by heating melamine (10.0 g) which was placed in a porcelain crucible. The heating was conducted in an electric furnace at a rate of 10°C min−1until 550°C was reached. This temperature was maintained for 4 h (Zhang et al., 2014). The obtained yellow polymer was milled into a powder for further use. Thereafter, 6 g bulk-graphitic nitride (b-gCN) powder in 10 ml deionised water was ultrasonicated for 5 h. The resulting suspension was centrifuged at 6000 rpm for 20 min to remove aggregates. The product which was pale-yellow in colour was dried at 60°C for 24 h to yield gCN. Silver (Ag) modified gCN composite was synthesized by photo deposition: 4 g gCN nanosheets, 100 ml deionised water and 0.01 M AgNO3 were added together and stirred for 30 min. This was followed by the addition of 50 mg of carboxymethyl cellulose (used as a binder) and continuous stirring of the solution for another 30 min. Thereafter the solution was transferred into a cylindrical reactor and irradiated under visible light illumination equipped with UV-cut off filter (Xenon lamp-solar light XPS 300™), the solution was stirred for 2 h and the solution colour changed from yellow to silver-yellow (Ago/cell), the solution was centrifuged at 6000 rpm for 10 min, washed with deionised water and ethanol and air-dried at 60°C for 24 h. Finally, the powder was weighed and stored in an airtight container for further use. Furthermore, 2g of gCN-Ag and 6g of PVP was added into 20 ml of deionised water and stirred for 1h and the mixture was centrifuged, washed with water and ethanol and air dried 60°C for 24 h. Finally, the nanoparticles were stored in an airtight container for further use.
2.4 Preparation and Electrochemical Characterisation of the Modified GCE/gCN-AgPVP
The unmodified GCEs were polished with 1, 0.3 and 0.05 μm alumina powder on a polishing pad. This aluminium powder was first rinsed with deionised water and sonicated with 1:1 deionised-ethanol for 5 min. After cleaning was completed, the electrodes were activated by cyclic voltammetry from −0.2 to 0.7 V in 0.1 M PBS at pH 6 at a scan rate of 50 mV/s. The GCE was modified with graphitic carbon nitride silver polyvinylpyrrolidone nanoparticles (gCN-AgPVP). Afterwards, 10 mg of gCN-AgPVPs was weighed and placed in the flask, 5 ml N, N-dimethylformamide (DMF) and 5 ml of 5%wt nafion (binder) were added. In order to obtain a stable and homogenous mixture (1 mg/ml dispersion) the mixture was sonicated for 30 min at 50 kHz. A total volume of 6 µL (3 × 2 µL portions) of the suspension was dropped onto GCE and the suspension was evaporated at room temperature as shown in Scheme 1. This includes the modification of GCE by the drop-casting method, oxidation mechanism and detection principle of PAR. The modified electrode was reported as gCN-AgPVP. The procedure was repeated for the modification of gCN-Ag electrode. Cyclic voltammetry studies were conducted for 5 scans to reactivate in 0.1 M PBS in a potential range between −0.2 and +0.7 V at a scan rate of 50 mV/s. Scheme 1; shows that the nanomaterial was deposited onto GCE by the drop-casting method. The nanocomposite gCN-AgPVP is formed by electrostatic interactions between Ag, PPVP and gCN. Each material has its function in the material, gCN is not an active material on its own, it requires supporting materials. Silver (Ag) was added to improve the conductivity of the electrode. The addition of AgNPs increase the surface area for bonding on the material (Lütfi and Atar, 2019)- (Teker and Aslanoglu, 2020). AgNP were also reported to have excellent conductivity, greatly enhanced the sensitivity of the GCE electrode. Polymer PVP was added as a host or a support system of the material to avoid leaching during the detection of the PAR. PVP has significant binding ability and can form complexes with many different compounds, as a charge transfer complex compound, it will have electron transfer, atomic rearrangement and chemical bond destruction and formation with Ag elemental substance. In the reaction process, PVP molecules (as a surfactant) are adsorbed on the surface of silver, due to the mutual attraction of intermolecular forces (van der Waals forces), moreover an -O on the hydroxyl group of PVP molecules will combine with Ag to form Ag-O bond, which results in chemical adsorption. When gCN-AgPVP was drop casted onto GCE, the N group on gCN bonds with carbon in the GCE to form a covalent bond. Carbon material with silver improves selectivity because the coordination capacity of the carbonyl groups with the silver cation is based on purely electrostatic cation-dipole interactions. PBS was used as an electrolyte to stabilize the potential of PAR. Another reason why PAR detection is facilitated by the gCN framework is that it contains additional carbon atoms, that will increase the number of active sides thereby enhancing the conductivity of the electrode. gCN and PAR are the only compounds reacting, the NH2 in gCN are active groups. H will attack on the oxidized form of PAR, i.e., N-acetyl-p-quinoneimine and reduced back to PAR. The gCN-AgPVP will oxidize the PAR for detection.
[image: Scheme 1]SCHEME 1 | Modifying GCE by drop-casting method, oxidation reaction of paracetamol; to N-acetyl-p-benzoquinone imine and detection principle of PAR.
Paracetamol detection, and Cyclic Voltametric (CV) measurements were performed in a static PBS (pH 6.1) at a scan rate of 50 mV/s with the potential range of −0.2–0.8 V. The square wave voltammogram (SQWV) was performed with the parameters as follows: square wave frequency 30.0 Hz, pulse amplitude 50.0 mV, step potential 4 mV, initial potential 0.20 V and final potential 1.00 V.
3 RESULTS AND DISCUSSION
3.1 Characterisation of Synthesised gCN-AgPVP Nanoparticles
Figure 1A shows the FTIR spectra of gCN, gCN-Ag, gCN-PVP and gCN-AgPVP. The peaks observed from 884 to 1700 cm−1 are indicative of heterocyclic C=N, C-N and C-N-H stretching modes in gCN from melamine thermal polycondensation reaction (Zhao et al., 2020). The addition of Ag and PVP decreased the intensity of the peaks at 884–1700 cm−1. The prominent change could be observed in GCN-AgPVP composite whereby the graphitic structure of GCN-AgPVP leads to the partial deterioration (Paul et al., 2020). The presence of a tris-triazine group is also evident in the peak observed at 818 cm−1 (Zhu et al., 2020). It is further noted that uncondensed terminal amino groups such as –NH2 and = N groups are present and these are indicated by the broad band observed at 3500 to 3200 cm−1 which confirm the vibration stretching modes of the OH and NH groups (Liu et al., 2016). Figure1A shows that most peaks have decreased in intensity due to Ag-PVP doped on gCN as reason that Ag-PVP strongly interacted with gCN (Zhang et al., 2016; Kesavan and Chen, 2020a; Kesavan and Chen, 2020b). The gCN-AgPVP FTIR spectrum showed lower peak intensities than the corresponding peaks in gCN. This was due to the deposition of Ag and PVP on the gCN.
[image: Figure 1]FIGURE 1 | (A) FTIR spectra of the gCN, gCN-Ag, gCN-PVP and gCN-AgPVP composite. (B) UV-vis diffusion reflectance spectra of prepared gCN and gCN-Ag PVP composite. (C) XRD patterns of the prepared, a) GCN and b) GCN-AgPVP composite.
The optical absorption spectrum of gCN at ca. 359 and 395 nm is seen in the ultraviolet-visible diffuse reflectance spectra (UV–vis DRS) of gCN and gCN-AgPVP (Figure 1B). These bands are assigned to π −π* and n−π* of triazine unit in gCN (Kesavan and Chen, 2020a). Consequently, three peaks were observed in gCN-AgPVP spectrum. The peaks observed at 362 and 402 nm are assigned to π−π* and n−π* of gCN spectrum while the peak observed at 541 nm are those of Ag-PVP transitions. A slight blue shift was observed in the triazine unit of gCN (Vinoth et al., 2020) and a broad peak of Ag-PVP which is indicated that the Ag-PVP doped with gCN (Kesavan and Chen, 2020a; Vinoth et al., 2020).
The X-ray diffraction patterns for gCN and Ag-PVP/gCN nanocomposite are shown in Figure 1C. The four peaks at 12.7◦and 27.34°, 44.65° and 56.59° in the gCN diffractogram confirms the formation of gCN from thermal polycondensation of melamine (Kesavan and Chen, 2020a). The diffraction peaks of Ag-PVP in gCN was observed while peaks of pure Ag are 39.07°, 47.47°, 66.11°, 77.29 which are corresponding to (111), (200), (220), and (311) planes which matched with JCPDS65-2871 (Kesavan and Chen, 2020a). The other peaks were increased because of Ag-PVP effectively doped on CN (Zhang et al., 2016; Saeb and Asadpour-Zeynali, 2022).
The morphology of the synthesized gCN-AgPVP and gCN are illustrated by FE SEM images in Figures 2A,B at the same magnifications. Figure 2A shows the SEM image of GCN in which the material is dispersed homogeneously and the nanoparticles were agglomerated. Figure 2B SEM shows image of gCN-AgPVP agglomerated nanoparticles. The small size and large surface energy of the nanocrystals result in agglomeration. Further effects of the small size of the spherical particles and very thin layered structures, include a possible increase in the surface area which results in improved surface interaction between the gCN-Ag molecules with the PVP surface. The microstructured layers are also very attractive for use in sensors. The EDX spectrum of gCN and gCN-AgPVP in Figure 2C verifies the following elemental composition: C (43.74) and N (56.26%). In Figure 2D, the elemental composition of gCN-AgPVP is Ag (3.88%), N (60.11%), C (33.69%) and O (2.33%). Therefore, the addition of Ag (3.88%) was verified by the EDX spectrum of gCN-AgPVP.
[image: Figure 2]FIGURE 2 | FESEM micrographs of (A) gCN, (B) gCN-AgPVP, and EDX spectrum of (C) gCN and (D) EDX spectrum gCN-AgPVP.
Transmission electron microscopy (TEM) was also used to determine particle size. Figures 3A,B shows TEM micrographs of gCN-AgPVP which were recorded at magnifications 200 and 100 nm. Figure 3A shows the agglomerated dark nanoparticles which were observed at 200 nm. From Figure 3B, the dark particles represented Ag-PVP nanoparticles attached to the white gCN for the formation of the gCN-AgPVP composite (Sanghavi and Srivastava, 2010; Liu et al., 2021). Figure 3C shows that the average particle size of particles lies between 8 and 18 nm.
[image: Figure 3]FIGURE 3 | TEM images of: (A) gCN and (B) gCN-AgPVP, (C) histogram particle size distribution.
3.2 Characterisation of Electrochemical Behaviour of the Modified Electrodes
The electrochemical sensing of the bare GCE, GCE/gCN, GCE/gCN-Ag, GCE/PVP and GCE/gCN-AgPVP was characterized using a cyclic voltammogram (CV) and electrochemical impedance spectra (EIS) techniques. Figure 4A shows the cyclic voltammograms of bare GCE (black), GCE\gCN (red), GCE/gCN-Ag (green), GCE\gCN-PVP (blue) and GCE\gCN-AgPVP (purple) in 5 mM ferri/ferrocyanide ([Fe (CN)6]3-,4-) with 0.1M KCl as supporting electrolyte at a scan rate of 50 mV/s. Based on the results GCE/gCN-AgPVP has a higher redox peak (40% increase) when compared to the bare GCE. Moreover, GCE/gCN-AgPVP had the largest electroactive surface area. Ferri/ferrocyanide [Fe (CN)6]3-,4-) has a positively charged surface area and gCN, gCN-Ag and gCN-AgPVP have surface areas with negatively charges, which makes it easier for the forward and reverse interaction to occur. Based on the graphs gCN-AgPVP its surface is more negatively charged hence it has the highest potential peaks (Liu et al., 2021; Saeb and Asadpour-Zeynali, 2022).
[image: Figure 4]FIGURE 4 | (A) CV of the bare, GCE-gCN and GCE-gCN-AgPVP in the presence of 0.1M KCl solution containing 5 mM [Fe(CN)6]3-/4 at scan rate 0.05 Vs−1. (B) Scan rate study of GCE/gCN-AgPVP in the presence of 0.1M KCl solution containing 5 mM [Fe(CN)6]3-/4, insert is Plot of Ipa v0 .5. (C) Nyquist plot of the bare GCE, GCE/gCN; GCE/gCN-PVP; GCE/gCN-Ag and GCE-gCN-AgPVP in the presence of 0.1M KCl solution containing 5 mM [Fe(CN)6]3-/4- at scan rate 0.05 Vs−1.
The plot of anodic peak current (Ipa) versus square root of scan rate (ʋ1/2) shows a direct proportional relationship between the two parameters with a correlation coefficient (R2) of 0.9962 (Figure 4B insert). This displays that it is a diffusion-controlled system which relates the change in current with the concentration of the analyte.
Cyclic voltammetry was carried out on 5 mM M K3/K4 [Fe(CN)6] in 0.1 M KCl at various scan rates using an electrode modified with gCN-AgPVP. This was to evaluate the electroactive surface area of electrodes. The surface area was determined from the equation:
[image: image]
where Ipa is the current response of 5 mM K3 [Fe(CN)6], n is the number of electrons transferred in the process of K3 [Fe(CN)6], A is the electrode surface area, C is the analytical concentration of K3 [Fe(CN)6] in 0.1 M KCl, D is the diffusion coefficient which has a value of 7.6 × 10–6 cm2 s−1and v is the scan rate (V/s). The cyclic voltammograms of K3 [Fe(CN)6] which were recorded at various scan rates for gCN-AgPVP are shown in Figure 4B. The electroactive surface area for bare GCE, GCE/gCN and GCE/gCNAgPVP were calculated as 0,0863; 0.1335 and 0.2950 cm2 respectively from slope of peak current (Ip) vs. square root of scan rate for electrode (v1/2). Based on the results the surface area of GCE/gCN-AgPVP is higher than the other electrodes and this is often caused by high electron transfer between the solution and the modified electrode. Thus, the oxidation of PAR on gCN-AgPVP modified GCE is most likely to be controlled by adsorption. Thus, the nanoparticles of both PVP and Ag have significantly enhanced the electrochemically active surface area of the modified electrode.
The charge transfer kinetics of the modified electrodes was studied using the EIS technique. Figure 4C shows EIS curves. This study was conducted with 0.1 M KCl solution containing 5 mM [Fe(CN)6]3-/4- at an open circuit potential. The curve constitutes of two major regions: 1) semi-circle area, which denotes the charge transfer from the electrode and electrolyte interface. This area is a high-frequency region. 2) Straight line: representing capacitance inherited by the electrodes. The EIS values are fitted using the equivalent circuit, the diameter of the semi-circle area gives the value of charge transfer resistance (Rct)values are reported. The semicircle portions of the EIS curves at higher frequencies showed charge-transfer resistance (Rct). The linear sections at lower frequencies indicated a diffusion-limited process. Bare GCE (black curve) had a larger semi-circle than gCN, gCN-PVP (blue curve), gCN-Ag (green curve) and gCN-AgPVP (purple curve). The larger semi-circle suggests a high resistance of electrons. However, the Rct value of GCE\gCN-Ag (green curve) is significantly reduced when compared to that of GCE\gCN electrode (red curve), thereby indicating that gCN-AgPVP has a higher conductivity and faster electron transfer rate for redox probes when compared to gCN. This is due to the fast carrier transport from the inside to the surface since gCN-AgPVP composite is ultrathin. The charge transfer resistance values (Rct) were determined as 5070, 2796, 1311, 1295 and 29,06 Ω for bare GCE, GCE-gCN, GCE/gCN-PVP, GCE/gCN-Ag and GCE-gCN-AgPVP, respectively. GCE-gCN-AgPVP has the lowest Rct value. This happens because electron transfer by the Ag and PVP nano modifiers is enhanced. The electron transfer resistance (Rct) at high frequencies can be estimated from the semi-circle diameter and diffusion can be estimated from the linear portion at lower frequencies. In summary, the CV analysis of gCN-Ag-PVP resulted in a high peak current, its surface area was found to be more electroactive and the EIS studies in Figure 4C showed less resistance compared to the bare GCE and other modified electrodes. Therefore, gCN-Ag-PVP is less resistant, has high electron conductivity and fast electron transfer rate to the redox probe.
3.3 Optimisation of the Electrochemical Sensor (gCN-AgPVP)
3.3.1 CV Characterisation of GCE/gCN-AgPVP in the Presence and the Absence of Analyte (PAR) in the Buffer
Cyclic voltammetry technique was employed to understand the electrochemical behaviours and qualitatively determine PAR on the as-prepared catalysts in 0.1 M PBS, (pH 6,1) at a scan rate of 50 mV s−1. As can be observed from Figure 5, Bare GCE did not show any anodic peak in the 0.1 M PBS electrolyte. However, well-defined anodic peak of 1 mM PAR for GCE/gCN and GCE/AgPVP appeared at 0.45 and 0.52 V, respectively. PAR detection is facilitated by the gCN framework because it contains additional carbon atoms, that will increase the number of active sides thereby enhancing the conductivity of the electrode. gCN and PAR are the only compounds reacting, the NH2 in gCN are active groups. H will attack on the oxidized form of PAR, i.e., N-acetyl-p-quinoneimine and reduced back to PAR. The gCN-AgPVP will oxidize the PAR for detection. Therefore, it can be illustrated that the electrochemical oxidation of PAR at the gCN-AgPVP electrode is a two-electron and two-proton process and this is illustrated in Scheme 2.
[image: Figure 5]FIGURE 5 | CV characterisation of Bare GCE, gCN and Gcn-AgPVP in 0,1 M PBS, pH 6,1.
[image: Scheme 2]SCHEME 2 | The mechanism for the detection of PAR using gCN-AgPVP electrode.
3.3.2 Effect of pH
The electrochemical response of PAR is pH dependent. Hence, the electrocatalytic behaviour of gCN-AgPVP modified electrode for PAR oxidation was examined using square wave voltammetry (SQWV) at pH 2 to 12 in 1 mM PAR as shown in Figure 6. As the pH range increased from 4 to 6 the oxidation peak current of PAR increased from 0.55 to 0.68 and the maximum potential oxidation potential of PAR was observed at pH 6,1 and it gave a high signal. Therefore, the maximum oxidation potential of PAR was reached at pH 6,1. According to literature studies, in decreasing pH values, PAR was presumably hydrolyzed to 4-aminophenol (Li et al., 2018). The slope of about 68 mV/pH was close to the theoretical value of 59 mV/pH based on the Nernst equation (Alavi-tabari et al., 2018), declaring that there were equal proportion of protons and electrons involved in the redox process of paracetamol. Moreover, in increasing pH of alkaline solution, the peak current decreased and became kinetically less suitable, probably due to the presence of the phenoxide. As a result, pH 6,1 was applied for all buffer solution in the following investigation. The effects of pH on the oxidation peak potential (Epa) of PAR at GCE/gCN-AgPVP indicated that the continuous increase in pH of the medium caused the shift of oxidation potential of PAR toward less positive values, suggesting the electrochemical oxidation of analyte was associated with a proton-transfer process. A linear relationship was observed between the oxidation peak potential of amlodipine and pH in the pH range of 2–12 (pH vs. E) According to the equation of Epa(V) = -0.02514pH + 0,7091; R2 = 0.8488 obtained from the plot of Epa versus E.
[image: Figure 6]FIGURE 6 | Cyclic voltammograms of GCE-gCN-AgPVP in 0.1 M of PBS containing 1 mM PAR under different pH (2., 4, 6, 8, 10 and 12). Scan rate = 10 mV s−1.
3.3.3 Effect of gCN-AgPVP Nanomaterial
Figure 7 illustrates the application of GCE/gCN-AgPVP to sense various concentrations of PAR ranging from 0.2 to 100 µM. The PAR oxidation peak was observed at ∼0.35 V. A direct proportional relationship between concentration of PAR and the anodic peak current is noted. Current density was also plotted against concentration of PAR and this is shown in the inset of Figure 7. This plot showed a direct proportional relationship over the whole concentration range with the equation y = 6.985*10−8x + 4.989*10−6 and a correlation coefficient R2 = 0.9951. Table 1 shows a comparison of the analytical parameters obtained in this study with that of other studies reported in the literature. This comparison showed that the GCE/gCN-AgPVP system is quite sensitive and comparable with values obtained by other researchers (Chen et al., 2018; Annadurai et al., 2021; Vinoth et al., 2020)-[53].
[image: Figure 7]FIGURE 7 | GCE\ gCN-AgPVP response to various concentrations of PAR in PBS (pH = 6) and linear calibration plot (concentration of PAR vs. current density) inset graph. Estart = 0,20v; Eend = 1,00 v; Pulse amplitude = 50,0 mV; Estep = 4 mV; SQWV frequenvy = 30,0 Hz.
TABLE 1 | Comparison of GCE-gCN-AgPVP to another electrode modifying composite.
[image: Table 1]3.4 Reproducibility, Stability and Interferences GCE/gCN-AgPVP
A repeatability and reproducibility study were performed to ascertain the efficacy of GCE/gCN-AgPVP. The consistency of the results was checked for 10 days, by storing the sensor in an air tight jar after use. For repeatability the SQWV technique was used and the electrochemical response of fabricated GC/gCN-AgPVP was verified by using 0.1 M PBS containing 1 mM of PAR at pH 6.1. SQWV measurements with the same electrodes were performed in triplicate and the relative standard deviation (RSD) value for PAR was 3.21%. For the reproducibility study, seven identical GCE/gCN-AgPVPs were tested and the relative standard deviation RSD was 2.83%. For stability studies, the sensor was prepared to detect the same concentration (Figure 8A), the sensor remained active after 10 days and retained 94.64% of its sensor activity and thus exhibited good stability.
[image: Figure 8]FIGURE 8 | (A)Stability studies of GCE/gCN-AgPVP for 1 Mm PAR. (B) Interference study of some co-existing compounds during the electrochemical determination of 1 mM PAR using gCN-AgPVP.
The effects of interferences like ascorbic acid, glucose, urea, sodium nitrate and potassium chloride were inspected in the determination of PAR with GCE/gCN-AgPVP to check the selectivity of the method. The selectivity of the gCN-AgPVP modified on a glassy carbon electrode for the determination of equimolar concentration (1 mM) of PAR was investigated by sensing PAR with competing species such as 1 mM of ascorbic acid (ASC), glucose (GLU), urea (URE), sodium nitrate (NaNO3) and potassium chloride (KCl) by SQWV at pH 6.1. The corresponding oxidation peak currents of, KCl and NaNO3 were interfering with PAR detection. The change in peak current response of PAR was more than 5% with GLU, NaNO3 and URE which showed that the species did not interfere with the determination of paracetamol and the modifier was highly selective (see Figure 8B) for paracetamol.
3.5 Analytical Application
Prior to analysis, one paracetamol tablet was weighed, crushed with a mortar and pestle, transferred to 100 ml volumetric flask and dissolved with a supporting electrolyte (500 mg of South African brand tables). Since, the concentration linear range for the calibration was 0.2–100 µM. Therefore, the concentration of the original sample (500 mg PAR in 1000 ml) was diluted into 100 ml solution in a volumetric flask. From the stock solution, 100, 200, 300, 400 µl were diluted into 50 ml solution together with the electrolyte (PBS). The concentration of PAR was detected by the sensor (Gcn-AgPVP) versus UV Vis spectroscopy.
The experimental conditions were as follows: SQWV technique in PBS (pH 6.1). The recoveries of PAR in were determined as 98,70; 94,25; 98,90 and 97,55% for each of the four samples respectively. The validation was performed by using UV Vis spectroscopy and the recoveries of PAR were found to be 98,93; 98,40; 99,13 and 97,97% for each of the four samples respectively. The results indicated that these two methods gave similar results which means that the prepared nanomaterial (gCN-AgPVP) is reliable and can be used for the determination of PAR in future (see Table 2).
TABLE 2 | Recovery rates of commercial PAR samples in 0.1M PBS using GCE-gCN-AgPVP.
[image: Table 2]The average concentration of PAR in tablet samples at the four different levels was tested for significance by using the t-test method: the null hypothesis corresponds to the obtained results from Uv-Vis method. The calculated t values were found to be 0,9681 and tabulated t value (critical t value) is 2,45. The calculated t values was less than tabulated t value at confidence level of 95% and degree of freedom of n-1, suggesting that the proposed method is appropriate for the determination of PAR. The obtained results suggest that the investigation of PAR concentrations may be possible in the presence of significant interferences using the proposed methodology.
Based on the results presented Table 2, the electrochemical sensing of PAR for the real samples analysis are similar to those obtained with Uv-Vis.
CONCLUSION
Electrochemical characterisation has shown that GCE/gCN-AgPVP offers advantages such as enhanced conductivity, large surface area and good stability. The interface of GCE/gCN-AgPVP has therefore demonstrated good potential as an electrochemical sensor. The electrochemical response of PAR on GCE/gCN-AgPVP is superior when compared to the bare GCE. This can be due to enhanced properties such as surface adsorption capacity, electron transfer rate constant and the diffusion coefficient of PAR on GCE/gCN-AgPVP which were confirmed by SQWV. The SQWV result showed a wide linear range from 0.2–100 µM and a low detection limit of were 0,079 µM obtained for PAR detection. Ascorbic acid, glucose, urea, sodium nitrate and potassium chloride were used for the effect interferences. It was found that the oxidation peaks of KCl and NaNO3 were interfering with PAR. Change in peak current response of PAR was less than 5% with ASC, GLU and URE which showed that the species did not interfere with the determination of paracetamol and the modifier had a good selectivity. SQWV measurements with the same electrodes were conducted in triplicate and showed that the relative standard deviation (RSD) value for PAR was 3.21%. Seven identical GCE/gCN-AgPVPs were tested for reproducibility and the relative standard deviation RSD value was reported as 2.83%. For stability studies, the sensor was prepared to detect the same concentration, the sensor retained its reactivity after 10 days and retained 94.64% of its sensor activity which exhibited good stability. For the validation of real sample analysis Uv-Vis spectroscopy was used and compared with the electrochemical sensing using gCN-AgPVP and the two methods have similar results for all samples which mean that the prepared nanomaterial is reliable and can be used for the determination of PAR in future.
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