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                                               Abstract:  

 Voltammetric method was developed for the direct quantitative determination of paracetamol in pharmaceutical tablet samples based on anthraquinone modified carbon paste electrode. The electrochemical oxidation and determination of paracetamol content were easily carried out using a variety of voltammetric techniques. The electrochemical measurements were carried out on anthraquinone modified carbon paste electrode in various buffer solutions in the pH range from 3 to 10 by cyclic voltammetry and square wave voltammetric techniques. The dependence of anodic peak current and peak potential on the pH of 0.1 M phosphate buffer solution was investigated. The oxidative peak current response of the modified carbon paste electrode showed linear dependence on the concentration of paracetamol in the range 5 to 150 ppm. Excellent recoveries (93.5%), low limit of detection (0.13 µM), and limit of quantification (0.43 µM) validated the developed method for its applicability for determination of paracetamol in real samples. Finally, the proposed method was applied for paracetamol determination in four brands of pharmaceutical tablet samples such as Julphare aldol, Panadol adva., Kelvin and Para denk.   

Keywords: paracetamol, tablet formation samples, anthraquinone modified carbon paste electrode, cyclic voltammetry, square wave voltammetry. 
1. INTRODUCTION
1.1 Background
Paracetamol, known as acetaminophen, is a painkiller that is popular throughout the world, because, it is remarkably safe to the stomach. Paracetamol was first discovered in the late nineteenth century. Prior to this cinchona bark, which was also used to make the anti- malaria drug quinine, had been used to treat fevers. As cinchona became scarcer people began to look for cheaper synthetic alternatives. Two of the alternative compounds were acetanilide and phenacetin, developed in 1886 and 1887 respectively. By this time Harmon Northrop Morse had already synthesized acetaminophen in 1878 through the reduction of p-nitro phenol with tin in glacial acetic acid [1].  
Von Mering (1893) discovered paracetamol in the urine of individuals who had taken phenacetin [2]. In addition to this the pain killing properties of paracetamol were discovered when similar molecules such as acetanilide were added to patients’ prescriptions. But because acetanilide is toxic in moderate doses, chemists modified the structure to try and find a compound that was less harmful but still retained the analgesic properties [2]. 
 Paracetamol attracted little clinical attention in the nineteenth century. However, after it was recognized as the chief metabolite of acetanilide and phenacetin, paracetamol experienced a resurgence of interest. As a derivative of p-amino phenol, paracetamol corresponds to the active principle metabolite of phenacetin. It was commonly assumed at the time that their rapid conversion by the body into paracetamol was actually responsible for the therapeutic effect of both medicines. It was eventually ascertained that phenacetin had its own pharmacological action. A high proportion of phenacetin is converted into paracetamol in the liver [3].

Paracetamol works as a weak prostaglandin inhibitor. It achieves this by blocking the production of prostaglandins, which are involved in the transmission of the pain message to the brain. In this regard paracetamol blocks the pain message at the brain and not at the source of the pains as the others do [3].  
Today, paracetamol intoxification represents one of the most commonly used overdose agents in suicide attempts, and in this respect it is potentially more dangerous over the other counter drugs such as aspirin. This is because paracetamol overdoses often cause liver failure, and there have been many attempted suicide cases. The reason for this poisoning is to do with the responses by which paracetamol is eliminated from the body. It is first metabolized to quinone imine [4]. Quinone imine is extremely toxic, and like other such compounds is eliminated in the liver by reaction with a tripeptide, and glutathione. If insufficient amount of glutathione is present, the toxic quinone will not be eliminated and begins to react with cellular proteins and nucleic acids in the liver, eventually causing irreparable damage [4, 5]. 
To the best of our knowledge, no work has been reported on the redox behavior of paracetamol at anthraquinone modified carbon paste electrode.  In this work, the electrochemical behavior of paracetamol and determination of paracetamol content in tablet samples was described using the electroanalytical methods (CV and SWV) using anthraquinone modified carbon paste electrode.  
1.2  Statement of the problem
Paracetamol is a long established and most widely used antipyretic and analgesic drug. It is commonly used to reduce fever, relieve cough, cold and pain including muscular aches, chronic pain, migraine headache, back ache, tooth ache, and other aches and pains [6]. However, overdose and the chronic use of paracetamol produce toxic metabolite accumulation that will cause nervousness, trembling, nausea, seizures, insomnia, headaches, kidney and liver damages [7]. Therefore, assessment of the level of paracetamol content in any matrix containing paracetamol including tablet formulation is crucial. 
1.3  Objectives of the study
1.3.1 General objective
To determine the paracetamol content in pharmaceutical tablet samples such as Julphare aldol, Panadol adva., Kelvin and Para denk using anthraquinone modified carbon paste electrode. 

2.3.1 Specific objectives
· To investigate the electrochemical behavior of paracetamol at UCPE and AQMCPE by using cyclic voltammetric method.
· Optimize solution and method parameters.
· Determine the paracetamol content in pharmaceutical tablet samples such as Julphare aldol, Panadol adva., Kelvin and Para denk using square wave voltammetric method.
· Compare the paracetamol contents in pharmaceutical tablet samples such as Julphare aldol, Panadol adva., Kelvin and Para denk of different brands against the labeled value.

1.4 Significance of the study
The main significance of this study is to assess the paracetamol content of pharmaceutical tablet samples available in market and to raise the awareness of negative effects of paracetamol on human health. Thus, this study will contribute to the scientific community a precise and accurate method for monitoring the paracetamol content in real samples characterized by complex matrix. 
2. LITERATURE REVIEW

2.1 Paracetamol
Paracetamol or acetaminophen (N-acetyl-p-aminophenol) is an acetylated aromatic amide (Fig. 2.1). It is commonly used as over-the-counter analgesic (pain reliever) and antipyretic (fever reducer) [8, 9]. It is generally used for the relief of headaches and other minor aches and pains. Paracetamol molecule is also the main component in a great number of cold and flu medicines.  But when it is combined with opioid analgesics, paracetamol can also be used to alleviate more cruel pain such as post-surgical pain as well as offer palliative care in advanced cancer patients. Excess use of paracetamol creates toxic effect in the body. Overdose of paracetamol leads to the accumulation of poisonous metabolites in the liver, which may cause severe or fatal hepatotoxicity and nephrotoxicity, skin rashes, and pancreas inflammation.  Thus liver and kidney failure occurs [10].
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Figure 2.1.  Structure of paracetamole (N-acetyl-p-amino phenol). 
2.2 Synthesis of paracetamol 
Paracetamol is one of the most common drugs in the world, and is manufactured in huge quantities. The starting material for the commercial manufacture of paracetamol is phenol (Fig. 2.2), which is nitrated to give a mixture of the ortho- and Para- nitro phenol. The ortho isomer is removed by steam distillation, and the Para nitro phenol group is reduced into Para aminophenol group. Then this compound is acetylated to give paracetamol [5].   
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Figure 2.2.  Synthesis of paracetamol from phenol.
2.3 Method of determination of paracetamol
Numerous analytical techniques are available for the determination of paracetamol in different matrices.  Some reviewed literatures reveal that paracetamol was studied with many methods in different solvents. These include titrimetry [5], chromatography [11], spectroscopy [12], high liquid chromatography [13], and electrochemistry [14]. However, most of these methods are time consuming, costly, need special training operators and complicated sample pretreatment usually involving pre concentration step such as various types of extraction (i.e. solid phase extraction, solid phase micro extraction, liquid extraction) prior to the analysis. But the electro analytical methods do not require purification and extraction process. Some of the literatures describe the electrochemical oxidation of paracetamol both in aqueous and non-aqueous media. Accordingly, interest in electrochemical method has increased for its simplicity, portability, high sensitivity, wide linear concentration range, low/moderate-cost instrumentation, suitability for real-time detection [15]. Therefore, due to their higher sensitivity and lower detection limits the electro analytical methods based on striping process are useful and popular in trace analysis [16]. Some recent electrochemical detection methods for paracetamol have also been reported. These include poly (3, 4-ethylenedioxythiophene) modified glassy carbon electrode [10], polyaniline-MWCNT modified electrode [17], GCE [18], poly (3, 4-ethylenedioxythiophene)-modified screen printed electrodes [19], Aluminum electrode modified by thin layer of palladium [20].

Paracetamol was studied by cyclic voltammetry in 0.1 M phosphates and sulfuric acid both as solvent and supporting electrolyte. For this reason in 0.1 M phosphate buffer the maximum peak current is at pH 7 and anodic peak potential appeared at 450 mV using glassy carbon electrode versus the saturated calomel electrode. In addition to this, in sulfuric acid the anodic peak potential appeared at 618 mV in glassy carbon electrode versus Ag/AgCl [13, 14, 21].  By using amperometric methods, paracetamol has been studied in 0.05 M of phosphate buffer using the cellulose acetate modified glassy electrode. Then the peak potential appeared at 390 mV versus SCE, and the maximum peak current was observed at pH 7 [13].  Electrochemical oxidation of paracetamol was described using differential pulse voltammetry in (1:1) of perchloric acid and methanol mixture, and sulfuric acid. Hence for the former solvent the anodic peak potential appeared at 620 mV versus the SCE electrode.  Similarly in sulfuric acid as a solvent the peak potential observed at 640 mV in pumice mixed acid carbon paste electrode versus SCE [22, 23]. Lastly the voltammetric study of paracetamol was described by square wave voltammetry in nanogold modified indium tin oxide (ITO) electrode of 0.1 M phosphate buffer at pH 7.2.The electrode exhibited effective peak potential at 110 mV versus the Ag/AgCl [24]. 
2.4 Voltammetric techniques
The term voltammetry refers to a class of electroanalytical techniques [25] and it is used to designate the current-voltage measurement obtained at a given electrode [26]. It is one of the techniques which electrochemists employ to investigate electrolysis mechanisms. There are numerous forms of voltammetry techniques are present, but in this work; cyclic voltammetry and square wave voltammetric was used. For each of these cases a voltage or series of voltages are applied to the electrode and the corresponding current that flows monitored.  

2.4.1 Cyclic voltammetry
Cyclic voltammetry is the versatile electro analytical technique for the study of electroactive species, and it is widely used in industrial applications and academic research laboratories [27]. Cyclic voltammetry is the most widely used technique for acquiring qualitative information about electrochemical reactions. It offers a rapid location of redox potentials of the electro active species [28]. The voltammetric measurement is done by fixing the initial and final potentials at a given scan rate and current measurement is performed. The resulting current versus potential is called cyclic Voltammogram. The most important information that can be obtained from a cyclic Voltammogram are the magnitudes of the anodic peak current, cathodic peak current, anodic peak potential and cathodic peak potential. Cyclic voltammetry (CV) has becomes an important and widely used in many areas of electro analytical chemistry. It is rarely used for the quantitative determination but it is widely used for study of redox reactions and get much information about the chemical reactions occurs [29]. Cyclic voltammetry is useful to study mechanism of electrode processes weather the reversible or irreversible [30]. For a reversible electrochemical reaction the CV recorded has certain well defined characteristics.

1. The voltage separation between the current peaks (equ.1) is:  
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2. The positions of peak voltage do not alter as a function of voltage scan rate.

3. The ratio of the peak currents is equal to one (equ.2).
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4.  The peak currents are proportional to the square root of the scan rate (equ.3)
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For irreversible electrochemical reaction the CV recorded has the following defined characteristics.

1. The voltage separation between the current peaks (equ.4) is: 
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2. The ratio of the peak currents is not equal to one (equ.5);
                       [image: image15.png]#1
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2.4.2 Square wave voltammetry 

Square wave voltammetry is a type of pulse voltammetry that offers the advantage of speed and high sensitivity. An entire Voltammogram is obtained in a few seconds or less. The excitation signal in SWV consists of a symmetrical square-wave pulse of amplitude Esw superimposed on a staircase waveform of step height ΔEs, where the forward pulse of the square wave coincides with the staircase step (Fig. 2.3). The net current, inet, is obtained by taking the difference between the forward and reverse currents (i2– i1) and is centered on the redox potential. The peak height is directly proportional to the concentration of the electroactive species. Excellent sensitivity is achieved from the fact that the net current is larger than either the forward or the reverse components, since it is the difference between them and detection limits as low as 1 x 10 -8 M are possible [29]. 

[image: image16.png]



Figure 2.3. (a) excitation wave form of square wave voltammetry, (b) response obtain by square wave voltammetry [29].
Square-wave voltammetry has several advantages. Among these are its excellent sensitivity and the rejection of background current. This speed, coupled with computer control and signals averaging, allows for experiments to be performed repetitively and increases the signal-to- noise ratio. The net peak current for the irreversible system is given by (equ.6) [29].
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where ΔE is the step potential, f is square wave frequency, ESW is the square wave amplitude, α is the transfer coefficient, n is the overall electron transfer, C is the bulk concentration, and D is the diffusion coefficient of the electro active species. The effective scan rate is given by fΔE. Kinetic parameters can also benefit from the rapid scanning and the reversal nature of square wave voltammetry. This method possesses both pulse and cyclic voltammetry; hence it is one of the most advanced methods in the family of pulse technique. 

Applications of square-wave voltammetry include the study of electrode kinetics with regard to preceding, following, or catalytic homogeneous chemical reactions, determination of some species at trace levels, and its use with electrochemical detection in HPLC [31]. The most important Parameters in Square Wave Voltammetry includes:-. 
i. Frequency
An increase in square wave frequency results in an increase in the scan rate which in turn increases the peak current. However, at very high frequency, the peak current may become unstable and be obscured by a large residual current. On the other hand very low frequency gives a low but narrow signal, and increases the total analyses time. Hence, the selection of frequency usually requires a compromise among sensitivity, resolution and speed [32].
ii. Amplitude
In square wave voltammetry, the peak currents usually increase with increasing amplitude. However, the width of the peak also increases as the square wave amplitude grows larger and normally one refrains from increasing the square wave amplitude, because resolution may be degraded unacceptably [32].

iii. Step potential
The square wave voltammetric peak current usually increases as the step potential increases with an accompanying peak broadening. At higher step heights, too few points are sampled, thus affecting the reproducibility of the detection [32]. 
2.5 Electrochemical cell
A cell is a sample holder having variety of sizes or shapes where the type used depends on the amount and type of sample, the technique and the analytical data to be obtained. Atypical electrochemical cell consists of a sample dissolved in a solvent, an ionic electrolyte and three electrodes. The three electrodes systems with one-compartment glass voltammetric cell are:
· Reference electrode 
· Counter electrode

· Working electrode

2.5.1 Reference electrode
As their name suggests, are used to give a value of potential to which other potentials can be referred in terms of a potential difference. Potentials can only be registered as differences with respect to chosen reference value. Thus, a good reference electrode needs to have a potential that is stable with time and temperature and which is not altered the voltage by the passage of a small current [33]. The most commonly used reference electrode for aqueous solutions are the calomel standard electrode and the silver/silver chloride electrode. The electrode potential is determined by their respective electrode reactions [33].
                            Hg2Cl2 (s) + 2e-     [image: image19.png]


    2Hg (l) + 2Cl-(aq)
                            AgCl (s)   + e-          [image: image21.png]


     Ag(s) + Cl-(aq)
2.5.2 Counter electrode
The counter electrode, often also called the auxiliary electrode, is an electrode used in a three electrode electrochemical cell for voltammetric analysis or other reaction in which an electrical current is expected to flow. The counter electrode passes all the current needed to balance the current observed at the working electrode. Its potential is opposite in sign to that of the working electrode, but its current and potential are not measured. Rather, it is used to ensure that the current does not run through the reference electrode, which would disturb the reference electrode potential. It often has a surface area  much larger than that of the working electrode to ensure that the reaction occurring on the working electrode are not surface area limited by the counter electrode. In most voltammetric techniques the analytical reactions at the electrode surfaces occur over very short time periods and rarely produce any appreciable changes in bulk concentrations. Thus, isolation of the counter electrode from the sample is not normally necessary. Most often the counter electrode consists of a thin Pt wire, although Au and sometimes graphite have also been used [33,34]. 
2.5.3 Working electrode
The performance of the voltammetric procedure is strongly influenced by the working electrode material. The Working Electrode should provide high signal-to-noise characteristics, as well as reproducible response. Thus its selection primarily depends on two factors: the redox behavior of the target analyte and the background current over the potential region required for the measurement. Other consideration includes the potential window, electrical conductivity, mechanical properties, cost, availability and toxicity. The most popular are those involving mercury, carbon or noble metals. Mercury is a very attractive choice for the electrode materials because it has a high hydrogen overvoltage that greatly extends the cathodic potential window and possesses a highly reproducible, readily renewable, and smooth surface [33, 34]. 

2.6 Carbon paste electrode
2.6.1 Unmodified carbon paste electrode   

In 1958, R.N. Adams discovered a new type of electrode by using a mixture of carbon powder with a liquid non-electroactive binder and called it as carbon paste.  His original idea was to develop a dropping carbon electrode (DCE) that could be constructed similarly like the droping mercury electrode (DME). Although practical experiments with DCE failed, the mixture of carbon powder and a binder prepared in thicker consistency was presented as a new type of electrode material [35].

Binary Mixtures prepared from carbon powder and organic liquid of non electrolytic character are known as bare or virgin or plain or unmodified carbon pastes [35]. As non electrolytic binders paraffin oils are commonly used. These non polar pasting liquids should be chemically inert, insulating, nonvolatile, water immiscible and forming paste mixtures of fine consistency [35]. Silicone oils also represent common type of pasting liquids, especially when the problem of paraffin oils vulnerability in media with organic solvents is considered. Another group of binders is some liquid organophosphates. Their attractive property is a high ion-pairing ability. The electric conductor in carbon pastes is graphite powder with micrometric particles.   Carbon paste electrodes offer an easily renewable surface, low cost and very low background currents especially in the anodic region [35, 36]. A disadvantage of carbon pastes is the tendency of the organic liquid binder to dissolve in solutions containing an appreciable fraction of organic solvents. And also, the conventional paste mixtures from spectroscopic graphite powder and paraffin oil suffer from interferents when being polarized cathodically, and consequently they have been used mainly for the determination of easily oxidisable organic compounds [35, 36].  

2.6.2 Modified carbon paste electrode  

The effort to make use of the favorable mechanical and electrochemical properties of carbon pastes for the preparation of a new design of sensors started at the beginning of the 1980s [35]. Modification of a carbon paste by impregnating the carbon particles with methanolic solution of dimethyl glyoxime represents a milestone in the history of carbon paste electrodes. It was a first effort when a classic analytical reagent had served as selective modifier, thus initiating a very successful role of chemically modified carbon paste electrodes in electrochemical analysis [35]. 

A modified carbon paste is a mixture of powdered graphite, non electrolytic liquid binder and a modifying agent. A modifier is usually one substance, but the carbon pastes can also be modified with two or more components. The preparation of modified carbon paste electrodes is characteristically by means of various alternative procedures. The modifier can be dissolved directly in the binder or admixed mechanically to the paste during its homogenization. It is also possible to soak graphite particles with a solution of a modifier, and after evaporating the solvent use the impregnated carbon powder. Finally, already-prepared pastes can also be modified in situ [35, 36]. Generally, the main reason to modify an electrode is to obtain a new sensor with desired properties that can impart higher selectivity, sensitivity, or lower detection limit to electroanalytical investigations [35, 37].   
2.7 Validation parameters
2.7.1 Limit of detection 
Limit of detection or detection limit, is the lowest concentration level that can be determine to be statistically different from a blank (equ.7) [38].
                          LOD = 3 S/m                                                                                                    7    
where s is standard deviation of blank and m is slop in the calibration method                                                                                                                                                             
2.7.2 Limit of quantification 

Limit of quantification or lower limit of quantification is the level above which quantitative results may be obtained. The LOQ is mathematically defined as equal to ten times the standard deviation of the results for a series of replicates used to determine a justifiable limit of detection. Limit of quantification are matrix, method, and analyte specific (equ.8) [39].
                         LOQ =10 S/m                                                                                                 8
2.7.3 Percentage recovery
One of the drawbacks of the method detection limit is that it doesn’t take in to account the effect of high or low bias in a series of measurements. Bias can be measured by the average percent recovery of a series of samples. In order for the method detection limit to be realistic, the average percent recovery for the sample should be reasonable (equ.9) [40].
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Where QA(S) is the quantity of analyte A added (spike value), QA (O + S) is the quantity of A recovered from the spiked sample, and QA(O) from the original sample.
3. EXPERIMENTAL PART

3.1 Reagents and chemicals 

The reagents and chemicals used were paracetamol (Sigma, German), four brand tablet formation samples, dipotassium hydrogen phosphate, K2HPO4 (BDH, England, 98-101%), mono potassium hydrogen phosphate, KH2 QUOTE ,H-2. PO4 (Titar, India), 0.1 M NaOH (Blulux, India), phosphoric acid, H3PO4 (Epharm core,85%, India), Graphite powder (Abron chemical, India), paraffin oil light (BDH, England), anthraquinone (Central drug house 98.8%, India), distilled water or dionizing water, was collected from commercial markets. 

3.2 Apparatus and instruments
The voltammetric experiments were performed using CH instrument (electrochemical workstation, made in USA) connected to a personal computer. A three electrode system (unmodified carbon paste and anthraquinone modified carbon paste as a working electrode, platinum coil as a counter electrode and Ag/AgCl as a reference electrode) was used for voltammetric measurements. A magnetic stirrer with a hot plate form was used for stirring adjustment in pH. The pH of the buffer solutions was measured with a pH meter (AD8000, made in Romania). An electronic balance (Nimbus, ADAM) used for measuring the mass of the chemicals used. All the potential are determined with respect to Ag/ AgCl as a reference electrode. 
3.3 Working procedures
3.3.1 Preparation of unmodified carbon paste electrode
The unmodified carbon paste electrode (UCPE) was prepared by mixing 70% (w/w) graphite powder and 30% (w/w) paraffin oil light (density = 0.88 g.cm-3)  homogenously by hand for 30 min, using pestle and mortar. Then the homogenized paste was allowed to rest for 24 hr, and then the paste was packed in to the tip of the plastic syringe. The surface of the electrode was smoothed on weighing paper and a copper wire was introduced from the back side of the syringe to provide electrical contact [41].
3.3.2 Preparation of modified carbon paste electrode
Anthraquinone modified carbon paste electrode was prepared by mixing 2.015 g of graphite powder with 0.15 g of anthraquinone in a small agate mortar for about 5 min. Then 0.825 g of paraffin oil (density=0.88 g.cm-3) adding and then milled again for 30 min to homogenous 5% (w/w) anthraquinone modified carbon paste electrode. The homogenized paste was then allowed to rest for 24 hr. A desired amount of the prepared carbon paste electrode was packed in to the cavity of the syringe. The surface of the fabricated anthraquinone modified carbon paste electrode was then refined on a clean paper before being used [41].

3.3.3 Preparation of supporting electrolyte
Supporting electrolyte of 0.1 M phosphate buffers (KH2PO4-K2HPO4) in the pH range 3-10 was prepared from 0.1 M KH2PO4 (6.8045 g) and 0.1 M K2HPO4(8.709 g) in distilled water and mix in 500 ml of volumetric flask. Then the pH of the solution was adjusted by adding drops of concentrated H3PO4 (0.1 M) and NaOH (0.1 M).
3.3.4 Preparation of standard solution of paracetamol
For cyclic voltammetric studies, 1000 ppm stock solution of paracetamol was prepared by dissolving 0.1 g of paracetamol in 100 ml of 0.1 M phosphate buffer solution at pH 5. From the stock solution, while 100 ppm solution of paracetamol was used for the voltammetric investigation of paracetamol at both the unmodified and modified electrodes, working solutions of different concentrations of paracetamol (5, 10, 20, 40, 60, 80, 100, 120, 150 ppm) in 0.1 M of phosphate buffer solution at pH 5 were prepared from 1000 ppm stock solution and 100 ppm intermediate solution through serial dilution. 
3.3.5 Tablet sample preparation 

The content of paracetamol in four pharmaceutical tablet samples was determined from five replicates of each sample. Each of the four pharmaceutical tablet samples are Julphar aldol (500 mg, Ethiopia), Panadol adva. (500 mg, Kenya), Kelvin (500 mg, India), Para denk (500 mg, Germany). For each of the brands average weights of five tablets were separately weighed and finaly powdered using mortar and pestle. An adequate amount of the homogeneous powder corresponding to 0.1 g of the powder tablets was transferred in to four different 100 ml volumetric flask. Then dissolve the mass using minimum amount of deionized water assisted by sonication and the mixture solution was centrifuged for 20 min at 4000 rpm. An appropriate volume of standard solution (6 ml) was transferred in to four different 100 ml volumetric flask and for each made up of with 0.1 M phosphate buffer solution (pH, 5) until to the marked. Finally, the signal was measured 3 times by using SWV and taken the average, calculated the paracetamol concentration in the solution and expressed the concentration as mg paracetamol per tablet.
4. RESULTS AND DISCUSSION
Cyclic voltammetric and square wave voltammetric techniques were used to investigate the electrochemical behavior of paracetamol and determine paracetamol content in tablet formation samples, respectively.
4.1 Cyclic voltammetric behavior of paracetamol at AQMCPE 

Figure 4.1 presents the cyclic voltammograms of unmodified and modified carbon paste electrodes in the absence and presence of paracetamol. 
As can be seen from the figure, no peak was observed at both the unmodified and modified carbon paste electrodes in paracetamol free phosphate buffer solution (pH 5) in Fig. 4.1 (a and b) respectively. On the contrary, well resolved oxidative peak was observed at the unmodified carbon paste electrode and anthraquinone modified carbon paste electrode in the presence of 100 ppm paracetamol in 0.1 M phosphate buffer solution (pH 5) that shows in Fig. 4.1 (c and d)  at different peak potential of  691 mV and 576 mV, respectively. Absence of a reductive peak indicated that paracetamol undergoes an irreversible oxidation reaction at both the modified and unmodified carbon paste electrodes. And also indicates that the modified electrode displays very good electro catalytic property for the oxidation reaction of paracetamol. In addition to this, the oxidative peak current of the unmodified carbon paste electrode (15.3 µA) (Fig. 4.1 c) is smaller than that of the oxidative peak current of anthraquinone modified carbon paste electrode (16.9 µA) (Fig. 4.1 d). This indicates that the anthraquinone modified carbon paste electrode, making it suitable for paracetamol analysis. 
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Figure 4.1. Cyclic voltammograms of UCPE (a and c) and AQMCPE (b and d) at 0.1 M pH 5 PBS containing no (a and b) and 100 ppm (c and d) of paracetamol. 

4.2 Effect of scan rate on peak current and peak potential
To investigate the type of reaction kinetics the paracetamol follows at the surface of anthraquinone modified carbon paste electrode, the determination correlation coefficients (R2) for  the plots of peak current as a function of scan rate and square root of scan rate were compared in the scan range 20–200  mVs-1  (Fig. 4.2 B and C), respectively.  As can be seen from the figure, the effect of varying scan rate on the oxidative peak currents of 100 ppm of paracetamol at the surface of anthraquinone modified carbon paste electrode in 0.1 M phosphate buffer solution (pH, 5) was studied. Figure 4.2 shows the cyclic voltammetric curves paracetamol obtained in the range of 20 to 200 mV/s, there is a shift in the anodic peak potentials, and anodic peak currents. This indicates that the reaction of paracetamole at surface of the electrode is dependent on the scan rates and the oxidative peak current shifted to a higher positive value with increasing scan rate, confirming the irreversibility of the oxidation reaction of paracetamol at the modified electrode.
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Figure 4.2. (A) Cyclic Voltammograms of 100 ppm paracetamol in 0.1 M phosphate buffer solution at different scan rates (a-i: 20, 40, 60, 80, 100, 125, 150, 175, and 200 mVs-1, respectively), (B) Plot of peak current vs scan rates, and (C) peak current vs square root of scan rates.
In order to investigate whether the oxidation process of paracetamol at AQMCPE is predominantly diffusion controlled or surface confined process, the dependence of peak current on the scan rate and square root of scan rate was studied as shown in Fig. 4.2  ( B and  C), respectively. The peak current was more linearly dependent on the square root of scan rate (R2 = 0.994) than on the scan rate (R2 = 0.992), showing that the oxidation reaction of paracetamol at anthraquinone modified carbon paste electrode is predominantly diffusion controlled. 

4.3 Effect of solution pH on peak current and peak potential 
      The effect of pH on the oxidation of paracetamol at AQMCPE was studied. To determine the effect of pH on the oxidation property of paracetamol, 100 ppm paracetamol at different pH values (pH 3–10) were investigated using AQMCPE. The cyclic Voltammograms of 100 ppm paracetamol in 0.1 M phosphate buffer of various pH are shown in the Fig. 4.3 A. Varying the pH of the supporting electrolyte would bring different current response of paracetamol. As can be seen from the figure, it is observed that the voltammetric response is strongly pH dependent. 
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Figure 4.3. (A) Cyclic voltammograms of 100 ppm paracetamol in PBS of various pHs (a-g: 3, 4, 5, 6, 7, 8, 9, and 10, respectively), and (B) Plot of peak current vs pH.
The effect of pH on the peak current is shown in Fig. 4.3 B. As can be seen from the inset, the anodic peak current response for paracetamol is increased when the pH value increases from 3 to 5. However, the peak current decreases beyond pH 5. The maximum peak current response was observed at pH 5. Hence, pH 5 was chosen as the optimum pH value which was used the subsequent experiments. The results also show the dependence of peak potential on pH value.  The peak potential, Epa, is shifted to less potential values with increasing pH (Fig. 4.4), which indicates that hydrogen ion takes part in the electrochemical oxidation of paracetamol.
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Figure 4.4. Plot of peak potential as a function pH for 100 ppm paracetamol in 0.1 M phosphate buffer solution.
A linear relationship between the peak potential and solution pH was obtained with a linear equation and correlation coefficient of Epa (mV) =728 - 10 pH and R2=0.999 respectively. 
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Figure 4. 5. The schematic oxidation representation of paracetamol to N-acetyl-p-quinone imine at AQMCPE.
4.4 Square wave voltammetric studies of paracetamol in tablet formation samples at AQMCPE
The anthraquinone modified carbon paste electrode showed excellent electro catalytic behavior facilitating square wave voltammetric determination of paracetamol at low applied potentials. The oxidation peak current is dependent on various instrumental parameters, such as square wave amplitude, frequency and step potential. These parameters are interrelated and have a combined effect on the voltammetric response. The optimum values were found to be 35 mV square wave amplitude, 15 Hz frequency and 8 mV step potential. The electrochemical oxidation of paracetamol at AQMCPE was studied using square wave voltammetry in the potential range from 0.1 V to 0.8 V. Figure 4.6 presents the square wave Voltammogram of AQMCPE in pH 5 phosphate buffer in the presence of 100 ppm paracetamol. The Voltammogram in the presence of paracetamol showed a sharp oxidative peak at a peak potential of 494 mV was observed.
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Figure  4.6. Square wave Voltammogram of pH 5 PBS containing 100 ppm paracetamol at AQMCPE. SWV parameters:  amplitude 35 mV, frequency 15 Hz, and step potential 8 mV.

4.5 Calibration Curve and Method Detection and Quantification Limits 
Figure 4.7 shows the square wave voltammograms of paracetamol at the modified electrode. As can be seen from the figure, anodic peak current of  paracetamol at anthraquinone modified carbon paste electrode was linearly proportional to the paracetamol concentration in the range of 5 to 150 ppm, with a linear regression equation and determination coefficient of 𝐼p𝑎/𝜇A=0.35 - 0.14 [PC] ppm and 𝑅2 = 0.9983 (inset of Fig. 4.7), respectively. Method limit of detection (LoD = 3s/m) and limit of quantification (LoQ = 10s/m; where s is blank standard deviation for 𝑛=6 (0.2365, 0.2321, 0.2436, 0.2253, 0.2324, 0.2346 µA) and m is slop in the calibration method) were calculated to be 0.13 µM and 0.43 µM, respectively. 
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Figure 4.7.  Square wave voltammograms of pH 5 PBS containing standard paracetamol of various concentrations (a-i: 5, 10, 20, 40, 60, 80, 100, 120, and 150 ppm, respectively) at AQMCPE. Inset: plot of oxidative peak current versus concentration of paracetamol. 
4.6 Application of the modified electrode to tablet formation of sample 

The applicability of the developed method for the determination of paracetamol in real samples was demonstrated by applying to the method for the determination of the paracetamol in some pharmaceutical tablets. 
In this work, four sets of paracetamol tablets (Panadol adva, Julphar aldol, Para denk, Kelvin) were analyzed. The tablet samples were prepared following the procedure discussed under the experimental parts section 3.3.5. Commercial pharmaceutical samples (tablets) containing paracetamol were analyzed to evaluate the validity of the anthraquinone modified carbon paste electrode in 0.1 M phosphate buffer solution. Solutions obtained by dissolution of paracetamol tablets were subsequently diluted so that paracetamol concentration lies in the range of the calibration plot. Square wave voltammograms were then recorded under identical conditions that were employed while recording square wave voltammograms for tracing the calibration plot. Finally, to determine the concentration of paracetamol in real tablet formation samples in four different brands, the square wave voltammetric peak current for each preparation of tablet samples was recorded which then was converted to concentration units using the regression equation of the calibration curve and the amount of paracetamol per tablet. The results obtained are listed in Table 1. Figure 4.8 presents the SWV voltammograms of four concentration of each company tablet recorded under the solution and method optimized parameters. 
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 Figure 4.8. SWV of paracetamol tablets of a) Panadol adva, b) Julphar aldol, c) Kelvin, d) Para denk, respectively for concentration of 44.7, 46.4, 51.3, 50.5 ppm, in 0.1 M phosphate buffer solution.
Table 1. Summary of concentration of paracetamol in tablet formation samples and amount of paracetamol per gram of tablet samples by using SWV techniques. 
	Tablet samples

	Expected paracetamol (ppm)
	Detected paracetamol
	Declared paracetamol content in  mg per tablet
	% detected

	
	
	p
  ppm                mg/tablet                                   
	
	

	Panadol Adva. (Kenya)
	44.7
	37.12
	415.2
	     500
	83.04

	Julphar aldol (Ethiopia)
	46.4
	40.60
	437.5
	      500
	87.5

	Para-Denk (Germany)
	50.5
	48.02
	475.4
	       500
	95.08

	Kelvin (India)

	51.3
	46.13
	449.4
	       500
	89.9


As can been seen from the table, the paracetamol content of the four tablet samples in an increasing order is Panadol Adva.(Kenya), Julphar aldol (Ethiopia), Kelvin (India), Para-denk (Germany). 
4.7 Recovery study of the developed method
     To evaluate the accuracy of the developed SWV method using anthraquinone modified carbon paste electrode, the recovery of spiked standard paracetamol in tablet formation sample solution of Germany brand (Para denk), which showed an excellent amount of paracetamol among the studied tablet formation samples, was checked. The applicability of the developed method for real sample analysis was also evaluated by conducting recoveries of 40 ppm spiked standard paracetamol in 45.3 ppm pharmaceutical tablet sample solution (Fig. 4.9). As can be seen from the figure, the SWV anodic peak current increased with increasing volume of the spiked standard, indicating the sensitivity of the method developed and good recovery results of 93.5 % (table 2) were obtained, indicating the applicability of the developed method for the determination of paracetamol in tablet formation sample. 
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Figure 4.9.  Square wave voltammograms of AQMCPE in pH 5 PBS containing (a) unspiked tablet sample, and (b) tablet sample spiked with 40 ppm standard paracetamol. 
Table  2. Percent recovery of spiked paracetamol from tablet formation samples
	Tablet sample
	 Present concentration/ ppm
	Spiked /ppm
	Found/ppm
	% Recovery

	A
	   45.3


	     -


	      45.3
	       -

	B
	  45.3
	40
	        82.7
	       93.5


4.8 Comparison with other methods 

The voltammetric determination of paracetamol in this study is compared with other methods as summarized in Table 3. It can be seen that the electrochemical sensor based on anthraquinone modified carbon paste electrode provides a reasonable analytical performance with lower  detection limit than Poly(3,4-ethylenedioxythiophene)-modified glassy carbon electrode [10],Polyaniline-MWCNT modified electrode [17], Poly (3,4-ethylenedioxythiophene)modified screen printed electrode[19], but higher detection limit than Glassy carbon electrode[18].
Table 3. Comparison of electroanalytical data for paracetamol determination obtained using the present method to that reported in the literature.
	Electrode

	Method
	  Linear   range (µM)
	LOD (µM)
	Reference

	Poly(3,4-ethylene dioxy thiophene)-modified glassy carbon electrode
	DPV
	    2.5 -150
	1.13
	  [10]

	Polyaniline-MWCNT modified electrode
	SWV
	1 -200
	0.25
	  [17]

	Glassy carbon electrode
	DPV
	0 -1983
	0.09
	  [18]

	Poly (3,4-ethylenedioxythiophene) modified screen printed electrode
	DPV


	4 –400


	1.39

 
	  [19]



	Anthraquinone modified carbon paste electrode
	SWV
	33 -992 
	0.13
	  This          method                            


5. CONCLUSION 
The method presented in this study is simple, sensitive, rapid selective and applicable for the determination of paracetamol in tablet formation samples using anthraquinone modified carbon paste electrode. The cyclic voltammetric response obtained is chemically irreversible over the range of scan rate employed. The oxidation process of paracetamol at anthraquinone modified carbon paste electrode is also pH dependent. The ease of preparation of the modified electrode in combination with the relatively low detection limit better selectivity and sensitivity represent important factors for use of the electrode in characterized and determined paracetamol content in tablet formation samples. The limit of detection 0.13 µM found for the proposed method was very comparable with other reported methods. However, the efficiency of the proposed method was enough for analysis of paracetamol in tablet formation sample preparations. Successful application of SWV for the determination of paracetamol in tablet formulation is demonstrated. The developed method has been successfully applied to determine paracetamol in tablet formulations with excellent recoveries. 
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