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Herein, the impact of electroactivation of glassy carbon electrode on the paracetamol drug 

electrochemical behavior is investigated for the first time. The morphology of the GC electrode surface 

was investigated using SEM. The extent of oxidation of GC as well as the pH of the supporting 

electrolyte has been investigated.  The oxidation of GC results in the formation of several containing 

oxygen functional groups which increases with increasing the number of potential cycles for oxidation. 

The extent of GC oxidation was quantified by calculating the number of surface’s quinone units (S), as 

calculated from the voltammetric measurements in 1.0 M H2SO4. Then the S was correlated with the 

extent of electrocatalytic oxidation of PC. Based on the voltammetric studies, it has been found that the 

oxidation of PC is controlled by both diffusion and adsorption processes. Finally, the activation of GC 

electrode was used for the quantitative determination of PC in a suitable rectilinear range with a standard 

devation and relataive standard deviation (RSD) of 0.17 mM and 2.4%, respictively. 
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1. INTRODUCTION 

Paracetamol (p-hydroxy acetanilide or N-acetyl-p-aminophenol, PC) of chemical structure 

shown in Fig. 1, is one of analgesic and antipyretic compound commonly used for fever and headache 

relief in addition to several applications in pharmaceutical industries. It can be used as an alternative to 

aspirin for some patients who cannot tolerate aspirin. Overdoses are associated with hepatotoxicity and 

can cause organ failure within short time, so it be used in the safe dose.  It is believed that the man source 
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of danger of acetaminophen is its metabolite whereas it is considered as actual hepatotoxic agent [1-9]. 

Accumulation of toxic metabolites often accompany overdose of PC, and a severe hepatotoxicity and 

ephrotoxicity occur. Thus, for the sake of quality assurance of pharmaceutical industry and related 

industries, estimation of PC is vital for the healthcare industry [10-12]. Several methods have been 

reported for the estimation of PC in drug formulations.  It includes, for instance, spectrophotometry [13-

15], reverse phase high performance liquid chromatography [16-24], capillary electrophoresis [25-27] 

and chemiluminescence [28-30]. Some of these methods are tedious as they require several preliminary 

steps before the determination, and some is time-consuming.  In general, these methods are not suitable 

for the routine analysis of PC as they require expensive instruments or the need of sample pre-treatment 

steps for analysis. Thus, simpler procedures performed in relatively shorter times without using 

numerous chemicals are preferable. Electrochemical methods found their way for analysis of 

paracetamol specially at modified electrodes which introduce the selectivity as well as the sensitivity 

[31-35]. PC is electrochemically active, and its response has been reported on various types of electrodes, 

both solid, bare and modified as well as mercury electrode [36-40]. However, the behavior at 

electrochemically activated glassy carbon (EAGC) electrode has not been reported, even though glassy 

carbon electrode is the first choice for such species as it is characterized by wide potential range as well 

as the simple control of the surface and the possible derivatization with functional groups. The present 

study aims at the enhancement of PC oxidation in aqueous solutions using EAGC, and the subsequent 

application for PC quantification. The extent of oxidation of GC as well as the pH of the supporting 

electrolyte has been investigated. 

 

 
 

Figure 1. The structure of paracetamol (PC) 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and Reagents: 

Chemicals used were of analytical grade and were used as received. Sulfuric acid (H2SO4, Omni 

Trace Ultra) was purchased from Sigma-Aldrich. Sodium hydroxide (NaOH, 99.8% purity) was 

purchased from BDH. Phosphate buffer solutions of different pHs were prepared using 

NaH2PO4/Na2HPO4 couples according to the reported method [41]. A pure powder of paracetamol (PC) 

was gifted from Amriya Pharmaceutical Industries, Egypt. A freshly stock solution of suitable 
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H
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concentration of PC was prepared by dissolving a suitable amount of the powder in bi-distilled water. 

Prior to electrochemical measurements, electrolyte solutions were de-aerated by N2-bubbling. 

 

2.2. Glassy carbon electrodes electroactivation: 

The GC electrode (3 mm diameter) was mechanically polished with fine alumina powder and then 

rinsed with water before sonication process to remove physically adsorbed species. Then, GC was either 

used directly or after being electro-activated. The activation process was optimized by cycling of 

potential in the potential range -0.2 to 2 V for suitable number of potential cycles. The anodic oxidation 

of GC in H2SO4 increase the percentage of functional groups bearing –OH group onto the electrode 

surface. The electrode after oxidation was assigned as GCox.  

 

2.3. Measurements: 

Electrochemical measurements were performed using a PGSTAT30 potentiostat/galvanostat 

(Netherlands) controlled by General Purpose Electrochemical Systems (GPES) and Frequency Response 

Analyzer (FRA) software.  A conventional three-electrode cell of around 20 ml and equipped with 

Ag/AgCl (KCl sat.) reference electrode and Pt spiral wire auxiliary electrode was used for the cyclic 

voltammetric measurements. All electrochemical measurements were conducted under nitrogen 

saturated solutions.  SEM was taken using a Hitachi microscope of accelerating voltage of 20 kV.  

 

 

 

3. RESULTS AND DISCUSSION 

SEM images of bare and oxidized glassy carbon electrodes are shown in Fig. 2. GC was oxidized 

by applying 5 potential cycles in 0.5 M H2SO4 as mentioned in the experimental section. As shown in 

the figure, the roughness of the oxidized electrode is significant (image b) compared with the bare GC 

electrode of smooth surface (image a). It has been reported that roughness could be used as indication 

of the extent of oxidation of the GC electrode, increasing the extent of oxidation increases the roughness 

of GC[42]. The oxidation of GC electrode results in the formation of several oxygen-containing 

functional groups that changes the surface properties of the thus oxidized electrode [37]. 
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Figure 2. SEM images for (a) bare GC and (b) GCox electrodes.  GC was oxidized by applying 5 

potential cycles in 0.5 M H2SO4 with scan rate 100 mV/s.   

 

3.1. The electrochemical behavior of PC on activated GC 

Fig. 3 shows cyclic voltammograms obtained at (a) bare and (b-e) electrochemically pretreated 

GC in PB containing 12.5 mM PC. GC was oxidized as mentioned in the experimental section. 

Parameters extracted from this figure are given in Table 1.  Interestingly, the response of PC obtained at 

bare GC is significantly changed at the oxidized GC; the anodic peak is obtained at relatively large 

potential (curve a) compared with that obtained at the electrochemically pretreated one (curves b-e) and 

the cathodic one at ca. 0.2 V  is ill defined as previously reported [43]. At the oxidized GC, the well 

anodic peak coupled with the well-defined cathodic one is revealed. The extent of catalysis is dependent 

on the extent of oxidation of the GC electrode; when the electrode is subjected to one potential cycles 

for activation the response of PC is  significantly  changed, and the ∆E = 85 mV is obtained.  Upon  

a 

b 
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increasing  the  number of potential cycles for oxidation of GC electrode, the behavior does not change 

significantly with respect to ∆E = 85 mV. 

 

 

 
 

Figure 3. CVs obtained at a) bare and (b-d) oxidized GC in PB (pH 7) containing 12.5 mM PC. Number 

of cycles used for oxidation of GC was b) one, c) three, d) five and e) six cycles. Scan rate = 100 

mV/sec. 

 

However, the current response for the oxidation and reduction continue in increasing.  This points 

to the increase in the surface area of the electrode. A point which is useful for the sake of analysis of PC. 

It seems that the oxidation of GC results in the formation of several oxygen-contained functional groups 

upon the first cycles and with increasing the number of cycles, the roughness increases resulting in 

increasing the surface area as represented above in the SEM images. Under the studied pH range, PC is 

oxidized to N-acetyl-p-quinoneimine in an electrochemical step involving two electrons and two protons 

to produce N-acetyl-p-quinoneimine.  This step is followed by non-electrochemical reaction steps which 

are pH dependent.  In strongly acidic media, PC is oxidized finally to benzoquinone [43-45] according 

to the following mechanism: 
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Figure 4. The proposed mechanism for oxidation of PC at GCox  

 

 

Table 1. Electrochemical parameters for oxidation of PC at GC and GCox in PB at scan rate 100 mV/s 

 

Electrodes  Ipa (μA) Ipc (μA) Epa (mV) Epc (mV) ∆E (mV) 

Bare GC 14.5 6.1 365 200 165 

GCox (one cycle) 22.0 13.1 320 235 85 

GCox (3 cycles) 24.3 13.6 340 235 105 

GCox (5 cycles) 31.3 15.9 335 250 85 

GCox (6 cycles) 34.1 17.0 335 250 85 

 

The enhancement of the PC electrochemical behavior is thought to be related to the quinone (Q) 

functional groups formed upon oxidation of GC.  It has been reported that quinone functional groups to 

enhance the oxygen reduction [46]. However, in the present case the confined quinone redox couple 

appears at much lower positive potential compared with the electrooxidation peak of PC. Thus, the 

possible reason for activation of PC oxidation is the enhancement of interaction of PC with the generated 

functional group on the GC surface, possibly by hydrogen bond. Similar behavior reported that adsorbed 

quinone mediates some reactions.  However, for the same reaction the Q groups generated 

electrochemically did not mediate it [47,48]. The increase in enhancement upon increasing the extent of 

oxidation is related to the number of surface quinone units, calculated by the following equation; 
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𝑆 =
𝑁𝐶

𝑛𝐹
………(1) 

 where N is the Avogadro number, n is the number of electrons included in the following 

equation:  

Q + 2H+ + 2e ↔ QH2……… . (2) 

and F is the Faraday constant.  C is the charge obtained by the integration of the CV of the 

(Q/QH2) redox couple obtained for the oxidized GC in 1 M H2SO4 (data are not shown).  The number 

of active sites for GC oxidized by one, three, five and six cycles equals 7.0×1014, 9.3×1014, 2.1×1016 and 

2.7×1016, respectively.  The relation between log S and the anodic peak current for paracetamol is given 

in Fig. 5.   It is clearly shown that the peak current is related to the number of surface’s quinone units.   

It becomes clear that electrooxidation of GC critically catalyzes the oxidation of PC via the generation 

of functional groups which enhances the interaction of PC with such generated groups, as represented in 

the following scheme; 

 

 
 

Scheme 1. The proposed interaction between PC and the generated functional groups on GCox 
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Figure 5. The relation between log S and the anodic peak current for PC.  The number of surface’s 

quinone units (S) was estimated using equation 1. 

 

 

 
 

Figure 6. Effect of pH on the voltammetric behaviour of 12.5 mM PC at GCox. GC was oxidized by 

applying 5 potential cycles in 0.5 M H2SO4 with scan rate 100 mV/s.   

 



Int. J. Electrochem. Sci., Vol. 16, 2021 

  

9 

3.2. The influence of pH on the electrochemical behavior of PC on activated GC 

The pH of the supporting electrolyte for reaction containing protons as a reactant or product is 

critical in electroanalysis as the pH largely affects the electrode–solution interface, and consequently the 

kinetics of the charge transfer process. The pH dependence of PC oxidation at GCox is shown in Fig. 6 

and Table 2. Within the studied pH range, the redox couple is obtained with a negative shift as expected 

upon increasing the pH. The peak current for the anodic (Ipa) and cathodic (Ipc) peaks as well as their 

peak potentials are plotted against pH and shown as Figs. 7 and 8, respectively.  In Fig. 7, it is obvious 

that, the effect on the anodic peak current is larger compared with that of the cathodic one.  Ipc decreases 

regularly with increasing the pH, while the dependence of Ipc on the pH is not regular. Regarding the 

effect on the peak potential, parallel straight lines for both peaks are obtained. At pH 7, an acceptable 

response is obtained, and thus it was chosen for the following measurements. Linear relationships of the 

peak potential of PC as a function of pH following Nernst’s equation; 

𝐸p = 𝐸formal
𝑜 −

2.3𝑅𝑇𝑚

𝑛𝐹
pH…… . . (3) 

where m and n represent the number of protons and electrons, respectively.  Slopes around 60 

mV per pH is obtained for both peaks indicating Nernstian behaviour.  This indicates that PC oxidation 

is accompanied by the transfer of (2e-/2H+), i.e., equal number of protons and electrons [49]. It has been 

reported that PC oxidation and the oxidation product is pH dependant.  It is noteworthy to mention the 

large dependence of Ipa/Ipc on the pH (shown in Fig. 9); it changes from around 1.4 at pH 9.9 to 5.8 at 

pH 3.  This points to the increase in the reversibility with decreasing pH as reflected on the significant 

change in the values of the difference in peak potential between anodic and cathodic peaks (∆E); it equals 

80 mV at pH 9.9 and 60 mV at pH 3. 

 

 

 
 

Figure 7. Relation between pH and peak currents for 12.5 mM PC at GCox activated by five oxidation 

cycles. Data were extracted from Fig 6. 
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Figure 8. Relation between pH and peak potentials for 12.5 mM PC at GCox activated by five oxidation 

cycles. Data were extracted from Fig 6. 

 

 
Figure 9. Relation between pH and Ipa/Ipc for 12.5 mM PC on GCox after five oxidation cycles. Data 

were extracted from Fig 6. 
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Table 2. Relation between pH and peak potentials and peak currents for electrochemical behavior of PC 

on GCox at scan rate 100 mV/s 

 

pH Ipa Ipc Epa Epc Epa-Epc Ipa/Ipc log(Ipa/Ipc) 

3.0 66.3 11.4 0.7 0.64 60 5.82 0.76 

4.1 60.6 18.3 0.65 0.59 60 3.3 0.52 

4.8 44.6 20.6 0.615 0.54 75 2.17 0.34 

5.9 53.7 26.3 0.54 0.45 90 2.04 0.31 

6.5 54.9 27.4 0.5 0.41 90 2 0.3 

7.0 43.4 19.4 0.45 0.38 70 2.24 0.35 

7.6 46.9 22.9 0.4 0.34 60 2.05 0.31 

8.0 44.6 24 0.37 0.33 40 1.85 0.27 

8.7 37.7 19.4 0.35 0.26 90 1.94 0.29 

9.9 26.3 18.3 0.275 0.2 75 1.44 0.16 

 

3.3. Scan rate dependence  

 
 

Figure 10. CVs obtained at EAGC electrode in PB (pH 7) containing 12.5 mM PC at various scan rates 

(Numbers of scan rates are in mV/s). GC was oxidized by applying 5 potential cycles in 0.5 M 

H2SO4  with scan rate 100 mV/s.   
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Figure 11. Relation between log scan rate and log peak current.  Data were taken from Figure 10. 

 

The effect of scan rate on the peak current and peak potential is utilized in evaluating the type of 

mass transport process as well as the electrode kinetics for a certain reaction. Fig. 10 shows the effect of 

scan rate on CVs of the oxidation of PC at GCox electrode. As clearly shown, anodic and cathodic peaks 

are shifted with increasing the scan rate pointing that the process is not reversible one.  The log-log plot 

for Ipa and scan rate is shown in Fig. 11.  The peak current dependence on scan rate is linear. The linear 

regression equation was 𝑦 = 0.6495𝑥 + 0.2258 with a correction coefficient of 0.9959. Based on the 

obtained equation, a slope of 0.6495 reveals that the process is controlled by both diffusion and 

adsorption processes with the former is the predominant. 

 

3.4 Electroanalytical determination of PC using the oxidized GC 

Under the above optimum EAGC electrode, Fig. 12 represented the calibration curve for the 

determination of PC (inset, the linear sweep voltammetry (LSV) for the determination of PC at different 

concentrations). The linear dynamic range for the determination of PC was found to be 3.0-6.5 mM with 

a good correlation coeffecient R2 = 0.9979. To measure the precision of the developed method, both 

standard devation and relataive standard deviation (RSD) for five mesaurments for 7.0 mM PC were 

calculated and found to be 0.17 mM and 2.4%, respectrively. The regresion equation for this method is 

as the following: 

 

I(µA) =11.169 [PC](mM) – 5.6525 …….(4) 
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To test the validity of the proposed method and its significence, F-test was performed by 

comparing the variance of our method with that of reference one [31], at 95% confidence level. Results 

as seen in Table 3 indicated that results obtained by the present methods are significant. 

 

 

 
 

Figure 12. Calibration curve for determination of PC using EAGC. (Inset, the linear sweep 

voltammetry). GC was oxidized by applying 5 potential cycles in 0.5 M H2SO4  with scan rate 

100 mV/s.   

 

 

Table 3. Parameters for the electrochemical determination of PC by GCox electrode using LSV. 

 

Parameters  PC 

Type of buffer Phosphate  

pH 7.0 

Potential of measurment, V 0.3-0.35 

Scan rate, mV/s 100 

Linear concentration range, mM 3.0-6.5  

Regression equationa  

Slope,  µA/mM 11.169 

Intercept, µA -5.6525 
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Correlation coefficient, R2  0.9979 

Standard deviation, SD (n=5), mM 0.17 

Relative Standard deviation, RSDb, % 2.4 

LOD, mM 0.281 

LOQ, mM 0.842 

SD of slope  0.19 

SD of intercept 0.95 

F-testc 3.11 
a I(µA) =slope [PC](mM) ± Intercept 
bAverage of five consecutive measurements. 
cThe theoretical value for F at n = (8,5) at 95% confidence level is 6.09 

 

4. CONCLUSIONS 

Using EAGC electrode, paracetamol oxidation was significantly enhanced. The 

electrooxidation of GC electrode in 0.5 M H2SO4 changed the electrode surface by the formation 

of several oxygen-containing functional groups that changes the surface properties of the thus 

oxidized electrode. The electrooxidation of PC using this electrode was found to be controlled 

by both diffusion and adsorption processes. A correlation of the electroactivity of EAGC 

electrode with the number of generated quinone sited is figured.  Next, EAGC was successfully 

used for the determination of PC. 
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