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The electrochemical behavior of phenobarbital sodium (PBS), paracetamol (PCM) and their binary 

mixtures was investigated using cyclic voltammetry (CV) and square wave voltammetry (SWV) at a 

bare gold electrode in a 0.05 M bicarbonate solution. A calibration curve of PBS obtained by SWV had 

two linear ranges, from 1.0 to 3.0 ÕM and from 5.0 to 35.0 ÕM with a limit of quantification (LOQ) of 

0.62 ÕM and a limit of detection (LOD) of 0.19 ÕM, while a calibration curve of PCM was determined 

within the range from 10.0 to 50.0 ÕM with a LOQ of 8.53 ɛM and a LOD of 2.56 ɛM. Both drugs 

underwent oxidation by irreversible, diffusion controlled process. The SW voltammograms of the drug 

mixtures produced complex, overlapping profiles and a chemometric method was applied for their 

decomposition. Two different artificial neural network (ANN) architectures, namely back-propagation 

neural network (BPNN) and general regression neural network (GRNN) were employed for the 

simultaneous prediction of the concentrations of the drugs in a synthetic sample. The BPNN model had 

higher accuracy (mean absolute percentage error values were in the range of 3.6ï8.4%) and thus it can 

be used for the simultaneous determination of PBS and PCM. 
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1. INTRODUCTION  

As the oldest and the safest anticonvulsant drug, phenobarbital (PB) is used principally in the 

management of tonic-clonic and partial seizures [1]. Its precise mechanism of action is still unknown, 
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but is thought to involve blockade of sodium channels and enhancement of GABA-mediated inhibitory 

transmission [2]. The drug is used for routine sedation or to relieve anxiety and provide sedation 

preoperatively [1]. PB may also be used for short-term treatment of insomnia [3].  

Many requests for the determination of the anticonvulsant drugs arise as a result of problems in 

the patient management. PB has a narrow therapeutic range, so its concentration need to be monitored 

in order to adjust the dose to the optimal level for effective therapeutic control but with minimal side 

effects such as neurological toxicity [4]. The drug is frequently used in combination with antipyretics, 

such as paracetamol (PCM), since its presence reduce the recurrence risk of simple febrile seizures [5]. 

PB with minimal neurological toxicity in combination with PCM is frequently used in pediatrician 

praxis in order to avoid and minimize high fiver convulsions [4]. Therefore, multiple assays for the 

routine measurement of these two drugs, with high sensitivity and selectivity, are needed and it was the 

reason for the choice of PB and PCM as the mixture for the simultaneous determination.   

Several methods that allow the simultaneous determination of PB and PCM have been reported 

in the literature, including spectrophotometry [6,7],  high-performance liquid chromatography (HPLC) 

[8] and electrochemistry [9,10]. As rapid, simple, sensitive, selective and low cost, electrochemical 

methods are more favorable than the chromatography and spectrophotometry, which require a prior 

separation steps and tedious analytical process during analysis, the use of organic solvents, thereby 

generating high amounts of waste, time-consuming derivatization steps and high implementation costs 

[11ï13]. Differential pulse voltammetry (DPV) has been successfully applied for the determination of 

PB and PCM in pharmaceuticals. Ni et al. [9] have investigated their electrochemical behavior at a 

glassy carbon electrode. Due to the overlapping oxidation peaks of these two drugs, the interpretation 

of the complex voltammograms of a mixture has been achieved with the aid of chemometric methods. 

Raoof et al. [10] have prepared a modified electrode by simple incorporation of multi-walled carbon 

nanotube (MWCNT) and Pt-nanoparticles into a paste matrix. The DPV response of a drug mixture 

reveals two well-distinguished oxidation peaks, corresponding to the oxidation of PB and PCM, which 

allow their individual determination. PCM was the subject of the electroanalysis on modified gold 

electrode surfaces [14,15].   

Because the electrode response can perform in a non-linear way, artificial neural networks 

(ANNs) as non-linear estimators,  among other chemometric methods, are widely used for the 

evaluation of electrochemical signals [16,17]. ANNs are non-parametric regression method that can fit 

non-linear relationship between two or multiple variables by learning from a set of examples and 

generalize this knowledge to the new set of data. Considering that ANNs can perform well in the 

presence of complex, noisy and/or incomplete data, they are especially useful for the simultaneous 

prediction of several components in mixtures, which have complicated voltammetric responses 

because of highly overlapping peaks or reactions between components [18ï21].  

The aim of the present study is to analyze electrochemical behavior of PBS, PCM (Fig.1) and 

their mixtures by cyclic voltammetry (CV) and square wave voltammetry (SWV) using a bare gold 

electrode in 0.05 M NaHCO3; pH = 8.4. In addition, the simultaneous determination of PBS and PCM 

using SWV data and ANN, as a chemometric method for the decomposition of the voltammograms, is 

described. Two different feed-forward supervised ANN architectures, namely back-propagation neural 

network (BPNN) and general regression neural network (GRNN) have been used, and compared, for 
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the simultaneous prediction of the concentrations of PBS and PCM in a synthetic sample. Following 

the proposed method, these two drugs can be determined directly, simultaneously and rapidly from the 

SW response of a given sample. 

 

 
 

Figure 1. Chemical structures of: a) phenobarbital sodium and b) paracetamol 

 

 

 

2. EXPERIMENTAL  

2.1. Reagents 

All reagents were purchased from Sigma Aldrich and were used without any further 

purification. For all experiments, chemicals and solvents of analytical reagent grade or better were 

used. Deionized water was obtained from a Milipore Waters Milli-Q purification unit. Stock solutions 

of each compound (2.0 g dm
-3

) were prepared in methanol by weight and direct dilution. Appropriate 

aliquots of the stock solution were added into the electrolyte 0.05 M NaHCO3 in order to obtain target 

concentrations, whereby the total concentration of methanol did not exceed 1 %.  

 

2.2. Apparatus and preparation of electrode surfaces 

Standard equipment has been used for the cyclic voltammetry measurements and the three 

electrode electrochemical cell was described in detail previously [22]. Polycrystalline gold (bare gold, 

surface area 0.07 cm
2
) which served as the working electrode, was polished with diamond paste, 

cleaned with a mixture of 18 Mɋ deionized water and sulfuric acid and further cleaned with 18 Mɋ 

deionized water in an ultrasonic bath. A gold wire was used as the counter electrode and a saturated 

calomel electrode (SCE) as the reference electrode. All the potentials are given vs. SCE. Prior to each 

experiment working electrode was checked by cycling the potential scan between ï450 and 1100 mV 

in supporting solution (0.05 M NaHCO3; pH= 8.4) at the scan rate of 50 mV s
-1

 until the unchanged 

CV characteristics for Au electrode were obtained. After that the electrode was transfer to the 

electrochemical cell containing analytes and electrochemical measurements were performed. Between 

two consecutive concentrations the gold electrode was cleaned as described. The electrolytes have 

been deoxygenated by purging with nitrogen. All the experiments have been performed at room 
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temperature using PGZ 402 Volta Lab (Radiometer Analytical, Lyon, France). Square wave 

voltammetry measurements were carried out using pulse size 25 mV; frequency: 10 Hz; step size: 5 

mV and scan rate 50 mV s
-1

, with the accumulation time of 0.2 s at 0.0 mV. 

 

2.3. Preparation of mixtures 

Standard solutions (Table 1) were prepared by mixing aliquots of different concentrations of 

PBS and PCM into the electrolyte 0.05 M NaHCO3. The concentration of samples 1ï10, which were 

used as the training dataset for the development of ANN models, was established through an 

experimental design for two factors, ñcentral compositeò of type ñ2
2
 + starò, rotatable, and with two 

central points in the concentration range from 1.0 to 3.0 ɛM for PBS and 40.0 to 80.0 ɛM for PCM. 

Samples 11ï17 and 18ï22 were designed to obtain the validation and test dataset, respectively. The 

concentration of samples used as the validation and test data were selected in the same concentration 

range as in case of training data.  

 

Table 1. Concentration of PBS and PCM used as output data in the development of ANN models 

 

Dataset Sample PBS (ɛM) PCM (ɛM)  Dataset Sample PBS (ɛM) PCM (ɛM)  

Training 1 2.0 80.0 Validation 11 1.0 40.0 

2 2.0 40.0 12 1.0 70.0 

3 3.0 60.0 13 1.5 60.0 

4 2.0 60.0 14 2.0 50.0 

5 2.5 70.0 15 2.5 40.0 

6 2.5 50.0 16 3.0 40.0 

7 1.0 60.0 17 3.0 70.0 

8 1.5 50.0 Test 18 1.0 50.0 

9 1.5 70.0 19 1.5 40.0 

10 2.0 60.0 20 2.0 70.0 

 21 2.5 60.0 

22 3.0 50.0 

 

2.4. ANN architectures  

2.4.1. Back-propagation neural network 

Back-propagation neural network (BPNN) is a standard feed-forward ANN architecture 

consisted of three layers of neurons: an input layer, a hidden layer and an output layer (Figure 2). The 

number of neurons in the input (Ni) and output (No) layer is equal to the number of input and output 

parameters that are used in the BPNN model, while the number of neurons in the hidden layer (Nh) is 

often determined using following equation [23]  
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where ntr is the number of training samples.  

The neurons from one layer are connected only with the neurons from the immediate next layer 

and the strength of those connections is quantified with a weight factor (Wij). During the BPNN 

training the weights are iteratively adjusted, using the back-propagation algorithm [24], with aim to 

minimize the sum of squared difference between the known output and the predicted one. In each 

iteration the correction of weights (ȹWij) was performed using following equation  

)()1( nijjjnij WYW D+=D + ahd    (2) 

where Yj is the output of neuron j in the hidden layer, ɖ is the learning rate,  ŭj is the error term, 

Ŭ is the momentum and n is the iteration number. The weighted sum of linearly scaled inputs is 

transformed to the neuron output using the sigmoid activation function. 

 

2.4.2. General regression neural network 

A general regression neural network (GRNN) is also a feed-forward neural network with 

supervised training based on the nonlinear regression theory [25]. It consists of four layers, namely an 

input layer, a pattern layer, a summation layer and an output layer (Figure 2). The number of neurons 

in the GRNN layers is determined by the number of input/output parameters and the number of 

training samples used for model training: the input/output layer has one neuron for each input/output 

parameter, the pattern layer has one neuron for each training sample, while the summation layer has 

one neuron for each output variable, plus one. As it is indicated in Figure 2, the summation layer has 

two different types of neurons, the summation neurons (S1 and S2) and a single division neuron (D). 

The summation neurons S1 and S2 compute the sum of the weighted outputs of the pattern layer, while 

D calculates the un-weighted outputs of the pattern neurons [26]. Each of the GRNN output neurons is 

connected only to its corresponding S and to the D neuron and there are no weights in these 

connections. 

In contrast to the BPNN, the weights in GRNN architecture are defined using one-pass 

algorithm that sets the weights between the input and pattern layer (Wij) to the value of input 

parameters (from the training dataset), while the weights between the pattern layer and summation 

neurons (Ws) are set to the value of corresponding output parameters (from the training dataset). 

The GRNN measures the distance (Dj) of the training samples in N-dimensional space, and 

then the calculated Dj is processed in the pattern layer using an exponential activation function [27]. 

As it is presented in Figure 1, during the GRNN training, only one parameter, called the smoothing 

factor (ů), need to be adjusted. The smoothing factor represents the width of the calculated Gaussian 

curve for each probability density function [25]. In the present study, the optimal value of smoothing 

factor is determined using a genetic algorithm (GA). More details on the GA and its application for 

GRNN training can be found elsewhere [28,29]. 
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Figure 2. Schematic representation of the ANN architectures used in this study: a) BPNN and b) 

GRNN. 

 

 

 

3. RESULTS AND DISCUSSION 

A polycrystalline gold electrode was selected as the optimal working electrode for the 

examination of the phenobarbital and paracetamol because it is defined with a quite reproducible 

voltammograms enabling that all the electrochemical reactions at electrode surface could be attributed 

to the studied molecules [30]. Gold electrode is prepared by mechanical polishing with diamond paste, 

followed by cleaning. The surface roughness after ñroughò mechanical polishing can be recognized 

only on the nanoscale. The voltammograms are reproducible under the described experimental 

conditions [31].  
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3.1. Cyclic voltammetry characterization of the drugs and their binary mixtures 

 
 

Figure 3. CVs obtained on gold electrode using 0.05 M NaHCO3 in the presence of: a) PBS (45 ÕM), 

b) PCM (100 ÕM), c) binary mixture of PBS (1 ÕM) and PCM (50 ÕM) at scan rate 50 mVs
-1

.
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To analyze the electrochemical behavior of the investigated drugs on a bare gold electrode, CV 

measurements have been firstly performed. The cyclic voltammograms of PBS, PCM and their mixture 

(the first ten continuous scans) are shown in Figure 3. Compared to the clean electrode, PBS exhibits a 

well-defined oxidation reaction in the area of the gold oxide formation (Fig 3a). A decrease in the 

oxidation peak current after successive scans could be attributed to the presence of PBS intermediates 

formed during the oxidation. The gold oxide reduction peak is slightly decreased and shifted to more 

negative potentials upon further scans according to the reduction of the oxidized products formed in 

the forward scans. Electrochemical oxidation of phenobarbital and paracetamol at the glassy carbon 

electrode were found to be pH dependent [9]. On gold electrode it is found as well as on glassy carbon 

[9] that in an acidic medium, the amide group in PCM and PBS reacts with a proton to form salts, 

which are generally difficult to oxidize. However, the amide group will convert into the corresponding 

enol form in an alkaline medium and can be further oxidized. Thus, for phenobarbital, the peak current 

increases somewhat with increasing pH. 

In a moderately alkaline medium (pH 8.4), it is the enol form of the barbituric moiety in PBS 

that reacts and as its concentration in the equilibrium mixture is depleted, more of the keto form 

changes over to the enol. A decrease in the oxidation peak current after successive scans could partly 

be attributed to the slow conversion between isomers of barbituric moiety in PBS [15]. Using the 

different electrolytes (phosphate buffers) at different pH values (5.5ï9) showed the lower oxidation 

ability of PBS and PCM than was obtained by using 0.05 M NaHCO3. A similar situation was 

observed while investigating the electrochemical behavior of phenytoin and related cyclic amides on a 

gold electrode [22].  

Regarding the electrochemical behavior of PCM, the first small, sharp oxidation peak appears 

at the potentials more negative than the gold oxide is formed, i.e. at 200 mV. The second one, more 

developed and with much higher currents, is observed at 600 mV in the area of the gold oxide 

formation (Fig. 3b). The current of the peak at 600 mV decreases from the first to the fifth scan while 

the peak at 200 mV remains almost unchanged. The gold oxide reduction peak is shifted to the more 

negative potentials and increases upon further scans. This indicates the significant involvement of the 

species formed in a forward scans in the gold oxide reduction.  

In Fig. 3c are displayed the voltammograms obtained by the mixture of PBS and PCM. A 

considerable overlap of the peaks in the region from 450 to 1000 mV is evident, while the oxidation 

peak at 200 mV for PCM can still be detected. Comparing to Figs. 3a and 3b, the lower reaction 

currents observed in Fig. 3c are most probably the consequence of the competitive adsorption of PBS 

and PCM. 

Figures 4, 5 and 6 demonstrate the CVs on Au at different scan rates (v) in 0.05 M NaHCO3 

containing 15 ÕM PBS, 50 ÕM PCM and their mixture (1 ÕM PBS + 50 ÕM PCM), respectively. It is 

obvious that the currents become higher with the increased scan rate. In all three figures, the 

relationship between peak current and v
1/2

 is displayed (inset a) showing linearity and indicating that 

the PBS and PCM oxidation is diffusion controlled processes. The oxidation of their mixture 

underwent the same process. 

According to Bard and Faulkner, the peak potential decreases with the increasing scan rate, and 

a straight line relationship can be observed from the dependency of the peak potentials on ln of scan 
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rates (in the all three Figures, inset b), suggesting that PBS, PCM and their mixture underwent to an 

irreversible electrode process [32].  

 

 
 

Figure 4. CVs of 15 ÕM PBS on gold electrode using 0.05 M NaHCO3 for scan rates: 20, 40, 60, 80, 

100, 120 and 140 mV s
-1

. Insets: a) plots of peak current density vs. v
1/2

 and b) peak potential 

shift vs. ln of scan rates.  

 

 
 

Figure 5. CVs of 50 ÕM PCM on gold electrode using 0.05 M NaHCO3 for scan rates: 20, 40, 60, 80, 

100, 120 and 140 mV s
-1

. Insets: a) plots of peak current density vs. v
1/2

 and b) peak potential 

shift vs. ln of scan rates. 
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Figure 6. CVs of 15 ÕM PBS + 50 ÕM PCM on gold electrode using 0.05 M NaHCO3 for scan rates: 

20, 40, 60, 80, 100, 120 and 140 mV s
-1

. Insets: a) plots of peak current density vs. v
1/2

 and b) 

peak potential shift vs. ln of scan rates.  

 

The Lavironôs theory for irreversible processes was applied in order to calculate the number of 

electron transferred and the heterogeneous electron-transfer rate constant (k
0
) [33]: 
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where E
0
 is the formal potential, T is the temperature in degrees Kelvin (298 K), Ŭ is the 

transfer coefficient, k
0
 is the rate constant for the interfacial electron transfer process (per second), n is 

the number of electrons transferred in the rate determining step, v is the scan rate, F is the Faraday 

constant (96480 C mol
ī1

), and R is the universal gas constant (8.314 K
ī1

 mol
ī1

).  

Thus, the value of Ŭn is easily calculated from the slope of Ep vs. log v. For PBS, PCM and 

their mixture the value of slope is 137.5, 144.3 and 136.4, respectively. Further, the number of electron 

(n) transferred in the electrooxidation of PBS and PCM was calculated to be approximately equal to 1 

since the value of Ŭ is 0.5 for an ideal diffusion-controlled electrode process. The value of k
0 

can be 

determined from the intercept of the previous plot if the value of E
0
 is known. The value of E

0
 can be 

obtained from the intercept of Ep vs. v curve and the value for PBS, PCM and their mixture is 273.7, 

264.1 and 271.8 mV, respectively. From this k
0
 was calculated to be 0.713 s

-1
 for PBS, 0.794 s

-1 
for 

PCM and 0.66 s
-1
 for their mixture.  Somewhat higher rate constant for the interfacial electron transfer 

process was obtained for PCM suggesting faster electron transfer between PCM and gold electrode 

surface.  
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3.2. Squre wave voltammetry of the individual drugs and their binary mixtures 

The obtained CV results indicate that SWV technique should be tested for the simultaneous 

determination of PBS and PCM. The SWV responses of the individual drugs are shown in Figures 7 

and 8. In the SW voltammogram of PBS, one well developed and sharp oxidation peak appears at 500 

mV and exhibits the linear dependency on the lower concentration in the range from 1.0 to 3.0 ÕM 

(inset in Fig. 7a). Another set of higher concentrations is tested (from 5.0 ÕM to 35.0 ÕM PBS) and the 

same voltammetric response is obtained as is presented in Fig. 7b. A linear dependency of peak 

currents on the concentration is given in inset in Fig. 7b. Comparing the calibration curves for two 

concentration sets, it can be seen that the higher slope obtained for the set from 1.0 to 3.0 ÕM indicate 

the higher sensitivity of a gold electrode in determining PBS in this concentration range.  

 

 
 

Figure 7. SW voltammograms obtained with the Au electrode using 0.05 M NaHCO3 for a set of: a) 

lower concentrations of PBS; Inset: linear dependency of anodic peak currents vs. 

concentration of PBS, and b) for a higher concentrations of PBS, Inset: linear dependency of 

anodic peak currents vs. concentration of PBS. 

 

In the case of PCM, the SWV response exhibits one smaller oxidation peak from 50 to 300 mV 

and one dominant oxidation reaction from 300 to 800 mV with the current maximum at 500 mV 

(Figure 8). The dominant peak currents increase linearly with increasing the concentration in the range 

from 10.0 to 50.0 ÕM (Inset in Fig. 8a) and afterwards they decrease gradually as the drug 

concentration continues to increase. As is presented in Fig. 8b, on the other side, the peak currents of 

the smaller oxidation reaction at 160 mV exhibit a linear dependency on the concentration in the range 

from 40.0 to 100.0 ÕM (Inset in Fig. 8b).  


