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Abstract- A modified carbon paste electrode with Fe3O4 nanoparticles/multi-walled carbon 

nanotubes nanocomposite (Fe3O4/MWCNTs/CPE) was developed as an efficient sensor for 

simultaneous determination of acetaminophen (AC) and theophylline (TP). The 

Fe3O4/MWCNTs nanocomposite was characterized by scanning electron microscopy (SEM), 

X-Ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). Also, 

electron transfer rate of [Fe(CN)6]
3-/4- as a redox couple probe on the surface of the 

Fe3O4/MWCNTs/CPE was studied using electrochemical impedance spectroscopy (EIS). The 

modified electrode preserved and combined the properties of the individual modifiers 

synergistically. The anodic peak currents of AC and TP were increased at the nanocomposite 

modified electrode compared to the bare electrode. Under the optimal experimental pH, the 

linear analytical curves were obtained in the range of 2-1000 µM with a limit of detection 

(LOD) (S/N=3.0) of 1.68 µM for AC and in the range of 3-1000 µM and with a detection 

limit of 2.48 µM for TP using the differential pulse voltammetry (DPV) results. The 

applicability of the proposed method was successfully proved for simultaneous determination 

of these compounds in drug samples. 

Keywords- Modified electrode, Fe3O4/MWCNTs nanocomposite, Simultaneous 
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1. INTRODUCTION  

Nanomaterials have been received remarkable attention due to their unique physical and 

chemical properties. Several strategies have been used to obtain excellent nanocomposite 

containing different kinds of nanomaterials, which can combine the advantages of them [1]. 

Carbon nanotubes (CNTs) as molecular-scale wires have some properties such as high 

electrical conductivity, high chemical stability, and extremely high mechanical strength [2]. 

The study of the subtle electronic behavior of CNTs proved that they have the ability to 

promote electron-transfer reaction as electrode materials [3]. In recent years, it was revealed 

that CNTs are one of the best candidates for the nanocomposite materials fabrication [4,5]. At 

present, tremendous interest has been produced in research in order to mix CNTs with 

different materials such as metals, metal oxides, complex metal oxides, and polymers to 

structure multifunctional nanocomposites [6,7]. The application of nanoparticle hybrid 

materials composed of inorganic solids and CNTs was reported for applying in nanoscale 

devices and nanoelectronics [8]. 

Magnetic nanoparticles have been widely applied in a variety of fields such as catalysis, 

bioseparation, bioengineering, magnetic separation, and sensors due to their superior 

characteristics such as small size, easy synthesis, high surface area, high coercivity, facile 

separation by magnetic forces, as well as low toxicity and low cost [9]. Some advantages of 

magnetite (Fe3O4) nanoparticles as one of the magnetic nanoparticles, such as good 

biocompatibility, strong superparamagnetic property, low toxicity, easy preparation, and high 

adsorption ability have caused that these nanoparticles commonly use. Electrocatalytic 

determination of some materials using sensors based on Fe3O4 nanoparticles has been 

investigated. Fe3O4 nanoparticles exhibit high surface area and low mass transfer resistance 

[9]. Recently, Fe3O4 and tyrosinase immobilized on chitosan microspheres as low potential 

electrochemical biosensor for catechol detection [10], Fe3O4 nanoparticles supported on Arc-

synthesized CNTs as advanced electrocatalyst for oxygen reduction reaction [11], flower-like 

Fe3O4 capped tripolyphosphate for electrochemical detection of carbadox drugs in meat [12], 

glassy carbon electrode modified with poly aspartic acid-Fe3O4 nanoparticle/multi-walled 

carbon nanotubes composite for a selective simultaneous determination of piroxicam and 

clopidogrel in the presence of uric acid [13], and the Fe3O4@MCM-48-SO3H/multi-wall 

carbon nanotubes composite modified glassy carbon electrode as a sensor for simultaneous 

determination of serotonin and sertraline in the presence of uric acid [14] have been applied. 

A core-shell structured functionalized Fe3O4 nanoparticles@SiO2 with a Schiff base 

ligand/MWCNTs modified glassy carbon electrode was used for electrochemical 

determination of citalopram [15]. Also, glassy carbon electrode modified by iron oxide 

nanoparticles-decorated MWCNTs was fabricated and applied as glucose biosensor [16].  

Moreover, AC (paracetamol, N-acetyl-p-aminophenol,) is a widely used minor analgesic. 

Although it has some cyclooxygenase inhibiting properties, this action is very weak in the 
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peripheral tissues and it has practically no anti-inflamammatory action. It is also known that 

overdoses will cause liver and kidney damage [17]. So far, a variety of methods including 

titrimetry [18], spectrophotometry [19], fluorimetry [20], chemiluminescence [21], high 

performance liquid chromatography [22], capillary electrophoresis [23], chemometric method 

[24], amperometric batch injection analysis [25], and mass spectrometry [26] have been used 

for detecting AC in pharmaceutical formulations and biological fluids. Most of the above 

methods are unsuitable for routine AC analysis in pharmaceutical industry because they have 

some disadvantages such as high costs, long experimental times and stringent requirements 

for sample pretreatment [27]. In contrast, electrochemical method possesses many merits of 

quick response, high sensitivity, selectivity and miniaturization. So recently, the development 

and application of electrochemical techniques for the determination of AC has attracted 

considerable attention [28-35]. 

On the other hand, TP (1,3-dimethylxanthine) as a xanthine derivative has been 

commonly used as an additional treatment drug in the asthmatic acute phase in children and 

asthma and bronchospasm in adults [36]. TP is one of the most commonly used medications 

for the treatment of the symptoms of chronic asthma. However, appropriate dosing is 

indispensable because of the serious side adverse reactions such as arrhythmia, fever, 

dehydration, insomnia, anorexia, coma and heartburn tachycardia, even respiratory arrest and 

cardiac arrest in the presence of high concentrations of TP [37]. Because TP exists in many 

soft drinks, food-stuff and natural products, such as cocoa, tea and chocolate, it is important 

to develop a simple, accurate and rapid method for TP determination. Many analytical 

methods have been reported for detection of TP or aminophylline, for example, high 

performance liquid chromatography (HPLC) [38], spectroscopy [39], chemiluminescence 

[40], LC/MS [41], and electrochemical detection [42,43]. Nevertheless, some of these 

methods, such as chromatography and mass spectrometry, are time-consuming, expensive, 

and need complicated preconcentration or multisolvent extraction as well as trained 

technicians. Instead, electrochemical methods are characterized by simplicity, high 

sensitivity, good stability, low-cost instrumentation and on-site monitoring [44]. The 

oxidation of TP occurs at a very high positive potential on bare electrode surface, therefore in 

order to improve the sensitivity and stability of the determinations, the modified electrodes 

have been applied in electrochemical measurements of TP [44-49].  

In this paper, the Fe3O4 nanoparticles/multi-walled carbon nanotubes composite film was 

applied for bulk modification of the CPE to fabricate an electrochemical sensor for AC and 

TP measurement. The CPE modified with Fe3O4 nanoparticles/multi-walled carbon 

nanotubes composite film (Fe3O4-MWCNTs/CPE) could remarkably enhance the 

electrochemical responses of AC and improve the sensitivity and selectivity of AC and TP 

detection. Furthermore, the electrochemical sensor was successfully employed to determine 

the AC and TP concentrations in commercial drugs. 



Anal. Bioanal. Electrochem., Vol. 11, No. 11, 2019, 1590-1609                                         1593 

 

2. EXPERIMENTAL 

2.1. Materials and reagents 

All the reagents used in this work including, FeCl2.4H2O, FeCl3.6H2O, HNO3 (67%), 

NaOH, H3PO4, H2SO4, KOH, KCl, NaCl, CuCl2, ascorbic acid, and NH4OH supplied from 

Merck Company (USA). The MWCNTs with 10-15 nm in diameter and purity more than 

90% were obtained from Sigma-Aldrich Company (USA). All solutions were freshly 

fabricated with double-distilled water. TP, AC, and all other reagents were of analytical grade 

and were obtained from Merck chemical company (Darmstadt, Germany). TP and AC were 

purchased from Sigma Aldrich chemical company (USA). 

 

2.2. Apparatus 

Electrochemical data were obtained with a three-electrode system using a 

Potentiostat/Galvanostat (OrgaFlex 500, Franc). The three-electrode system was employed 

with an Ag/AgCl (saturated by KCl) electrode as a reference electrode, a Pt wire as a counter 

electrode and a CPE modified with Fe3O4-MWCNTs nanocamposite were used as a working 

electrode. All of used electrodes were from Metrohm. The electrochemical impedance 

spectroscopy (EIS) measurements were carried out by using an AC voltage with 5 mV 

amplitude in a frequency range from 0.01 Hz to 100 kHz under open circuit potential 

conditions. A pH meter, PHS-3BWModel (Bell, Italy) with a glass combination electrode 

was applied for pH determinations. An ultrasonic bath (SW3, Switzerland) was used at a 

frequency of 50/60 kHz. Fourier transform infrared (FT-IR) spectra were measured with 

potassium bromide pellets in the range of 400-4000 cm-1 using a Shimadzu 8400 s 

spectrometer. X-ray diffraction (XRD) patterns were obtained on a Burker AXS (Model B8 

Advance). Scanning electron microscopy (SEM) analysis was carried out using a Digital 

Scanning Microscope (FE-SEM TESCAN MIRA3).  

 

2.3. Synthesis of Fe3O4 nanoparticles 

The reagents of analytic grade (FeCl3·6H2O, FeCl2·4H2O, NH4OH and C2H6O) were used 

as raw materials. Firstly, FeCl3·6H2O and FeCl2·4H2O with molar proportion of 1:2 were 

dissolved in deionized water and was heated at 80 °C for 1 h. Then, the pH value of the 

mixture reached 10.0 by dropping 1 M ammonium hydroxide solution. The entire process 

was done under N2 atmosphere. After that, the sample was cooled at room temperature. The 

nanoparticles were magnetically separated and washed repeatedly with deionized water and 

ethanol until pH was 7. The products were then dried at 60 °C in vacuum for 6 h for further 

characterizations. 
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2.4. Fabrication of Fe3O4/MWCNTs nanocomposite 

The Fe3O4/MWCNTs nanocomposite was prepared through a facile three-step 

precipitation method according to the method described in literatures [50]. At first, the 

carboxyl functionalized MWCNTs (MWCNTs-COOH) were prepared by refluxing the 

MWCNTs in a mixture of concentrated sulfuric acid and nitric acid (3:1 v/v ratio) at 70 °C 

for 6 h. After cooling to room temperature, the mixture was filtered and washed with double 

distilled water for several times until the pH of filtrate became ~7 and finally dried at 60 °C 

overnight. Next, Fe3O4 nanoparticles were synthesized on the surface of MWCNTs by the co-

precipitation method. About 0.1 g of MWCNTs-COOH was dissolved in 70 mL of distilled 

deionized water by ultrasonic irradiation for 20 min. The mixture was further stirred 

vigorously for 30 min at 60 °C. Then, 177 mg of FeCl3.6H2O was added under stirring. After 

the mixture was stirred vigorously for 30 min, 95 mg of FeSO4.7H2O was added and kept 

stirring under N2 atmosphere for 30 min. At last, 30 mL of 6% NH4OH aqueous solution was 

added into the mixture drop by drop at 60 °C during 1 h and reacted for another 2 h. N2 

atmosphere was used during the reaction to prevent critical oxidation. The reaction mixture 

was then centrifuged, washed with double distilled water, and dried. The obtained black 

precipitate was Fe3O4/MWCNTs nanocomposite and was ready to use.  

 

2.5. Preparation of working electrodes 

The Fe3O4/MWCNTs-CPE was prepared by mixing 50 mg Fe3O4/MWCNTs 

nanocomposites, 450 mg graphite powder with 240 mg nujol as the pasting liquid, and 

thorough hand mixing in a mortar and pestle (6.75:60.81:32.43 %w/w) for 15 min until a 

uniformly wetted paste was obtained. One portion of this modified carbon paste was then 

packed into the end of a glass tube (ca. 3 mm i.d.). A copper wire inserted into the carbon 

paste provided the electrical contact. When necessary, a new surface was obtained by pushing 

an excess of the paste out of the tube and polishing with a weighing paper. The Fe3O4-CPE, 

MWCNTs-CPE and unmodified CPE were also constructed in the similar way to be applied 

for the comparison. 

 

3. RESULTS AND DISCUSSION 

3.1. Characterisation of Fe3O4/MWCNT nanocomposite 

SEM, FT-IR spectroscopy, and XRD were used to study the microscopic structure of the 

Fe3O4/MWCNTs nanocomposite (Fig. 1). This Fig. displays the SEM of Fe3O4 nanoparticles 

(Fig. 1A), MWCNTs (Fig. 1B), and Fe3O4/MWCNT nanocomposite (Fig. 1C). This Fig. 

shows that MWCNTs have provided surfaces to locate Fe3O4 nanoparticles. The Fe3O4 

nanoparticles well distributed on the surface of MWCNTs, and it did not change the 
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morphology of MWCNTs as a net-like film. This facilitates fixing of the Fe3O4 nanoparticles 

on to the surface of CPE. Furthermore, a random distribution and interstices among Fe3O4 

nanoparticles and MWCNTs were observed in the SEM image of the Fe3O4/MWCNTs/CPE 

presenting a large surface area. The diameter of Fe3O4 nanoparticles was around 30 nm. 

 

    

 

Fig. 1. SEM images of (A) Fe3O4 nanoparticles; (B) MWCNTs, and (C) Fe3O4/MWCNTs  

nanocomposite  

 

      Fig. 2 shows the FT-IR spectra of (a) MWCNTs-COOH, and (b) Fe3O4/MWCNTs. In 

Fig. 2a, the peaks at 1613 and 1394 cm-1 corresponded to C=O and C–O stretching, 

respectively. The two broad band peaks at 3361 and 3109 cm-1 are attributed to stretching 

vibration of the O–H in COOH functional groups onto the external surface of MWCNTs, 

with and without hydrogen bonding respectively. In addition, in Fig. 2b, the peak at 543 cm-1 

is the stretching vibration due to the interactions of Fe–O–Fe in Fe3O4, indicating that the 

Fe3O4/MWCNTs nanocomposite includes magnetite. 

 

 

 

Fig. 2. FT-IR spectra (a) MWCNTs-COOH, and (b) Fe3O4/MWCNTs nanocomposite 
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On the other hand, the XRD patterns of the Fe3O4 nanoparticles, and Fe3O4/MWCNTs 

nanocomposite are shown in Fig. 3. For Fe3O4 nanoparticles, diffraction peaks (Fig. 3a) with 

2θ at 30.4°, 35.6°, 43.3°, 53.8°, 57.3°, and 62.8° were observed. The peaks are assigned to 

(220), (311), (400), (422), (511), and (440) Bragg reflection respectively and could be index 

to a cubic spinel structure of the magnetite [51]. On the other hand, Fig. 3b clearly proves the 

presence of CNTs with a diffraction peak at about 26 °. 

 

 

Fig. 3. XRD patterns (a) Fe3O4 nanoparticles, and (b) Fe3O4/MWCNTs nanocomposite 

 

3.2. Impedance measurements of Fe3O4/MWCNTs/CPE 

Electrochemical impedance spectroscopy (EIS) was also used to study the 

Fe3O4/MWCNTs/CPE. Fig. 4 shows the typical results of AC impedance spectra of the bare 

CPE (curve a), MWCNTs/CPE (curve b), Fe3O4/CPE (curve c), and Fe3O4/MWCNTs/CPE 

(curve d) in 0.1 M KCl solution containing 1.0 mM [Fe(CN)6]
3-/4-. EIS in full frequency range 

contains a semicircle part and a linear part. The semicircle part at higher frequencies is 

related to the electron-transfer limited process and the electron-transfer resistance (Rct), 

which results from the semicircle diameter of EIS. The semicircle part of curve has two 

intercepts. The real axis value at the low frequency intercept is the sum of the electron-

transfer resistance (Rct) and the solution resistance (Rs). The linear part at lower frequencies 

corresponds to the diffusion process. It is clear, considerable differences in the 

electrochemical impedance spectroscopy were observed for these four electrodes. The 

unmodified CPE presented the largest semicircle versus the other three electrodes in the high 

frequencies range with a large resistance of electron transference, showing a low 

electrochemical activity of [Fe(CN)6]
3-/4- on the unmodified CPE. However, compared with 

the bare CPE, MWCNTs/CPE, and Fe3O4/CPE, Fe3O4/MWCNTs/CPE showed a quasi-
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semicircle section of much smaller diameter in the high frequencies range, which was is 

related to the suitable ionic conductivity of the Fe3O4/MWCNTs nanocomposite and the 

lower resistance to electron transfer of the Fe3O4/MWCNTs/CPE. These results show that the 

surface of CPE was effectively modified by the Fe3O4/MWCNTs nanocomposite and the 

conductivity was significantly increased. 

 

 

Fig. 4. Nyquist plots of the bare CPE (a), Fe3O4/CPE (b), MWCNTs/CPE (c), and 

Fe3O4/MWCNTs-CPE (d) in 0.1 M KCl solution containing 1.0 mM [Fe(CN)6]
3-/4.  

Conditions: Eac, 5 mV; frequency range, 0.1 to 10,000 Hz 

 

3.3. Cyclic voltammetric studies of AC and TP on Fe3O4/MWCNTs-CPE 

Cyclic voltammograms obtained at different electrodes in phosphate buffer solution (pH 

6.0) containing 0.5 mM AC and 0.5 mM TP as mixture within the potential window of -0.2-

1.4 V and at a scan rate of 50 mV s−1 are shown in Fig. 5. AC and TP showed well-behaved 

oxidation peaks at the Fe3O4/MWCNTs-CPE (curve d) with oxidation potential of 0.6 and 1.1 

V, respectively. Also, a cathodic peak at 0.0 V was observed in all electrodes. In accordance 

with the literature [52], the reversible couple is formed at less positive potentials due to the 

oxidation product of AC which is electrochemically active. These results indicated that the 

Fe3O4/MWCNTs nanocomposite had great improvement to increase peak currents of AC and 

TP at the Fe3O4/MWCNTs-CPE compared the bare CPE (curve a), Fe3O4-CPE (curve b) and 

MWCNTs-CPE (curve c), which was due to excellent characteristics of nanocomposite such 

as good electrical conductivity, high surface area, and more electroactive interaction sites that 

can provide increased mass transport and easier accessibility to the active sites. Thus, the 

simultaneous determination of AC and TP is feasible o the Fe3O4/MWCNTs-CPE surface. 
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Fig. 5. Cyclic voltammograms of AC (0.5 mM) and TP (0.5 mM) at the bare CPE (a),  

Fe3O4/CPE (b), MWCNTs/CPE (c), and Fe3O4/MWCNTs-CPE (d) in phosphate  

buffer solution (pH 6.0) simultaneously at a scan rate of 50 mVs-1 

 

The effect of scan rate on the simultaneous oxidation of AC and TP at the 

Fe3O4/MWCNTs-CPE investigated in 0.05 M phosphate buffer (pH 6.0) at different potential 

scan rates, (Figs. 6 and 7, respectively). It can be observed that the oxidation peak currents 

for both AC and TP linearly increased with the square root of the scan rates (ν1/2). Therefore, 

the redox reaction at the electrode surface is predominantly diffusion-controlled process for 

both AC and TP (Figs. 6B and 7B) [53].  

Moreover, the oxidation peak potential (Epa) of both AC and TP shifted in the positive 

direction with increasing the scan rate. Also, the Tafel slope (Figs. 6C and 7C) can be 

obtained from the slope of Epa vs. log ν using equation (1) [54]: 

Ep = b/2 logν + constant                                                                                                           (1) 

Based on the Eq. (1), the slope of Ep vs. logν curve is b/2, where b indicates the Tafel 

slope and b = 2×𝜕Epa/𝜕(logν). The Tafel slopes were found to be 0.063 and 0.438 V for AC 

and TP, respectively. According to Laviron, b = 2.303RT/n(1–α)F, for anodic peak, where F 

is the Faraday’s constant (96,485 Cmol-1) [53], and the other symbols have their usual 

meanings. In addition, based on the documents [55,56], the electron-transfer number (n) both 

for AC and TP oxidation is 2. Therefore, the value of the electron-transfer coefficients of AC 

and TP (α) are 0.53 and 0.32, respectively. 
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Fig. 6. (A) Cyclic voltammograms for oxidation of AC (0.5 mM) at Fe3O4/MWCNTs-CPE  

surface in the buffer solution (pH 6.0) at different scan rates: 5, 10, 20, 30, 40, 50, 70,  

90, and 120 mVs-1; (B) Dependence of anodic peak current on the square root of scan  

rate; (C) Linear relationship between logarithm of anodic peak potential and logarithm  

of scan rate 

 

3.4. Influence of pH 

The effect buffer pH (pH range from 4.0 to 9.0) on the response of 0.5 mM AC and 0.5 

mM TP as mixture in 0.05 M phosphate buffer was studied at the surface of 

Fe3O4/MWCNTs-CPE (Fig. 8A). It was shown that with pH increasing from 4.0 to 9.0, the 

AC and TP anodic peak currents (Ipa) reach a maximum value at pH 6.0, and then decreases 

gently with increasing of pH (Fig. 8A, inset). As the dissociation constants (pKa) of AC and 

TP were 9.38 [57], and 8.77 [58], respectively, the drugs presented as the protonated forms in 

acidic media in fact. In pHs < 6, the protonated AC and TP, through electrostatic interaction, 

may be adsorbed on the modified electrode. Thus, with pH increasing, the concentration of 

protonated these compounds were decreased and as a result the peak currents are decreased. 

Therefore, the accumulation of AC and TP on the Fe3O4/MWCNTs-CPE film performed out 

through electrostatic interaction between Fe3O4/MWCNTs with negative charge and pH 

dependent protonated AC and TP forms. So, pH value of 6.0 was selected for the 
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determination of AC and TP. It should be mentioned that, pH influences the electro-oxidation 

processes of the drugs in other ways. For example, the oxidation process of AC can be 

electrochemically dependent to varying the pH of the supporting electrolyte [59,60].  

 

 

 

   

Fig. 7. (A) Cyclic voltammograms for oxidation of TP (0.5 mM) at Fe3O4/MWCNTs-CPE  

surface in the buffer solution (pH 6.0) at different scan rates: 5, 10, 20, 30, 40, 50, 70,  

90, and 120 mVs-1; (B) Dependence of anodic peak current on the square root of scan  

rate. (C) Linear relationship between logarithm of anodic peak potential and logarithm  

of scan rate 

 

On the other hand, as the pH increased, the anodic peak potentials (Epa) of the drugs at the 

surface of Fe3O4/MWCNTs-CPE shift to less positive. The slopes could be related to the ratio 

of the number of H+ and electrons in the electron transfer mechanism. The plots of Epa (V) 

versus pH indicate linearity in the pH range of 4.0 to 9.0 for AC and TP (Fig. 8B), regarding 

the slope values it be concluded that an equal number of electrons and protons is involved in 

each reaction. Since the overall half reactions of AC and TP oxidations at the 

Fe3O4/MWCNTs-CPE surface are two-electron processes (Schemes 1A and B, respectively), 

the number of protons involved is also guessed to be two. 
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Fig. 8. (A) Cyclic voltammograms of (a) AC (0.5 mM), and (b) TP (0.5 mM) in various pH  

values of buffer solutions: 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0. Inset: Ipa-pH curves for  

oxidation of the drugs at Fe3O4/MWCNTs-CPE surface (scan rate 50 mVs-1); (B) Plots  

of Epa, vs. pH for the electro-oxidation of AC (a), and (b) TP 

 

 

 

Scheme 1. Possible electrode oxidation reaction of (A) AC and (B) TP 

 

3.5. Chronoamperometric and chronocoulometric studies 

Chronoamperometric measurements of AC and TP at the Fe3O4/MWCNTs-CPE were 

carried out by setting the working electrode potential at 0.56 and 1.06 V vs. Ag/AgCl/KCl 

(3.0 M) respectively, for 0.5, 0.7, 1.0, and 1.5 mM AC and the same concentrations of TP in 

0.05 M phosphate buffer (pH 6.0) (Fig. 9). For an electroactive material (AC and TP in this 

case) with a diffusion efficient of D, the current obtained for the electrochemical reaction at 

the mass transport limited condition is described based on the Cottrell equation [53]: 

I = nFAD1/2Cbπ
-1/2t-1/2                                                                                                               (2) 
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Fig. 9. Chronoamperograms obtained at Fe3O4/MWCNTs-CPE surface in the presence of a)  

0.5, b) 0.7, c) 1.0, and c) 1.5 mM (A) AC (B) TP in the buffer solution (pH 6.0) at  

setting of the working electrode potential at 0.56 and 1.06 V vs. Ag/AgCl/KCl (3.0 M)  

for AC and TP, respectively 

 

where D is the diffusion coefficient (cm2s-1), and Cb is the bulk concentration (molcm-3). 

Experimental plots of I vs. t-1/2 were applied, with the best fits for AC (Fig. 10A) and TP (Fig. 

10B). The slopes of the resulting straight lines were then plotted vs. AC and TP (insets of 

Figs. 10A and B, respectively). From the resulting slopes and Cottrell equation the mean 

values of the D were found to be 5.32×10-6 and 1.86×10-5 cm2s-1 for AC and TP, respectively.  

Also, the chronocoulometric method was applied to determine Qads of AC and TP on the 

Fe3O4/MWCNTs-CPE, according to the formula given by Anson [61]: 

Q = 2nFAC(Dt)1/2π-1/2 + Qdl + Qads                                                                                          (3) 

where Qdl and Qads are the double-layer charge, and the Faradaic charge (related to the 

oxidation of adsorbed AC and TP), respectively. Qdl is assumed not changed in the presence 

and absence of AC and TP in our experiments. The plot of Q versus t1/2 should be linear. The 

amount of Qads can be resulted from the intercept. In our experiment, the plot of net charge 

(point-by-point background subtraction) against t1/2 shows straight line (Fig. 11). The values 

of the Qads for AC and TP are 22.35 and 19.99 µC, respectively. The surface concentrations, 

Γs, can be obtained by Eq. (2) for AC and TP as 1.64×10-9 and 1.50×10-9 mol/cm2, 

respectively.  

Γs = Qads/nFA                                                                                                                           (4) 
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Fig. 10. Cottrell's plots for (A) AC (B) TP, based on the data obtained from the  

chronoamperograms of Fig. 9. Insets: Curves for the slope of Cottrell's plots  

versus concentration of AC and TP, respectively 

 

 

 

Fig. 11. Chronocoulometry of (a) AC (1.5 mM), and (b) TP (1.5 mM) at Fe3O4/MWCNTs- 

CPE surface, according to the data obtained from the chronoamperograms of Fig. 9   

 

3.6. Simultaneous determination of AC and TP 

The peak currents of AC and TP oxidations at the surface of the Fe3O4/MWCNTs-CPE 

can be used for determination of these compounds in solution. Therefore, differential pulse 

voltammetry was performed using the modified electrode in 0.05 M phosphate buffer (pH 

6.0) containing various concentrations of AC and TP (Fig. 12). The linear dynamic ranges 

(LDR) for determination of AC and TP were 2-1000 µM, and 3-1000 µM, respectively. The 

detection limits (3σ) were 1.68 for AC and 2.48 µM for TP (insets of Fig. 12). These amounts 

are comparable with values obtained by other research groups for oxidations of AC and TP at 

the surface of chemically modified electrodes by other modifiers (Table 1). 
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Fig. 12. Differential pulse voltammograms of Fe3O4/MWCNTs-CPE in the buffer solution  

(pH 6.0) containing different concentrations of AC and TP in the ranges of 2 to 1000  

and 3 to 1000 µM, respectively. Insets show calibration curves for simultaneous  

determination of AC (a) and TP (b) (scan rate 50 mVs-1) 

 

Table 1. Comparison of the AC and TP determination performance of Fe3O4/MWCNTs-CPE 

with other sensors 

 

Sensor Method Analyte LDR 

(µM) 

LOD 

(µM) 

Ref. 

Anthraquinone 

modified CPE 
SWV AC 33-992 0.13 [28] 

Poly (acid yellow 9)-

TiO2/GCE 
DPV AC 12-120 2 [29] 

MWCNT/paste electrode SWV AC 10-100 1.1 [30] 

Hematoxylin biosensor DPV AC 

12-59 

and 9-

262 

– [31] 

Nafion®/ruthenium oxide 

chemically modified electrode 
SWV AC 5-250 1.20 [32] 

Poly(3,4-

ethylenedioxythiophene) GCE 
DPV AC 2.5-150 2.5 [33] 

Nano-TiO2/polymer/GCE DP-ASV AC 12-120 2 [34] 

1,4-BBFT/IL GPE SWV AC 10-1000 8.1 [35] 

1,4-BBFT/IL GPE SWV TP 12-1200 9.2 [36] 

ThOx/graphite electrode 
FIA-

Amperometry 
TP 

200-

2000 
200 [37] 
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ThOx/SAM/Au Amperometry TP 
2000-

3000 
2000 [38] 

ThOx/phospholipid 

DDAB/graphite 
Amperometry TP 

200-

8000 
200 [39] 

ThOx/Os-polymer/graphite 

electrode 
Amperometry TP 20-600 20 [39] 

Ampherometric enzyme 

oxidase 

electrode 

Amperometry TP 1-300 2 [46] 

ssRNA/GNPs/GCE DPV TP 2-50 1.2 [47] 

MWCNTs paste electrode DPV TP 2-150 0.2 [47] 

MWNTs/Au/poly-L-lysine 

SPE 
SWV TP 10-200 2 [47] 

CdSe/GCE DPV TP 1-700 0.4 [48] 

Edge 

plane-like SPE 
CV TP 50-290 10 [49] 

Fe3O4/MWCNTs-CPE DPV AC 2-1000 1.68 This Work 

Fe3O4/MWCNTs-CPE DPV TP 3-1000 2.48 This Work 

 

3.7. Analysis of pharmaceutical samples 

To estimate the analytical applicability of the proposed method, it was used to the 

measurement of AC and TP in pharmaceutical samples. The standard addition method was 

applied to determine commercial tablets of AC (Shafa Pharmaceutical Company, Iran) and 

TP (Darou Pakhsh Pharmaceutical Company, Iran). Firstly, one of the tablets was ground to 

powder and dissolved in 10 mL volumetric flask using ethanol. Subsequently, AC and TP 

concentrations were laid in the range of calibration plot by adding appropriate amount of 

above solutions into 10 mL 0.05 M phosphate buffer solution (pH 6.0) and gradually 

increased the AC and TP concentrations in the determination solution. The concentrations of 

AC and TP were detected using the proposed analytical procedures, which were in good 

agreement with the manufacturers’ stated contents of AC and TP (as summarized in Table 2). 

The precision of the analysis was defined as a relative standard deviation (RSD), and the 

accuracy, expressed a recovery trial, was determined by calculating the relative error between 

the measured mean and the values labelled in this method. These results prove that the 

proposed method has the good precision and accuracy and indicate that the common 

excipients used in the pharmaceutical dosage forms do not interfere in the determination of 

AC and TP. 

 

 



Anal. Bioanal. Electrochem., Vol. 11, No. 11, 2019, 1590-1609                                         1606 

 

Table 2. Determination of AC and TP concentrations in two commercial tablets 

 

Tablet 

Reported 

content 

(mg/tablet) 

Detected content 

(mg/tablet) 
RSD (%) (n=3) Recovery (%) 

AC 325 327.9 1.04 100.9 

TP 200 201.4 2.31 100.7 

 

3.8. Interference studies 

The effects of potential interferents on the voltammetric responses of AC (500 μM) and 

TP (500 μM) were evaluated at pH 6.0. The potential interfering species were selected from 

the some substances commonly found with AC and TP in pharmaceuticals and/or in 

biological samples. The maximum concentration of the interfering substance that created an 

error of less than ±5% for the detection of AC and TP was considered as the tolerance limit. 

After the experiments, it was found that 500-fold of KCl, and NaCl, 20-fold CuCl2, 200-fold 

of B2 and B5, did not interfere with the voltammetric signals of AC and TP. Also, the 

experimental results showed that 20-fold ascorbic acid and 30-fold this compound did not 

have influence on the determination of AC and TP, respectively. 

 

Table 3. Anodic peak currents of AC (250 µM) and TP (500 µM) for five measurements per 

day 

 

Component   Time 

Repeatability Stability 

Mean of currents 

(µA) 

RSD (%) Mean of currents 

(µA) 

RSD (%) 

AC First day 16.86 0.74   

 Second day 14.74 0.27 15.82 1.06 

 Third day 15.89 0.80   

      

TP First day 18.01 0.81   

 Second day 17.82 0.46 18.06 0.28 

 Third day 18.37 0.59   

 

3.9. Repeatability and stability studies 

To examine the repeatability of the Fe3O4/MWCNTs-CPE, the response of a mixture of 

AC (250 μM) and TP (500 μM) was measured successively five times at per day in 3 days 

(Table 3). Also, as shown in Table 3, the stability of the electrode was evaluated by probing 

of the electrode responses to electrocatalytic oxidation of AC and TP after being put away at 

room temperature for 3 days. The relative standard deviations were obtained to be 1.06% and 
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0.28% for AC and TP, respectively. Subsequently, the results showed that the proposed 

sensor has very good repeatability and stability.  

 

4. CONCLUSION 

In the present work, it is reported a sensitive sensor based on nanocomposite modified 

CPE with multi-walled carbon nanotubes and Fe3O4 nanoparticles for simultaneous 

determination of AC and TP. The Fe3O4/MWCNTs-CPE significantly facilitated the electron 

transport between AC and TP and the electrode, improving the oxidation property of AC and 

TP on the electrode. The proposed method displayed suitable characteristics, such as 

simplicity, low-cost, high sensitivity, rapid analysis procedures and wide liner range. The 

modified electrode was successfully applied to determine the concentration of AC and TP in 

commercial drugs. 
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