
HAL Id: hal-04690432
https://hal.science/hal-04690432v1

Submitted on 10 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

A micro-electrochemical sensor based on a
nanostructured carbon paste electrode as an original

tool for selective detection of ultra-traces of 17α
–ethinylestradiol in environmental water samples and in

biologic fluids
Siham Amra, Saliha Bourouina Bacha, Mustapha Bourouina, Didier Hauchard

To cite this version:
Siham Amra, Saliha Bourouina Bacha, Mustapha Bourouina, Didier Hauchard. A micro-
electrochemical sensor based on a nanostructured carbon paste electrode as an original tool for selective
detection of ultra-traces of 17α –ethinylestradiol in environmental water samples and in biologic fluids.
Microchemical Journal, 2024, 202, pp.110753. �10.1016/j.microc.2024.110753�. �hal-04690432�

https://hal.science/hal-04690432v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Journal Pre-proofs

A micro-electrochemical sensor based on a nanostructured carbon paste elec‐
trode as an original tool for selective detection of ultra-traces of 17α –ethiny‐
lestradiol in environmental water samples and in biologic fluids

Siham Amra, Saliha Bourouina-Bacha, Mustapha Bourouina, Didier
Hauchard

PII: S0026-265X(24)00865-8
DOI: https://doi.org/10.1016/j.microc.2024.110753
Reference: MICROC 110753

To appear in: Microchemical Journal

Received Date: 2 March 2024
Revised Date: 4 May 2024
Accepted Date: 12 May 2024

Please cite this article as: S. Amra, S. Bourouina-Bacha, M. Bourouina, D. Hauchard, A micro-electrochemical 
sensor based on a nanostructured carbon paste electrode as an original tool for selective detection of ultra-traces 
of 17α –ethinylestradiol in environmental water samples and in biologic fluids, Microchemical Journal (2024), 
doi: https://doi.org/10.1016/j.microc.2024.110753

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover 
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version 
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are 
providing this version to give early visibility of the article. Please note that, during the production process, errors 
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.microc.2024.110753
https://doi.org/10.1016/j.microc.2024.110753


1 

A micro-electrochemical sensor based on a nanostructured carbon paste 

electrode as an original tool for selective detection of ultra-traces of 17α –

ethinylestradiol in environmental water samples and in biologic fluids. 

Siham AMRA a b, Saliha BOUROUINA-BACHAc, Mustapha BOUROUINAb, Didier HAUCHARDa 

aUniversité Rennes, Ecole Nationale Supérieure de Chimie de Rennes, CNRS, ISCR (Institut des 

Sciences Chimiques de Rennes) – UMR 6226, F-35000 Rennes, France. 

bUniversité de Bejaia, Faculté des Sciences Exactes, Département de Chimie, 06000 Bejaia,  Algeria. 

cDépartement de Génie des Procédés, Faculté de Technologie, Université de Bejaia, 06000 Bejaia, 

Algeria. 

Abstract 

A new electrochemical micro-sensor has been designed for the sensitive detection of ultra-

traces of 17α – ethinylestradiol (EE2). A carbon paste cavity micro-electrode modified by 

carbon black nanoparticles (GC-nCB)-µCPE was used with an electrochemical 

preconcentration (EP) step of EE2 on (GC-nCB)-µCPE at 0.0 V during 300 s in a 0.01 mol.L-1 

phosphate buffer solution (pH = 7.4) before voltammetric determination. The results 

demonstrate that two line calibrations were obtained in the concentration ranges of 0.005 to 

0.2 μmol.L-1 and 0.2 to 1 μmol.L-1. The detection and quantification limits are estimated at 

1.4 nmol.L-1 and 4.9 nmol.L-1, respectively. Moreover, a high sensitivity of 4.16 µA.mol-1.L 

and good selectivity for the quantification of EE2 in the presence of different interfering 

organic and inorganic compounds were observed. Based on the results (satisfactory recovery 

(less than 3.5%) and relationship standard deviation (less than 2.5%)), the designed micro-

sensor can be successfully applied to the analysis of EE2 in environmental water samples and 

in biologic fluids. The modified microsensor presented an efficient and inexpensive tool for 

the quantification of EE2. 

Keywords: Voltammetric micro-sensor, cavity micro-electrode, carbon paste, nanostructured 

materials, 17α–éthinylestradiol.  

1. Introduction

In this work, It was chosen to quantify a synthetic estrogen, 17α-ethinylestradiol (EE2) 

(Scheme 1), an active pharmaceutical compound introduced into aquatic environments by 

humans and animal excretions [1]. Due to its very high disruptive power, EE2 is described as 

one of the most dangerous endocrine disruptors [2, 3]. This is why its quantification and 

effects on flora and fauna have been the subject of numerous studies in recent years [4-8]. 

Face with the necessity to dispose of quantification methods to assume the monitoring of 

water and wastewater, electrochemical sensors appear as reliable interesting detection 

technologies due to their capacity to be sensitive, selective, fast, inexpensive and suitable for 

on-site analysis. With conventional electrodes, it is difficult to quantify EE2 at low 

concentrations by voltammetry due to the obtaining of a broad and poorly-defined irreversible 

EE2 oxidation peak [9, 10]. Therefore, the design and manufacture of an efficient 

electrochemical microsensor for EE2 trace analysis constitute a major challenge. 
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Recently, nanotechnology has become very popular in the sensor field. Indeed, the 

incorporation of nano-sized materials into the electrode matrix can have beneficial effects on 

the performance of sensors [11, 12]. It has been shown that nano-sized materials possess 

novel and very interesting physical and chemical properties. In this context, carbon black 

(nCB) is a nanostructured material widely used in several industrial processes [13]. This 

nanomaterial provides excellent properties, including a large specific surface area and high 

thermal and electrical conductivity [14]. Moreover, nCB is unique in its ability to intercalate 

ions between graphite layers [15], which affect the conduction between the particles and the 

surface reaction [16]. In particular, the structural defects formed during the synthesis or 

functionalization processes can create several functional groups useful for the immobilization 

of various species, such as enzymes [17], genetic materials and antibodies [18] and 

nanoparticles [19]. Thanks to its highly interesting structural and electrical/electronic 

characteristics, nCB is an economically attractive material for the design and development of 

electrochemical devices [20]. Moreover, due to these fascinating properties, carbon paste 

electrode (CPE) has gained a great theoretical and practical reputation in the electroanalytical 

field [21, 22]. CPE offers a number of unique and valuable electrochemical performances, 

providing: rich and biocompatible surfaces, high conductivity, low background current, low 

ohmic resistance, an extended potential window, long-term stability which can last up to four 

years storage, and cheap repair [23, 24]. Furthermore, carbon paste electrodes can be modified 

by adding various types of modifiers (such as multi-walled carbon nanotube, graphène,…) to 

increase sensitivity. [25-29]. We therefore focused our work on the development of a micro-

sensor for the analysis of EE2 using a carbon paste modified with carbon black nanoparticles 

(GC-nCB)-CP as electrode material. 

In recent years, several studies presented the use of cavity microelectrode (CME) successfully 

as electrochemical sensors [30, 31]. Indeed, the CME is an original tool for the study of 

powdered materials, essentially characterized by its rapid and ease of implementation, without 

resorting to the use of binder. It offers the possibility of carrying out studies using very small 

quantities of materials, thus reducing the limitations of the ohmic drop and capacitive effects 

on voltammograms even at high potential scan rates. Moreover, comparative studies of the 

CME with the usual carbon paste electrodes (millimeter size) have shown for the CME better 

discrimination of the peaks on voltammograms with an increase in the sensitivity of detection 

[32, 33].   

Thanks to these advantages linked to the properties of CME, the objective of this study was to 

design an innovative and ultra-sensitive electrochemical micro-sensor for the analysis of ultra-

trace amounts of EE2 in water samples and urine. The development of this microsensor is 

based on the carbon paste cavity microelectrode modified by carbon black nanoparticles 

((GC-nCB)-µCPE). The voltammetry technique was applied to evaluate the electroanalytical 

performance of the prepared micro-sensor. As far as is known, ((GC-nCB)-µCPE) has never 

been described before for the determination of EE2 and was applied to EE2 determination in 

real wastewater sample and in synthetic urine. 

Scheme 1: Chemical structure of EE2 
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2. Materials and methods

2.1. Reagents 

All chemical reagents used in this study were of analytical grade (the highest purity 

available). Graphite powder (≤ 4 µm; 99,99 %) from Aldrich, France, carbon black (≤ 100 

nm; 99,95%) from Cabot Corporation (Vulcan XC-72, average diameter 30 nm and SBET 

254 m2/g), France. Ethanol (99%), 17α-ethinylestradiol (analytical standard; 99.9%) were 

purchased from Sigma-Aldrich, France, and phosphate buffer EMSURE for analysis (> 98 %) 

from Supelco, France. The pH of the solutions was adjusted using NaOH (98 %, Sigma-

Aldrich, France) and sulfuric acid (98 %, for analysis EMSURE, France). All aqueous 

solutions were prepared with ultrapure water at 18.2 M cm (20 º C) from the Millipore 

Direct-Q Water system. Stock solutions of EE2 (0.01 M) were prepared with ethanol and 

subsequent dilutions were prepared daily with ultrapure water and stored at 4 ° C in the dark. 

All reagents were used as received, and all experiments in this study were performed at room 

temperature (20 ± 1 ° C).  

2.2. Apparatus 

All electrochemical techniques were carried out using a PGSTAT 20 (Metrohm) 

potentiostat/galvanostat in combination with NOVA 2.1 software. The measurements were 

carried out using a classical electrochemical cell composed of three electrodes: a carbon paste 

cavity microelectrode (CME) (microcavity: 50 µm diameter; 32 µm depth) (WE), an auxiliary 

Pt wire electrode (AE) and an Ag/AgCl (3M KCl) reference electrode (RE). The pH of 

solutions was measured using a pH- meter: Mettler Toledo FE20/EL20. Scanning electron 

microscopy (SEM) images were obtained using a JEOL JSM-7100F, EDS detector Oxford 

Instrument 50 mm2 from SCANMAT (CMEBA plateform) at University of Rennes, France. 

2.3. Preparation of carbon paste micro-sensor 

Carbon black modified carbon paste composite microelectrodes (GC-nCB)-µCPE were 

prepared by carefully mixing graphite carbon powder (GC) and carbon black nanoparticles 

(nCB). Indeed, in order to optimize the electrode matrix composition, various mass ratio of 

graphite and nCB have been used, respectively 40 to 100% and 0 to 60% for the preparation 

of the (GC-nCB)-µCPE. All pastes were prepared manually as described in the literature [34] 

and consisted of mixing the ingredients in an agate mortar with a pestle until a homogeneous 

paste was obtained (during 30 min). The duration of preparation plays an essential role in 

order to have reproducible pastes. These different pastes were introduced and compacted into 

CME is essential and can be done in an ultrasonic bath by immersing the CME for 5 minutes 

successively in the following solutions: a nitric acid solution (HNO3; 2M); then, in a solution 
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of hydrogen peroxide (H2O2; 10%) and finally, in ultrapure water. Next, a control procedure 

was used to verify the emptying of the cavity that consists to plot cyclic voltammograms of 

the CME in an acidic medium (H2SO4 0.5 M) allowing the observation of typical 

comportment of platinum electrode. The steps for the preparation of (GC-nCB)-µCPE are 

illustrated in Figure 1.  

Insert Fig 1 

2.4. Real samples preparation 

In this work, the aim was to study the micro-sensor developed in two local water samples 

(wastewater from WWTPs treated before being released into with a membrane process 

(WWTPs-M) and wastewater from WWTPs treated with a decantation process (WWTPs-D)) 

and in urine using synthetic urine. The synthetic urine used in this study was synthesized by 

using the method reported by N. Sarigul et al [35]. The individual samples were filtered 

through a syringe filter (0.22 µm) and diluted for 10 times in the case of urine samples and 

spiked with tens or hundreds of nanomoles of EE2 concentration and stored in the dark at 4 

°C. The EE2 concentration measurements were performed under optimal conditions using the 

standard addition method. 

3. Results and discussion

3.1 Microscopic characterization of GC, nCB and (GC- nCB) –CP 

The morphologies of the carbon graphite (CG) of 4 μm in size, the carbon black (nCB) and 

their mixtures as carbon paste (GC-nCB) -CP in the modified microelectrode were analyzed 

by scanning electron microscopy (SEM). Figure 2 shows the SEM images obtained for the 

GC (A), nCB (B) and (C) and (GC-nCB)–CP (D) mixtures used for the preparation of the 

modified cavity microelectrodes. We can see on the SEM image (A) the typical morphology 

of the graphite particles, which appear in the form of dispersed sheets of size less than 4 µm. 

(B) and (C) SEM images presents carbon black nanoparticles (nCB) that appears as spongy

aggregates of small spherical particles with nanometric size (<100 nm). For the prepared

mixture of GC and nCB particles (50/50, %w), the SEM image (D) shows that both materials

are evenly dispersed in the GC sheets coated with nCB particles, avoiding graphite platelet

stacking, promoting analyte accessibility in their surfaces and improving charge transfer in the

paste. Globally, the (GC-nCB)–CP electrode material showed a uniform and nanostructured

surface which could yield to large surface area for the microsensor.

Insert Fig 2 

3.2. Electrochemical impedance spectroscopy (EIS) studies 

 EIS is a sensitive and efficient electrochemical technique to study and monitor the surface 

characteristics of modified electrodes which presents the electron transfer resistance (Rct) at 

the electrode surface [36]. This procedure provides valuable information on the change in 

conductance or impedance of an electrode/electrolyte interface during its modification. For 

this purpose, the microelectrodes: bare (GC)-µCPE and modified (GC-nCB)-µCPE, were 

studied by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in 5.0 

mM Fe (CN)6
3-/Fe(CN)6

4- equimolar mixture with 0.1 M KCl as supporting electrolyte. As 
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shown in Figure 3 (A), it is evident that the CV current of (GC-nCB)-µCPE is much higher 

than that of (GC)-µCPE (2.5 times higher), this is due to the increase in the specific surface 

area due to the nanostructuration of the carbon paste electrode by the nCBs. In order to 

determine the electroactive surface area of bare and modified electrodes, it was calculated the 

effective electrochemical surface area of (GC)-µCPE and (GC-nCB)-µCPE, using the 

Randles–Sevcik equation (Eq. (1)) [37] : 

                                                  Ipa = 2.69 × 105 ×A×D1∕2× n3∕2 × ν1∕2 × C                             (1). 

Where Ipa (A) refers to the anodic peak current, n is the electron transfer number (n=1), D is 

the diffusion coefficient (6.70 × 10−6 cm2 s−1) [38], C is the concentration of Fe(CN)6
3- in the 

solution (5 mmol.L-1), υ is the scan rate (0.05 V.s-1) and A (cm2) is the effective surface area, 

which is estimated for the electrodes. Based on the results presented in Figure 3 (A) the value 

of the active electrode area was found to be 2.1×10-7 cm2 and 1.4×10-6 cm2 for (GC)-µCPE 

and (GC-nCB)-µCPE, respectively, which was nearly 7 times greater. 

 Figure 3 (B) shows the Nyquist plot of (GC)-µCPE and (GC-nCB)-µCPE obtained by EIS 

measurments using an applied potential of 0.2 V, amplitude of 10 mV and in a frequency 

range of 10- 2 to 10+5 Hz. As can be seen, in the (GC)-µCPE, a semicircle was observed with 

résistance of charge transfert (Rct) of 148.0 KΩ obtained from Randles circuit. Once the 

microelectrode was modified with nCB, a much smaller semicircle was obtained with Rct of 

60.6 KΩ, indicating that the subsequent nanostructuration with carbon black nanoparticles 

improved the charge transfer kinetics at the electrode-solution interface and reduced the Rct 

value by a factor of 2.5.  

Insert Fig 3                                                                     

3.3. Cyclic voltammetry study of µCPEs  

3.3.1 Effect of paste composition on CV response of EE2 

In order to determine the best composition of the carbon paste in term of sensitivity in EE2 

CV response (highest oxidation peak current), we have prepared various mass compositions 

of the carbon paste, comprising 40 to 100% graphite and 0 to 60% nCB: (i) graphite powder 

(100%) (GC)-CP-A, (ii) graphite powder (85%) and carbon black (15%) (GC-nCB)-CP-B, 

(iii) graphite powder (80%) and carbon black (20%) (GC-nCB)-CP-C, (iv) powder graphite 

(70%) and carbon black (30%) (GC-nCB)-CP-D, (v) graphite powder (60%) and carbon black 

(40%) (GC-nCB)-CP- E, (vi) graphite powder (50%) and carbon black (50%) (GC-nCB)-CP-

F and (vii) graphite powder (40%) and carbon black (60%) (GC-nCB)-CP-J. 

Voltammograms for EE2 oxidation were recorded in an aqueous solution containing 0.01 M 

phosphate buffer (pH = 7.4) as the supporting electrolyte, explored potential 0.0 to 1.0 

V/Ag/AgCl, scan rate 50 mV.s-1and a low EE2 concentration of 1.0×10-7 mol.L-1 with an 

accumulation time of 5 minutes at 0.0 V/Ag/AgCl with stirring (300 rpm). By comparing the 

values of oxidation peak current obtained from these different (GC-nCB)–µCPE (Figure 4), it 

is clear that the best current intensity was obtained with the compositions (vi) (GC-nCB)-CP-

F and (vii) (GC-nCB)-CP-J of the modified microelectrode (GC-nCB)–µCPE. This indicates 

that the addition of carbon black has significantly improved the electrochemical signal of EE2 

thanks to the exceptional properties of carbon black (nCB), such as its large surface area, its 

high thermal and electrical conductivity and it’s very low cost. Several studies have shown 
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that the charge transfer and electroactive surface of modified nCB-based electrodes are 

comparable to those of carbon and graphene nanotubes [39]. These characteristics make nCB 

a promising candidate for the design of electrochemical sensors and biosensors [14, 40, 41]. 

For the two compositions (vi) and (vii) containing 50% and 60% nCB respectively, it was 

possible to record the same current intensity value as the best response (see figure 4). 

Consequently, using the composition containing 50%-50% as the optimum composition for 

the remainder of the experiments. 

Insert Fig 4 

3.3. 2 Effect of preconcentration time  

The influence of the preconcentration time for the EP step at 0V/Ag/AgCl on the response of 

micro-sensor in linear sweep voltammetry was examined under the following operating 

conditions: 0.01 M phosphate buffer solution (pH = 7.4) in the presence of 2.5×10-7 mol.L-1 of 

EE2, scan rate 50 mV.s-1, explored potential 0.0 to 1.0 V/Ag/AgCl and ET at 0V under stirring 

(300 rpm). As can be seen in insert Figure 5, the voltammograms present an oxidation peak of 

EE2 at 0.48 V with a Gaussian shape that is characteristic of a diffusion less electrochemical 

behavior [42] corresponding to the oxidation of adsorbed EE2. The adsorption of EE2 occur 

for EP step with the polarization of (GC-nCB)-µCPE at the potential 0V/Ag/AgCl under 

stirring. The oxidation current peak intensity of adsorbed EE2 increases with the accumulation 

time and reaches a maximum at 5 minutes. At longer preconcentration times up to 8 minutes, 

no change was observed, indicating that EE2 absorption equilibrium is reached on (GC-nCB) -

µCPE. Therefore, the accumulation time of 5 minutes was chosen as optimal condition for the 

subsequent experiments. 

Insert Fig. 5 

3.3. 3 Effect of sweep rate 

In order to obtain information about the oxidation process of EE2 on the (CG-nCB) –µCPE 

electrode, the electrochemical response has been investigated for various scan rates 10 - 80 

mV.s-1. Voltammograms were recorded in 0.01 M phosphate buffer (pH = 7.4), in the 

presence of 1.5×10-7 mol.L-1 of EE2, an accumulation time of 5 minutes at 0.0 V/Ag/AgCl 

with stirring (300 rpm), and explored potential 0.0 to 1.0 V/Ag/AgCl (Figure 6 (A)). The 

results obtained show that the oxidation peak current of EE2 increases with the potential scan 

rate and with a linear variation (correlation coefficient R2 0.999). This demonstrates diffusion 

less electrochemical process controlled by adsorbed electroactive species (EE2) in the 

nanostructured carbon paste (GC-nCB-CP) in the cavity microelectrode [41, 42]. 

Additionally, the plot of oxidation peak potentials versus the logarithm of the scan rate allows 

us to determine the number of electrons involved in the electrochemical reduction of EE2. The 

results in Figure 6 (B) show that Epa as a function of log (v) is a straight line with a 

regression equation as follows: 

                             Epa (V) = 0.0648 log (v /mV. s-1) + 0.397 (R² = 0.998)                        (2). 

As indicated by Laviron's theory [42], the slope value obtained corresponds to (- 2.3RT/αnF); 

where R is the gas constant (8.314 J.mol-1.K-1), T is the ambient temperature; α is the transfer 

coefficient which in the case of a non-reversible process is equal to 0.5, n is the number of 

electrons transferred and F is the Faraday constant. Using the slope value, the number of 
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electrons transferred during the reaction of EE2 was calculated to be equal to 1.822 ≈ 2. Thus, 

it can be assumed that the global process of electro-oxidation of EE2 on the (CG- nCB) -µCPE 

involves two electrons. 

Insert Fig. 6 

3.3. 4 Effect of pH 

The influence of pH on the oxidation of EE2 with the micro-sensor (GC-nCB) -µCPE was 

studied by voltammetry in the pH range from 3.0 to 10.0. Operating parameters include a 

supporting electrolyte consisting of 0.01 M phosphate buffer solution with 1.0×10-7 mol.L-1 

EE2, a scan rate of 50 mV.s-1, a potential studied from 0.0 to 1.0 V/Ag/AgCl, an accumulation 

time of 5 minutes at 0.0 V/Ag/AgCl with stirring (300 rpm) and ET at 0 V. From the recorded 

voltammograms at different pH to the plots of Ip (A) and Ep (V) as a function of pH are 

presented respectively Figure 7 (A) and Figure 7 (B).  

Insert Fig. 7 

The pH has a direct influence on the peak current intensity of the electro-oxidation of EE2, as 

can be seen in Figure 7 (A). From pH 3 to pH 8, the EE2 oxidation peak intensity (Ip) 

increases linearly with the pH (slope of 0.07 µA/pH unit), reaches a maximum and decreases 

for pH upper to 8. This decreasing is justified by the formation of the ionized form of EE2 

molecule (phenolate), which is anionic, since its pKa value is of about 10 [5]. The adsorption 

of this anionic form of EE2 is not favorable during the electrochemical deposition step at 0V. 

In order to optimize the current intensity, a phosphate buffer at pH 7.4 was chosen for 

recording the voltammograms. By plotting the variation of the anodic peak potential (Epa) of 

EE2 as a function of pH (Figure 7 (B)), it was observed that Ep shift to more negative values 

with increasing pH of the electrolyte. This demonstrates the involvement of proton in the 

electro-oxidation reaction of EE2. Indeed, Epa for the oxidation of EE2 on the electrode (GC-

nCB) -µCPE showed a linear relationship with the pH of the solution, according to the 

following equation: 

     Epa= -0.0592 pH + 0.918       (R2 =0.997)                          (3). 

The value of the slope is equal to the theoretical one 0.059 V/pH (Nernstian behavior) [43], 

according to the Nernst equation; Ep (V) = 0.059 (m/n) / pH (n is the number of electrons 

while m is the number of protons). This suggests the participation of the same number of 

protons and electrons in the  electrochemical EE2 oxidation mechanism (n=m= 2) [44] which 

is consistent to the proposed reaction mechanism for electro-oxidation of EE2 on (CG-nCB) –

µCPE presented in the scheme of Figure 8 [45].  

Insert Fig. 8 

3.4. Validation of the proposed analytical method with GC-nCB) –µCPE 

3.4.1 Micro-sensor performance  

The calibration curve was plotted under the optimal conditions previously determined: 0.01 M 

phosphate buffer solution (pH = 7.4) as supporting electrolyte, a potential range of 0.0 – 1.0 

V/Ag/AgCl, a scan rate of 50 mV. s-1, a preconcentration time of 5 min at 0V. 

Voltammograms were recorded with (GC-nCB)-µCPE by varying the EE2 concentrations in 

the cell. The intensity of the EE2 oxidation current peak increases with increasing 
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concentration (Figure 9). Two calibration lines were obtained for the lowest concentrations, in 

the range 5 -200 nmol.L-1, and for highest concentrations from 0.2 to 1 μmol.L-1 (Figure 9); 

with respectively the following regression equations: 

Ipa (μA) = 4.16 C + 4.47×10-3 (mol.L-1)  (R2 = 0.999)                                  (4). 

And Ipa (μA) = 1.232 C + 0.752(mol.L-1)   (R2 = 0.993)                              (5). 

Moreover, the sensitivity of the micro-sensor is 3.4 times larger for the lowest concentrations 

than those above 0.2 μmol.L-1. Furthermore, the LOD and LOQ were calculated, considering 

the linearity for the lowest concentrations, using the following equations: LOD = 3S⁄m and 

LOQ = 10S⁄m respectively [46, 47], where: S is the standard deviation of the blank and m is 

the slope of the calibration line. The calculated detection LOD and LOQ are 1.4 nmol.L-1 and 

4.9 nmol.L-1, respectively.  

Insert Fig 9 

3.4.2. Repeatability and reproducibility of the proposed method 

For the purpose of estimating the accuracy of the proposed analytical method, studies of 

reproducibility and repeatability were conducted and evaluated for three standard solutions 

with EE2 concentrations: 5.0, 7.5 and 10.0×10-8 mol.L-1. The voltammogrammes were 

recorded on (CG-nCB)–µCPE under optimal operating conditions (0.01 M phosphate buffer 

(pH = 7.4), an accumulation time of 5 minutes at 0.0 V/Ag/AgCl with stirring (300 rpm), a 

scan rate of 50 mV.s-1,  and explored potential 0.0 to 1.0 V/Ag/AgCl).   

Indeed, the repeatability of (CG-nCB) –µCPE was evaluated using the same microsensor and 

the reproducibility was studied using four micro-sensors prepared independently by the same 

procedure under the same operating conditions. The results obtained from the measured 

oxidation peak currents are collected in Table 1. For the different concentrations, the 

calculated relative standard deviations (RSD) do not exceed 3.8% for repeatability and 4.8% 

for reproducibility. These low RSD values show that the modified microelectrode (CG-nCB) 

–µCPE present agood repeatability and reproducibility indicating that the filling of the 

microcavity by the (CG-nCB) carbon paste was very reproducible.                                                                                                 

Insert Tab. 1 

3.4.3 Effect of interference  

The influence of various substances as compounds that could potentially interfere with the 

determination of EE2 at (GC-nCB) -µCPE in water or urine was investigated under the 

optimal conditions previously described. Voltammetry measurements were carried out on 

solutions containing EE2 1.0×10−7 mol.L-1 in the presence of 1.0×10−7 mol.L-1 of molecules 

commonly found in water and/or urine (sulfamethazine, amoxicillin, metronidazole, 

danofloxacin, ofloxacin, atrazine, ketoprophen, propazine, glyphosate, ampicillin, uric acid, 

urea and glucose). Some cations and anions species were also tested as potential interfering 

compounds (SO4
2-, K+, Cl-, CH3COO-, HPO4

2-) but the results indicated that no modification 

of the EE2 oxidation peak current occurred for these ionic species.  

By exploiting the intensities of the oxidation peaks in the voltammograms recorded with (CG-

nCB) –µCPE, in the absence and in the presence of the organic compounds tested (Figure 10), 
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no Ipa variation was recorded for the majority of compounds. Only a few compounds 

(metronidazole, ketoprophen, propazine and ampicillin) leaded to, slight variations of less 

than 7.0 % of the initial oxidation current.  

These results reveal that the micro-sensor (CG-nCB) –µCPE with EP step at 0V provides a 

sufficient high selectivity for the EE2 voltammetric detection in presence of interfering 

organic and inorganic compounds. 

Insert Fig. 10 

3.4.4 Analysis of real samples 

To evaluate the validity of the proposed method, the (CG-nCB) –µCPE was applied for the 

determination of the EE2 in two local water samples collected after two different tertiary 

treatments before returning to environment (WWTPs -M and WWTPs -D) and in synthetic 

urine. Voltammetry measurements were carried out in an aqueous solution containing 0.01 M 

phosphate buffer (pH = 7.4) as supporting electrolyte, the potential range is 0 to 1 V versus 

Ag/AgCl, a scan rate of 50 mV.s-1, and a preconcentration time of 5 min with stirring (300 

rpm). In all the three samples, no trace of EE2 was detected with the modified electrode (less 

than LOD 1.4 nmol.L-1). Consequently, the analyses were carried out on water and urine 

samples enriched respectively with tens and hundreds of nanomolar of EE2 concentration. The 

EE2 concentration measurements were obtained by the standard addition method under the 

optimal operating conditions for the voltammetric method at (CG-nCB) –µCPE. 

The obtained results are summarized in Table 2. The values of the recoveries obtained for 4 

replicates for the samples (WWTPs -M), (WWTPs -D) and urine are respectively of 101.3%, 

101.1% and 103.3%, with RSD of 1.4%, 1.3% and 2.3%, indicating that there were no 

significant matrix interferences on the response of the (CG-nCB) –µCPE. Therefore, 

 the CG-nCB) –µCPE appears as a precise sensor for the EE2 analysis in environmental water 

and urine samples. 

Insert Tab. 2 

3.4.5 Comparison with subsequent work 

Table 3 lists some examples of electrochemical sensors intended for the analysis of the 

hormone 17α – ethinylestradiol (EE2) and the  comparison of analytical performances of the 

micro-sensor presented in this paper (the linearity range and the detection limit) with those of 

other electroanalytical methods reported recently in the literature. In this work, it was 

achieved some of the lowest LOD values (in the nanomolar range), similar to those obtained 

in AdSV at mercury electrodes (HMDE) [52, 53], with a large range of analyzable EE2 

concentrations.  Therefore, these results confirm that the proposed micro-sensor (CG-nCB) –

µCPE could be a good alternative method for the quantification of ultra-traces of EE2 in the 

environment and urine. 

Insert Table.3 

4. Conclusion
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For the analysis of the hormone 17α-ethinylestradiol, it has been proposed a simple, easy-to-

prepare and economical voltammetric method by using a novel micro-sensor (GC-nCB)-

µCPE) based on microcavity electrode and nanostructured carbon paste. In fact, the 

combination of a carbon paste microsensor with nCB guarantees interesting sensitivity and 

selectivity of the method developed. Under optimum operating conditions (0.01 M phosphate 

buffer (pH = 7.4), scan rate of 50 mV. s-1 and preconcentration time of 5 min at 0V under 

stirring), the proposed micro-sensor exhibits fast and precise response, and exceptional 

selectivity. In addition, (GC-nCB)-µCPE has a very low detection limit of around 1.5 nmol.L-

1, a wide linear concentration range (3 decades), good repeatability and reproducibility 

(overall the RSDs are less than 4.8%). (GC-nCB)-µCPE) was successfully applied, without 

interference, to the quantification of ultra-trace EE2 in environmental water and urine samples 

(the recovery percentages for the spiked samples being very close to 100% with a maximum 

deviation  of 3.3%). This method is also more sensitive than many other analytical techniques 

reported in the literature. 
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Figure captions 

Figure. 1. Graphical presentation of (GC-nCB)-CP micro-sensor fabrication. 

Figure 2. SEM images of (A) graphite carbon (GC), (B) and (C) carbon black. (nCB) and (D) 

the (GC- nCB)-CP mixture (graphite powder (50%) and carbon black (50%) –CP). 

Figure 3. (A) CVs and (B) Nyquist plots of different electrodes for the unmodified (GC)-

µCPE and modified (GC-nCB)-µCPE carbon paste microelectrode in a 0.1 M KCl solution 

containing 5 mmol L-1 Fe (CN)6 
3−/4-. 

Figure 4. Histogram illustrating the influence of CPE composition on micro-sensor 

voltammetric response,  in 0.01 M  phosphate buffer (pH = 7.4), EE2 concentration of 1.0×10-

7 mol L-1, scan rate of 50 mV. s-1, explored potential 0.0 to 1.0 V/Ag/AgCl. 

Figure 5.  Effect of preconcentration time on the EE2 peak oxidation current intensity in 

voltammetry with (GC-nCB)-µCPE; insert the corresponding voltammograms in 0.01 M 

phosphate buffer solution (pH = 7.4) in the presence of 2.5×10-7 mol.L-1 of EE2, scan rate 50 

mV.s-1 and  ET at 0V under stirring (300 rpm).  

Figure 6. Study of the effect of scan rate on (GC-NC)-µCPE in 0.01 M phosphate buffer (pH 

= 7.4) containing 1.5×10-7 mol L-1 of EE2, with 5 min accumulation time at 0.0 V / Ag/AgCl 

for various scan rates 10 - 80 mV. s-1: voltammograms and curve of variation of anodic peak 

currents as a function of scan rate (A) and variation of anodic peak potentials as a function of 

logarithms of scan rates (B).  
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Figure 7. Influence of pH (from 3.0 to 10.0) on the voltammetric response obtained for 

1.0×10-7 mol.L-1 of EE2, with 5 min accumulation time at 0.0 V / Ag/AgCl, and a scan rate of 

50 mV.s-1: the variation of the anodic peak current intensity, Ip, (A) and the variation of the 

anodic peak potential, Ep, (B).  

Figure 8. Probable mechanism of EE2 electrooxidation at (GC-nCB)-µCPE. 

Figure 9. Voltammograms and curve of variation of anodic peak currents as a function of EE2 

concentration, obtained at the (GC-nCB)-µCPE electrode with 0.01 phosphate buffer (pH = 

7.4) for different EE2 concentrations ( 5 to 800 nmol L-1), with 5 min accumulation time at 0.0 

V / Ag/AgCl,  ; v = 50 mV. s-1. 

Figure 10. Influence of potential interfering compounds on the EE2 oxidation peak current in 

voltammetry at (GC-nCB)-µCPE, the voltammetric response obtained for 1.0×10-7 mol.L-1 of 

EE2, with 5 min accumulation time at 0.0 V / Ag/AgCl, and a scan rate of 50 mV.s-1 

Tables 

Tab 1 

Concentration of EE2 (×10-8mol L-1) Repeatability of Ip 

RSD* (%) 

Reproducibility of Ip 

RSD* (%) 

5.0 3.8 4.8 

7.5 1.1 2.9 

10.0 1.3 3.7 

* n= (4)

Tab 2 

Samples Added 

[EE2] (µM) 

Found 

[EE2] (µM) 

RSD* 

 (%) 

Recovery 

(%) 

(WWTPs -M) non-doped 

0.050 

< LOD 

0.051 ±0.001** 

- 

1.4 

- 

101.3 
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(WWTPs -D) non-doped 

 

0.050 

< LOD 

 

0.050 ±0.001** 

- 

 

1.3 

- 

 

101.1 

 

urine non-doped 

 

             0.100 

< LOD  

 

0.103 ±0.003** 

- 

 

2.3 

- 

 

103.3 

* n= (3) ** Confidence interval for α= 0.05. 

Tab 3 

Technique / Electrode Linear range 

(µmol L-1) 

LOD 

(µmol L-1) 

Ref 

SWV/ (Chi/CNTs)1 0.05 - 20 0.09 [46] 

SWV/ (BDD)2 0.99 – 5.2 0.24 [47] 

LSV /(CPE)3 0.05 - 20 0.03 [48] 

DPV/ (CBGC)4 0.25 -3.0 0.13 [49] 

DPV/ (CB- immobilized palladium)5 0. 5 - 115 0.081 [50] 

SCV /(AgNP-SAE)6  0.64 - 7.8 0.103 [51] 

DPAdSV /(HMDE)7 0.0054 – 0.202 0.0016 [52] 

SWAdSV /(HMDE)8 0.0019 – 0.6 0.0006 [53] 

CV / (CoFe2O4/RGO)9 

 

0.05 – 100.0 

 

0.042 [7] 

DPV/ (ErGO)10 0.04 – 8. 28 0.0068 [6] 

DPV /(NTC/ aptamére)11  0.05 – 1.6 0.05 [9] 
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DPV/ (MIP)12 0. 1 –  23.0 0.03 [20] 

CV/ ((CG-nCB)–µCPE) 0.005 – 0.8 0.0014 This work

(1) Square wave voltammetry with chitosan / Carbon Nanotube; (2) Square wave voltammetry/boron doped diamond

electrode; (3) Linear sweep voltammetry/carbon paste electrode; (4) Differential pulse voltammetry/ glassy carbon black

electrode; (5) Differential pulse voltammetry / carbon black containing immobilized palladium nanoparticles; (6) Staircase

voltammetry / solid amalgam electrode made with silver nanoparticles; (7) Differential pulse adsorption stripping

voltammetry / mercury drop suspended electrode; (8) Square wave adsorption denudation voltammetry/ suspended mercury

drop electrode; (9) Cyclic voltammetry/ cobalt ferric oxide with anti-spinel structure and reduced graphene oxide composite;

(10) Differential pulse voltammetry / modified electrode with reduced graphene oxide; (11) Differential pulse voltammetry/

Carbon Nanotube  aptasensor and (12) Differential pulse voltammetry / molecularly imprinted polymer.

Table caption 

Table 1. Repeatability and reproducibility study of (GC-nCB)-µCPE for different EE2 

concentrations (50, 75 and 100 nmol L-1) in 0.01 mol L-1 phosphate buffer) (pH = 7.4), v = 50 

mV. s-1. 

Table 2. Analysis of WWTPs samples and urine enriched with EE2 (respectively 0.05 and 0.1 

µmol.L-1). Concentration determination at (GC-nCB) –µCPE with standard addition method 

and recovery for spiked samples. 

Table 3. Comparison of the analytical performances of different electrochemical sensors from 

literature for EE2 analysis. 
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Graphical abstract 

HIGHLIGHTS 

 Electrochemical micro-sensor for direct analysis of 17α – ethinylestradiol.

 A carbon paste cavity micro-electrode modified and nanostructured by nCB (GC-

nCB)-µCPE was used.

 Electrochemical preconcentration (EP) step was used to enhance the sensivity of EE2

detection.

 The micro-sensor displayed a detection limit of 1.4 nmol.L-1.

 The method developed was applied in environmental water and urine samples.


