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Introduction

Because water quality is a major environmental concern, the European Water Framework Directives (WFD 2000/60/CE and 2013/39/UE) [1,2] identified 45 priority chemical substances to be monitored in waters (lakes, rivers, seas), with the aim of attaining a satisfactory quality of aqueous media by 2021. Many chemicals are used in industrial, agricultural or domestic products and their large-scale use, as well as release during their manufacture or consumption, leads to their presence in the various aquatic environments at very low concentrations, on the order of microgram. This is why they are also called micropollutants. Micropollutants belong to different families and among them, Polycyclic Aromatic Hydrocarbons (PAHs) are widely found in metropolitan rivers. PAHs come mainly from the pyrolysis of organic materials, from industrial and human activities [START_REF] Goyak | Development of a screening tool to prioritize testing for the carcinogenic hazard of residual aromatic extracts and related petroleum streams[END_REF]. The main route of exposure to PAHs for human beings is food, may be contaminated through atmospheric deposition or accumulation in animal species. The second source of PAH exposure is ambient air, mainly coming from tobacco, smoke and vehicle exhaust emissions. Because PAHs are suspected of being carcinogenic [START_REF] Jin | Integration of Biodegradation and Nano-Oxidation for Removal of PAHs from Aqueous Solution[END_REF][START_REF] Abdel-Shafy | A review on polycyclic aromatic hydrocarbons: Source, environmental impact, effect on human health and remediation, Egypt[END_REF][START_REF] Dat | Review on characteristics of PAHs in atmosphere, anthropogenic sources and control technologies[END_REF], they need to be monitored, both in waters and in the air. One of them, anthracene (ANT) (Scheme 1(a)), included in the WFD, is abundant on a daily basis in the atmosphere and in aqueous media. Despite its very low solubility in water (0.04 mg/L), it remains a highly toxic micropollutant.

Nowadays, anthracene monitoring is mainly performed using the sampling method, by gaseous phase chromatography and mass spectrometry detection, but in spite of their high sensitivity and selectivity, these analytical techniques are very expensive. Moreover, the monitoring of water quality on suspected pollution sites is not possible because these techniques are not portable. It is therefore necessary to develop real-time and in-situ detection methods such as electrochemical or optical sensors. However, the very low concentration of anthracene in water requires highly sensitive and selective technologies, but no sensor currently exists for the detection of anthracene and only a few studies have addressed this problem [START_REF] Song | Synthesis, properties and adsorption behavior of double molecularly imprinted polymeric microsphere in seawater[END_REF][START_REF] Latif | Conductometric Sensor for PAH Detection with Molecularly Imprinted Polymer as Recognition Layer[END_REF][START_REF] Mailu | Determination of Anthracene on Ag-Au Alloy Nanoparticles/Overoxidized-Polypyrrole Composite Modified Glassy Carbon Electrodes[END_REF][START_REF] Blašková | Voltammetric Determination of Anthracene Using a DNA-Modified Glassy Carbon Electrode[END_REF][START_REF] Vyskocil | Electroanalysis of Nitro and Amino Derivatives of Polycyclic Aromatic Hydrocarbons[END_REF].

The strategies often used to obtain sensitive and selective sensors proceed by a selective preconcentration of the pollutant by a surface functional layer with a chemical affinity for the pollutant [START_REF] Bouden | Trace lead analysis based on carbon-screen-printed-electrodes modified via 4-carboxy-phenyl diazonium salt electroreduction[END_REF][START_REF] Bouden | Correlations between the grafting conditions and the copper detection by diazonium functionalized carbon screen-printed electrodes[END_REF][START_REF] Pally | Phenylamide-oxime and phenylamide nanolayer covalently grafted carbon via electroreduction of the corresponding diazonium salts for detection of nickel ions[END_REF]. The difficulty with PAH detection is the lack of chemical groups on benzene rings, which greatly limits the possibility for these species to be attracted by the functional groups grafted onto a conductive electrode.

Molecularly imprinted polymers (MIPs) have been the subject of extensive research in the last twenty years [START_REF] Cormack | Molecularly imprinted polymers: synthesis and characterisation[END_REF][START_REF] Ramanavičius | Electrochemical sensors based on conducting polymer-polypyrrole[END_REF][START_REF] Sharma | Electrochemically synthesized polymers in molecular imprinting for chemical sensing[END_REF][START_REF] Belbruno | Molecularly Imprinted Polymers[END_REF][START_REF] Boulanouar | Molecularly imprinted polymers for the determination of organophosphorus pesticides in complex samples[END_REF][START_REF] Speltini | Newest applications of molecularly imprinted polymers for extraction of contaminants from environmental and food matrices: A review[END_REF][START_REF] Figueiredo | Applications of molecularly imprinted polymers to the analysis and removal of personal care products: A review[END_REF][START_REF] Li | Molecularly Imprinted Sensors[END_REF]. The molecular imprinting technique involves synthesizing a polymer matrix containing molecular recognition sites, which are identical in shape and size to the target molecule, with an additional chemical selectivity via the binding interactions between the chemical functions of the MIP, located inside the cavities, and the micropollutant surface groups.

Due to their mechanical and chemical stability, high affinity, outstanding substrate recognition ability, and low cost of preparation, MIPs have been successfully applied in the chemical sensing area [START_REF] Speltini | Newest applications of molecularly imprinted polymers for extraction of contaminants from environmental and food matrices: A review[END_REF][START_REF] Malitesta | MIP sensors -the electrochemical approach[END_REF][START_REF] Huang | Application of molecularly imprinted polymers in wastewater treatment: a review[END_REF]. This technique is particularly suited to the recognition of large-sized chemical molecules, such as pharmaceuticals [START_REF] Maouche | Molecularly imprinted polypyrrole films: Some key parameters for electrochemical picomolar detection of dopamine[END_REF][START_REF] Zheng | Molecularly imprinted polymer nanocarriers for recognition and sustained release of diclofenac[END_REF][START_REF] Dai | Voltammetric determination of paracetamol using a glassy carbon electrode modified with Prussian Blue and a molecularly imprinted polymer, and ratiometric read-out of two signals[END_REF], pesticides [START_REF] Sanagi | Molecularly imprinted polymer solid-phase extraction for the analysis of organophosphorus pesticides in fruit samples[END_REF][START_REF] Prasad | Molecularly imprinted polymer (biomimetic) based potentiometric sensor for atrazine[END_REF][START_REF] Hassan | Electrochemical sensing of methyl parathion on magnetic molecularly imprinted polymer[END_REF][START_REF] Lin | Selective and sensitive sensors based on molecularly imprinted poly(vinylidene fluoride) for determination of pesticides and chemical threat agent simulants[END_REF], or hormones [START_REF] Yuan | Electrochemical sensor based on molecularly imprinted membranes at platinum nanoparticlesmodified electrode for determination of 17β-estradiol[END_REF][START_REF] Noir | Selective removal of 17 beta-estradiol at trace concentration using a molecularly imprinted polymer[END_REF][START_REF] Pacheco | Electrochemical sensing of the thyroid hormone thyronamine (T0AM) via molecular imprinted polymers (MIPs)[END_REF][START_REF] Moura | Theoretical and experimental study for the biomimetic recognition of levothyroxine hormone on magnetic molecularly imprinted polymer[END_REF][START_REF] Fourou | Voltammetric Sensor Based on a Double-Layered Molecularly Imprinted Polymer for Testosterone[END_REF].

Sensors based on MIP recognition for anthracene detection were reported in Song et al. [START_REF] Song | Synthesis, properties and adsorption behavior of double molecularly imprinted polymeric microsphere in seawater[END_REF] with naphthalene and anthracene as the template molecules, to detect the presence of PAH traces in sea waters via ultraviolet-visible spectrophotometry. Very recently, Latif et al. [START_REF] Latif | Conductometric Sensor for PAH Detection with Molecularly Imprinted Polymer as Recognition Layer[END_REF] proved that it was possible to detect PAHs in water using gold electrodes on a glass substrate coated with molecularly imprinted polyurethane layers, in order to measure the change in resistance of PAH-imprinted layers.

The sensor showed good selectivity for the templated molecules and high sensitivity with a detection limit of 1.3 nmol/L. However, only a few publications deal with the electrochemical detection of anthracene at trace level in water media. Mailu et al. [START_REF] Mailu | Determination of Anthracene on Ag-Au Alloy Nanoparticles/Overoxidized-Polypyrrole Composite Modified Glassy Carbon Electrodes[END_REF] developed a composite modified glassy carbon electrode based on Ag-Au bimetallic alloy nanoparticles/overoxidized polypyrrole layers. These composite electrodes were able to analyze anthracene in water solution at the micromolar level.

Among the many monomers used for the synthesis of MIPs, pyrrole has interesting properties because it is conductive, it can be synthesized in aqueous medium, and is chemically stable especially in neutral pH [START_REF] Ramanavičius | Electrochemical sensors based on conducting polymer-polypyrrole[END_REF][START_REF] Patois | Characterization of the surface properties of polypyrrole films: Influence of electrodeposition parameters[END_REF]. Moreover pyrrole can be electropolymerized at overoxidation potential [START_REF] Beck | Organic Electrochemistry in the Solid State-Overoxidation of Polypyrrole[END_REF] and generate a thin partially cross-linked MIP film directly onto the electrode surface, leading to a robust porous functionalized electrode [START_REF] Johne | Three-Dimensionally Ordered Polypyrrole Electrode: Electrochemical Study on Capacity and Degradation Process[END_REF].

The present study focuses on the development of Molecularly Imprinted Polypyrrole modified glassy carbon electrodes (MIP-GCE) and their uses for the selective and sensitive electrochemical detection of anthracene. The main parameters of MIP electropolymerization were studied to optimize the anthracene detection signal. The non-imprinted polypyrrole layer (NIP) and molecular imprinted layer (MIP) were electrochemically grown onto a glassy carbon electrode in ethanol/LiClO4 electrolyte with or without anthracene as the template molecule. The growth of the NIP and MIP layers was studied by Quartz Cristal Microbalance (EQCM) measurement and correlated to the cyclic voltammetry results. The morphology and the properties of the NIP and MIP layers were characterized by scanning electron microscopy and atomic force microscopy and electrochemical impedance spectroscopy. Then, square wave voltammetry was successfully used to quantitatively detect the presence of known anthracene concentrations in an aqueous medium using the MIP electrode, and the electroanalytical method based on the MIP-GCE electrode was evaluated.

In this paper, we report the design and use of an electrochemical sensor based on a Molecularly Imprinted Polymer, electrochemically grown on a glassy carbon surface, that is capable of detecting anthracene molecules in aqueous environment, via a pattern recognition.

Experimental

Reagents

Lithium perchlorate (LiClO4) (> 98%), sulfuric acid (H2SO4) (>95% TraceSELECT), acetonitrile, ethyl acetate, pyrrole (Pyr) (reagent grade, 98%), anthracene (ANT) (reagent grade, 98%), potassium ferrocyanide (K3[Fe(CN)6]), isoproturon (ISO), naphthalene (NAP),benzo-α-pyrene (BPyr), sodium chloride, potassium sulfate, calcium nitrite, sodium carbonate and lead and copper standards were purchased from Sigma Aldrich. Absolute anhydrous ethanol came from Carlo Erba.

All the solutions were prepared with ultrapure water (18 MΩ).

Instrumentation

The electrochemical measurements were carried out with a Metrohm Autolab 128N potentiostat, controlled by the software Nova 2.1, with additional low current and an EIS module. The counter electrode was a Pt wire and an Ag/AgCl (3M KCl) electrode was used as the reference electrode. The impedance spectra were recorded within the frequency range from 100 kHz to 0.01 Hz, in a 0.1 M KCl solution containing 2.5.10 -3 M K3[Fe(CN)6], at open circuit potential. The amplitude of the applied sine wave potential was 10 mV.

The surface topography images of glassy carbon and gold electrodes were performed using AFM measurements with a Dimension Icon AFM from Bruker, in the tapping scanning mode, with the TAP300-ALG (40 N/m) probes. The images were scanned in the topography mode with a 512 x 512 pixel resolution.

Scanning electron microscopy (SEM) images were acquired using a Hitachi S4500 microscope, operated at a voltage of 15 kV. EQCM experiments were performed using a computer driven Maxtek Research Quartz Crystal Microbalance RS-232, controlled by a Maxtek RQCM Data Logging Software. The electrochemically grown MIP Layers were deposited onto Inficon 5 MHz Au crystals (polished type, area 1.27 cm 2 ), and their thicknesses were obtained via QCM measurements.

GC Electrode

Homemade glassy carbon electrodes (GCE) were obtained from a 3 mm diameter glassy carbon (GC) rod, purchased from Tokai, connected on one side to a copper wire using a conductive glue, in order to obtain a good electrical contact, then inserted in a glass tube, and embedded in an inert resin.

Before use, the GCE were first grossly polished with a 4000 Si-C paper, then successively mirror polished with 3 and 1 µm diamond pastes and thoroughly cleaned in acetone during 5 min in an ultrasonic bath. The cleaning step was followed, before all electropolymerization experiments, by electrochemical conditioning of the GCE surfaces to keep the surface free from oxide and contaminant species. It is based on five voltammetric cycles, recorded between the open circuit potential (OCP) and -1.0 V/ref., with a 100 mV/s sweep rate, in a 0.1M H2SO4 solution, kept free from oxygen by argon bubbling. To end the conditioning of the surface, GCE were then immersed in the next step electrolyte to be used, during 5 minutes in an ultrasonic bath before all electrochemical measurements.

Glassy carbon plates (20 mm x 10 mm x 0.5 mm), used for the AFM and SEM experiments, were purchased from HTW (Germany). Before all electropolymerization experiments, the GC plates were rinsed using an ultrasonic bath, first during 5 min in toluene, then 5 min in acetone and finally 5 min in ethanol.

MIP-GCE elaboration

The description of MIP-GCE elaboration is shown in scheme 1. Electropolymerization of polypyrrole (PPy) was performed by cyclic voltammetry in the oxidation potential range between 0 and 1.4 or 0 and 1.2 V/ref during 5 cycles, at a 10 mV/s scan rate in ethanol containing 0.1 M LiClO4, with a 10 mM pyrrole concentration. The PPy Films were then identified as Non Imprinted Polymers (NIP). The electropolymerization of Molecularly Imprinted Polypyrrole (MIP) onto the GCE followed the same experimental pathway, but was carried out in the presence of anthracene molecules (1 mM) as the template species, that were included inside the polymer film during growth of the polymer layer. The next step in the MIP-GCE electrode elaboration was the template extraction from the polymer layer, performed by cyclic voltammetry, recorded during 10 cycles between 0 and 1.7 V/ref at 50 mV/s, in pure ethanol containing 0.1 M LiClO4. This step results in the supported MIP layer, containing cavities, identical in shape to that of the anthracene molecule. These electrodes are hereafter named MIP-GCE and the synthetic pathway to obtain these sensors is shown on scheme 1(b).

Detection of anthracene by MIP-GCE

The anthracene electrochemical analysis was carried out using two successive steps shown in 

Results and discussion

Choice of the electropolymerization medium

It is important for the electropolymerization medium to allow both the monomer and the template to be solubilized. Pyrrole is easy to solubilize in aqueous or organic solvents, but anthracene has a very low solubility in water, estimated at 1.29 mg/L in distilled water at 25°C and 1.43 g/L in ethanol [START_REF] Jouyban | Solubility of Anthracene in C1-C3 Alcohols from (298.2 to 333.2K and Their Mixtures with 2-Propanone at 298[END_REF]. Therefore, it is not possible to perform the electropolymerization of MIP in pure water, which is why we added a co-solvent or used an organic solvent.

The anthracene oxidation signal was studied in four different solvents: water/ethanol (70/30, v/v), ethanol 100%, ethyl acetate and acetonitrile, separately added to a supporting electrolyte salt, lithium perchlorate (LiClO4), at the concentration of 0.1 M. Fig. 1 shows cyclic voltammograms obtained in the presence or in the absence of anthracene species in these four different media. In water/ethanol (70/30, v/v), no signal was observed and the solution was not stable over time, a solid precipitate being found after one day, meaning that electropolymerization could not be performed in water/ethanol (70/30, v/v). On the other hand, the voltammograms depicted in Fig. 1 (b), (c) and (d) evidenced visible oxidation peaks, respectively at 1.15, 1.51 and 1.25 V/ref, and moreover the solutions were stable over time. According to the literature, these oxidation peaks can be attributed to anthracene oxidation [START_REF] Mailu | Determination of Anthracene on Ag-Au Alloy Nanoparticles/Overoxidized-Polypyrrole Composite Modified Glassy Carbon Electrodes[END_REF][START_REF] Tovide | Electro-oxidation of anthracene on polyanilino-graphene composite electrode[END_REF]. The oxidation peak current intensity was more clearly defined and more intense for cyclic voltammograms obtained in acetonitrile. However, as ethanol is less toxic than acetonitrile, 100% ethanol was chosen to perform the build-up of the MIP polypyrrole film.

In order to validate the identification of the anthracene oxidation peak, cyclic voltammograms were performed in the presence of anthracene at different concentrations. Fig. 2 shows the superposition of the voltammograms obtained. It can be seen that the intensity of the oxidation current peak increased with the concentration of anthracene, indicating that this peak can be attributed to anthracene oxidation. It is well established that only one electron is involved in ferrocyanide oxidation. In order to establish the number of electrons involved in anthracene oxidation, the quantity of charge, obtained by peak current integration, was compared with that obtained for ferrocyanide oxidation [START_REF] Hetemi | Surface Functionalization of Metals by Alkyl Chains through a Radical Crossover Reaction[END_REF]. For the same concentration of anthracene and ferrocyanide, a factor between 2.5 and 3 (exactly 2.68 at 1 mM, 2.47 at 2 mM and 2.96 at 3 mM) was found between the ANT and ferrocyanide quantities of charge, indicating that three electrons are involved in anthracene oxidation. The electro-oxidation of ANT in alcoholic media can lead to the total methoxylation of the ANT involving 6 electrons when methanol is used as a solvent [START_REF] Lund | Organic Electrochemistry : Fourth Edition, Revised and Expanded[END_REF][START_REF] Yang | Anodic oxidation as a synthetic expedient to naphthoquinone and anthraquinone ketals[END_REF]. The choice of ethanol as a solvent seems to lead only to a partial ethoxylation due to the steric hindrance of the ethoxy group and then a 3-electron mechanism is involved [START_REF] Tovide | Electro-oxidation of anthracene on polyanilino-graphene composite electrode[END_REF].

Electropolymerization of molecularly imprinted polypyrrole

It has been established in the literature that the morphological properties of polypyrrole films strongly depend on the electropolymerization conditions, especially on the electrooxidation potentials [START_REF] Fakhry | Templateless electrogeneration of polypyrrole nanostructures: impact of the anionic composition and pH of the monomer solution[END_REF][START_REF] Schweiger | Electropolymerized Molecularly Imprinted Polypyrrole Film for Sensing of Clofibric Acid[END_REF]. on the electrode surface [START_REF] Gupta | Molecular imprinted polypyrrole modified glassy carbon electrode for the determination of tobramycin[END_REF]. The oxidation of ANT occurred at approximatively the same potential as the pyrrole oxidation and ANT was ten times less concentrated than pyrrole: consequently, ANT oxidation is not visible on the MIP electrode voltammograms.

Template extraction

Once the polypyrrole film containing the ANT molecules had been built, template extraction was performed, to ensure the formation of the cavities that will be the recognition sites during the rebinding step of the detection protocol. A peak at 1.10 V/ref can be observed on the first cycle for MIP-GCE, while it is not apparent for NIP-GCE. This phenomenon can be attributed to oxidation of the embedded anthracene molecules.

After ten recorded voltammetric cycles, no current peak was observed, thus confirming that all the anthracene molecules had been oxidized. The charge-transfer process resistance value (RCT) can be obtained by fitting the semicircle in the high frequency range [START_REF] Reddy | Artificial molecular recognition material based biosensor for creatinine by electrochemical impedance analysis[END_REF], using an RS(RCT-CPE) equivalent circuit where RS is the resistance of the solution and CPE the constant phase element associated to the MIP film. Bare GCE shows a RCT at 50 kΩ, NIP-GCE a RCT at 600 kΩ and 16 000 kΩ, respectively, before and after extraction, MIP-GCE shows a RCT at 500 kΩ and 8 500 kΩ respectively, before and after extraction.

In the literature, NIP usually exhibits a higher RCT than the MIP [START_REF] Kan | Molecularly imprinted polymers based electrochemical sensor for bovine hemoglobin recognition[END_REF][START_REF] Zhao | Rapid and sensitive determination of tartrazine using a molecularly imprinted copolymer modified carbon electrode (MIP-PmDB/PoPD-GCE)[END_REF][START_REF] Elshafey | Electrochemical impedance sensor for herbicide alachlor based on imprinted polymer receptor[END_REF] but both have the same order of magnitude. This is because the electrochemical processes occur only on the surface of the films and are mainly governed by the conductivity and the electro-activity of the polymer layer. The same behavior was also observed for the current-potential curves obtained in the presence of K3[Fe(CN)6] on MIP-GCE and NIP-GCE (fig. 5(b)). Before extraction, MIP and NIP films tend to be blocking, but the capacitive current is slightly higher for the MIP 7.6 µA than for the NIP 5.3 µA.

This difference could be attributed to a thicker MIP film than the NIP one.

After the extraction process, in contrast to results reported in the literature [START_REF] Zhao | Rapid and sensitive determination of tartrazine using a molecularly imprinted copolymer modified carbon electrode (MIP-PmDB/PoPD-GCE)[END_REF][START_REF] Elshafey | Electrochemical impedance sensor for herbicide alachlor based on imprinted polymer receptor[END_REF][START_REF] Shen | Electrochemical sensor based on electropolymerized dopamine molecularly imprinted film for tetrabromobisphenol A[END_REF][START_REF] Li | A novel electrochemical sensor for epinephrine based on three dimensional molecularly imprinted polymer arrays[END_REF], there is a strong increase in the RCT both for the NIP and the MIP-GCE. These increases could be the result both of the overoxidation conditions applied and of the peculiar geometry of the ANT template. The extraction procedure occurs up to 1.7 V/ref, leading to a possibly significant overoxidation of the polypyrrole film, and hence a decrease in its conductivity [START_REF] Beck | Organic Electrochemistry in the Solid State-Overoxidation of Polypyrrole[END_REF] 

PPy film thickness

PPy film thicknesses can be calculated from Faraday's law, where Q is the charge quantity (C) associated with pyrrole electrooxidation and therefore with polypyrrole electropolymerization. The equation is:

= (1)
where e is the PPy film thickness (cm), M is the pyrrole molar mass (g/mol), ρ is the density of polypyrrole (g/cm 3 ), S is the electrode geometric area (cm²), ne-is the number of electrons involved in the electropolymerization of pyrrole and F is the Faraday constant (96 485 C/mol). The density of polypyrrole and the number of electrons are respectively 1.5 g/cm -3 and 2.25 [START_REF] Dejeu | Morphological and adhesive properties of polypyrrole films synthesized by sonoelectrochemical technique[END_REF][START_REF] Downard | The influence of water on the electrodeposition of polypyrrole in acetonitrile[END_REF]. Fig. 6 shows the calculated thickness versus electropolymerization time obtained on GCE or Au electrodes using current-potential curves with two different anodic limits: 1. Secondly, it is observed that the increase is usually two times higher for the first cycle than for the second or third cycle. Whatever the substrate, the layer is slightly thicker for MIP than for NIP, and PPy films obtained with a current-potential limit of 1.4 V/ref are thicker than those obtained with a current potential limit of 1.2 V/ref.
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PPy film thicknesses were also experimentally measured from EQCM experiments. In this case, thickness is obtained by dividing the EQCM measured mass by the density of PPy. Fig. 7 shows the thickness as a function of electropolymerization time obtained by EQCM measurements. 

V/ref (in gray) with (---) or without (---) ANT (1 mM)).

The evolution of the thickness obtained from the EQCM results is in agreement with those calculated with Faraday's law from the voltamperograms. The thicknesses are of the same order of magnitude as those obtained from current-potential curves and the same differences are observed between the MIP and NIP 1.4 and 1.2. The increase in thickness remains twice as high for the first cycle as for the second and third cycle. These observations are in good agreement with the partial blocking effect observed during the electropolymerization process, attributed to the MIP or NIP film growth on the electrode surface.

Morphological characterizations

SEM and AFM were used to characterize the surface morphologies of the PPy films. Fig. 8 shows SEM images obtained for MIP-GC plates and NIP-GC plates functionalized by cyclic voltammetry with 1.4 and 1.2 V/ref anodic limits. In order to measure the thickness of the polymer films, scratches were made on MIP and NIP-GC plates, without damaging the GC substrate. The height of the step thus obtained was evaluated using the AFM software, and the resulting measurements are presented on Table 1. Table 1 : Thicknesses of the polypyrrole films (MIP and NIP) deposited on GC plates, obtained using AFM images.

Au quartz

Film type CV anodic limit potential Thickness (nm)

MIP 1.4 V/ref 125 ± 9 NIP 1.4 V/ref 138 ± 8 MIP 1.2 V/ref 18 ± 2 NIP 1.2 V/ref 27 ± 2
The polymer thicknesses are much higher for MIP and NIP electropolymerized at 1.4 V/ref than for MIP and NIP electropolymerized at 1.2 V/ref, by a factor of almost ten. Moreover, the thicknesses previously calculated by Faraday's law are consistent with the AFM measured thicknesses for MIP and NIP 1.2, but not for MIP and NIP 1.4. It seems that the real density of the films is lower for MIP and NIP 1.4 than that calculated by taking Faraday's law into account. This is confirmed by looking at the AFM and SEM images, on which the MIP and NIP 1.2 films seem to be noticeably more compact than MIP and NIP 1.4.

Choice of the anodic limit potential for the electropolymerization of the MIPs

ANT was electrochemically detected on MIP-GCE 1.4 and 1.2 at a concentration of 5.10 -7 M. For both MIP-GCE 1.4 and MIP-GCE 1.2, the SWV detection peaks obtained at 1.06 and 1.02

V/ref respectively can be attributed to ANT oxidation after the preconcentration step [START_REF] Tovide | Electro-oxidation of anthracene on polyanilino-graphene composite electrode[END_REF].

According to the 0.04 V potential shift in the detection peak, the oxidation kinetics of anthracene seem to be faster for the MIP 1.2 than for the MIP 1.4. The detection peak intensities are not significantly different: 0.55 µA for the MIP 1.4 and 0.37 µA for the MIP 1.2, while the related thicknesses are very different. We can firstly assume that when the polypyrrole film is too thick, not all the cavities generated inside the MIP are accessible to the targeted molecules and cannot all contribute to the rebinding of anthracene. Secondly, the electrical conductivity is not homogeneous throughout the film, leading to a signal loss for the thicker MIP layers. Moreover, when the electropolymerization of the polypyrrole film is performed at 1.4 V/ref, overoxidation conditions are reached, making the PPyr film less conductive [START_REF] Ozkorucuklu | Voltammetric Behaviour of Sulfamethoxazole on Electropolymerized-Molecularly Imprinted Overoxidized Polypyrrole[END_REF]. This may explain the difference in the kinetics between the MIP-GCE 1.4 and 1.2 and the small difference in the ANT peak intensities despite a much thicker layer in the case of the MIP 1.4. For the studies of the electroanalytical method, the MIPs were electropolymerized with a 1.4 V/ref anodic limit potential. Fig. 11 shows that the electrochemical detection peak intensities increase linearly up to 10 min rebinding time. A rebinding step of 10 min seems to be a good compromise between the signal intensity and the duration of the analysis.

Analytical performance of the MIP-GCE

The sensor performances were assessed for anthracene electrochemical detection by performing experiments at seven concentrations between 0.01 and 1 µM in aqueous media. (2)

I = 1.23217 [ANT] + 0.01231 R² = 0,9989
Where k is equal to 3 in the case of LOD and 10 in the case of LOQ, Sb is the standard deviation at the intersection point between the abscissa and the calibration line and m, the sensitivity, is the slope of the calibration curve. In order to evaluate the repeatability of the detection method, nine measurements were performed on the same electrode, for an ANT concentration of 5.10 -7 M. A relative standard deviation (RSD) of 16% was calculated. The reproducibility was then evaluated, by measurements carried out on six different electrodes, for an ANT concentration of 5.10 -7 M which led to a RSD of 12%. Moreover, the stability of the detection method has been checked. A first group of three MIP-GCE has been immersed at t0 and kept seven days in ultrapure water before performing ANT detection (four replicates per MIP-GCE). The intensities of the ANT peak detection were decreased by 38%. A second group of three MIP-GCE, stored in ultrapure water, has been used each day from t0 to seventh day to detect ANT (four replicates per MIP-GCE each day). The SW intensities are stable for the first five days, but from that moment, a decrease of 31% was observed, corresponding to a number of twenty five measurements.

MIP selectivity

In order to evaluate the selectivity of the MIP-GCE sensor, measurements were performed in the presence of some interferent molecules and ions. Fig. 13 shows the ratio (I/I0) between the intensity of the anthracene detection peak (I) obtained in the presence of both anthracene and interferent molecules or ions and the intensity of the anthracene detection peak obtained only with ANT (I0), as a function of interferent/ion concentrations.

Major ions may be presents in environmental water as sodium, potassium, calcium cations and nitrate, sulfate, chloride and carbonate anions. They have been introduced in the concentration of 10 -3 M. According to Fig. 13(a) the interference of these major ions were not significant with a maximum decrease of 20% of ANT detection signal.

Some metallic micropollutants could be present in environmental water, especially copper and lead cations. According to the Fig. 13(b), no major interference has been observed for concentrations of this metals 20 times higher than ANT concentration.

Organic interfering micropollutants have been chosen because of their quite similar shapes and structures with ANT: benzo-α-pyrene (BPyr) and naphthalene (NAP). Isoproturon (ISO) was selected because its molecular volume close to anthracene. These molecules are shown on scheme 3. The results depicted on Fig. 13(c) underline that there is no interaction when the interferent concentration is of the same order of magnitude as the anthracene concentration. But when the interferent concentration is twice as high as the anthracene concentration, I/Io decreases by 30% for benzo-α-pyrene and isoproturon, and by 37% for naphthalene as shown on the SW voltammograms presented Fig. 14.

To conclude, it can therefore be considered that the MIP-GCE presents selective properties for anthracene electrochemical detection in aqueous media. 

Analysis in real samples

Measurements have been done using mineral water for the adsorption step of anthracene on the MIP film. The following table highlights its composition: increase by a factor of 12 compared to measurements in ultrapure water.

Conclusion

This paper has reported a sensitive and selective electrochemical sensor for the detection of anthracene with glassy carbon electrodes functionalized by molecularly imprinted polypyrrole. The analytical performances achieved correspond to a LOD and LOQ respectively of 2.12 and 7.07 μg/L.

These LOD and LOQ are ten times lower than those obtained on more complex composite electrodes [START_REF] Mailu | Determination of Anthracene on Ag-Au Alloy Nanoparticles/Overoxidized-Polypyrrole Composite Modified Glassy Carbon Electrodes[END_REF] for the detection of ANT. Furthermore, the electropolymerization method is environmentally friendly with the solvent used here, ethanol. Since the WFD requests an anthracene limit in natural waters of 0.1 μg/L, our detection method needs to be further improved in terms of sensitivity.

However, the results are very promising because they highlight an interesting selectivity of the MIP for ANT molecules targeted by the electropolymerized MIP with a shape recognition factor.

scheme 2 : 2 :

 22 scheme 2: i) preconcentration of the target molecule inside the MIP film by selective adsorption of ANT in MIP-GCE inside the cavities: the electrode is immersed 10 min in a solution containing ANT (5.10 -7 M) in ultrapure water; ii) detection by electrochemical oxidation of the ANT molecules trapped inside the MIP film by square wave voltammetry at a scan rate of 100 mV/s (step potential: 4 mV, amplitude: 20 mV and frequency: 25 Hz ) between 0 and 1.6 V/ref in a three-electrode cell in a 0.1 M H2SO4 electrolyte. Then the regeneration of the electrode was performed by cyclic voltammetry (5 cycles between 0 and 1.7 V/ref at 50 mV/s) in 0.1M H2SO4, to ensure that the ANT

Fig. 1 :

 1 Fig. 1 : Voltammograms with (---) or without (---) ANT (1 mM) on bare GCE, recorded at the scan rate of 100 mV/s in (a) water/ethanol (70/30, v/v), (b) ethanol 100%, (c) ethyl acetate or (d) acetonitrile, in a 0.1 M LiClO4 solution (first cycle shown).

Fig. 2 (Fig. 2 :

 22 Fig. 2: Voltammograms obtained on bare GCE at the scan rate of 100 mV/s (a) ANT (1, 2 or 3 mM) in 0.1 M LiClO4 ethanol electrolyte, (b) K3[Fe(CN)6] (1, 2 or 3 mM) in 0.1 M KCl aqueous electrolyte. (---) Blank voltammograms.

Fig. 3 Fig. 3 :

 33 Fig. 3 shows the two first cycle of the cyclic voltammograms recorded during the electropolymerization of MIP and NIP films respectively with or without template, either on GCE or

Fig. 4 (Fig. 4 :

 44 Fig. 4 : (a) Template extraction (ANT) at MIP-GCE (---) or NIP-GCE (---) by CV at scan rate 50 mV/s in 100% ethanol containing 0.1 M LiClO4; (b) ANT detection by SWV on NIP or MIP-GCE after a 10 min rebinding step in ultrapure water containing ANT (5.10 -7 M).

Fig. 5 :

 5 Fig. 5: (a) Nyquist plots and (b) Cyclic voltammograms obtained on bare GCE, NIP and MIP-GCE before extraction and NIP and MIP-GCE after extraction in the presence of K3[Fe(CN)6](2.5 mM) in KCl 0.1 M.

  both for the MIP and the NIP electrodes, inducing an increase in the RCT values. MIP electrodes usually show a decrease in RCT values after extraction of the template due to filling of the cavities by the probe ions [50-53]. But our experiments lead to a different observation, possibly due to the 2D geometry of the ANT molecules which is very different from the 3D octahedral geometry of Fe(CN)6 3-ions. The morphologies of the film cavities do not give access in the same way to the probe ions, leading to a more resistive film after extraction of the ANT template molecules. Current-potential curves obtained in the redox probe solution on the MIP-GCE (fig. 5 (b)) are similar to the NIP-GCE, with very weak reversible signals and very high RCT values confirming the absence of penetration of the probe inside the 2D cavities of the MIP. The decrease in the capacitive currents both for the MIP-GCE and the NIP-GCE after extraction is observed on fig. 5(b) and highlights a change in the properties of the polymer layer that may be due to a reorganization of the polymer layer over the high potential applied during the extraction process.

Fig. 6 :

 6 Fig. 6: Calculated thicknesses versus pyrrole electropolymerization time on GCE or Au quartz crystal (CV between 0 V/ref. to (a and c) 1.4 V/ref or (b and d) 1.2 V/ref with (---) or without (---) ANT (1 mM)) Firstly, we can observe the gradual increase in the estimated thickness with the electropolymerization time until values are between 35.5 and 51.5 nm for MIP and NIP-GCE and between 14.6 and 27.6 nm for MIP and NIP-Au quartz, each step corresponding to one cycle.

Fig. 7 :

 7 Fig. 7: Measured thicknesses versus pyrrole electropolymerisation time on Au quartz crystal electrodes (CV between 0 V/ref. to 1.4 V/ref (in black) or 1.2 V/ref (in gray) with (---) or without (---) ANT (1 mM)).

Fig. 8 :Fig. 9 .Fig. 9 :

 899 Fig. 8: SEM images of MIP/NIP 1.4 and 1.2 on GC plates and SEM image of bare GC plates. SEM images indicate that the morphology of the PPy films is highly dependent on the CV's anodic limit. Images obtained for MIP and NIP at 1.4 V/ref exhibit cauliflower-like structures, which are characteristic of PPy films obtained under overoxidation conditions [45]. MIP 1.2 and NIP 1.2

Fig. 10 Fig. 10 :

 1010 Fig.10shows the square wave voltammetry curves (SWV) obtained after the ANT adsorption step, following the protocol described in part 2.5. The error bars correspond to the relative standard deviation, equal to the standard deviation divided by the average obtained for five measurements

3. 5 .Fig. 11 :

 511 Fig. 11: ANT (5.10 -7 M) detection peak intensity versus rebinding time, obtained by SWV on MIP-GCE (each point corresponds to 5 replicates).

Fig. 12 :

 12 Fig. 12: (a) Detection peak intensities versus ANT concentration, (b) Anthracene detection on MIP-GCE by SWV after rebinding step during 10 min in ultrapure water containing anthracene at different concentrations. (each point corresponds to 5 replicates) Fig. 12(a) and 12(b) respectively show the anthracene detection peaks intensities as a function of anthracene rebinding concentration and the SWV peaks obtained for the different rebinding concentrations. Fig. 12(a) highlights a linear range between 0.01 and 0.375 µM. The limit of detection (LOD) and the limit of quantification (LOQ) have been calculated according to the

Scheme 3 :

 3 Scheme 3: Chemical structures of interferent molecules (a) BPyr (b) NAP (c) ISO.

Fig. 13 :Fig. 14 :

 1314 Fig. 13: Histograms showing the evolution of the ratio I/I0 depending on the interferent concentration in the rebinding solution with an anthracene concentration of 5.10 -7 M (error bars correspond to 5 replicates).

  The calibration curve (R² = 0.9989) determined with four MIP-GCE and five replicates for each experiment and gave LOD and LOQ of 12 and 40 nM respectively (2.12 and 7.07 µg/L), The sensitivity was 1.23 A.M -1 . The table 2 presents the performances of some modified electrodes for ANT detection based on nanocomposite electrodes. Mailu et al. in 2010 obtained a LOD of 169 nM on nanoparticles/MIP electrodes, which is much higher than our LOD[START_REF] Mailu | Determination of Anthracene on Ag-Au Alloy Nanoparticles/Overoxidized-Polypyrrole Composite Modified Glassy Carbon Electrodes[END_REF]. In 2014, the LOD obtained on nanocomposite (graphene/MIP) electrode by Tovide et al. is 4.4 nM, slightly lower than ours.

Table 2 : Selection of performances of various electrodes for the electroanalysis of ANT.

 2 

	Working electrode	Analytical techniques	Linear range	LOD	Ref
	GCE modifying by MIP	SWV	0.01 -0.375 µM	12 nM Our works
	Modified GCE with over-oxidized				
	polypyrrole and Ag-Au (1:3)	SWV	3 -356 µM	169 nM	[9]
	bimetallic nanoparticles				
	Graphenated-polyaniline electro-synthesized on GCE	SWV	0.012 -1000 µM 4.4 nM	[41]

Table 3 : Total mineralization of the mineral water.

 3 Compared to the reference signal for 5.10 -7 M anthracene detection, a SW intensity loss of 51% is observed. Moreover, the calibration curve has been obtained in the same natural water. It highlights LOD and LOQ respectively of 148 nM (26.4 µg/L) and 482 nM (85.9 µg/L), namely an

	Physicochemical properties	Values
	Dry residues (at 180°C)	345 mg/L
	pH	7.2
	Bicarbonate (HCO3 -)	360 mg/L
	Calcium (Ca 2+ )	80 mg/L
	Chloride (Cl -)	10 mg/L
	Magnesium (Mg 2+ )	26 mg/L
	Nitrate (NO3 -)	3.8 mg/L
	Potassium (K + )	1 mg/L
	Silica (SiO2)	15 mg/L
	Sodium (Na + )	6.5 mg/L
	Sulfate (SO4 2-)	14 mg/L
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