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Introduction

Thiram is a broad spectrum contact fungicide of dithiocarbamate family widely used to control fungal diseases and to prevent crop damages. It is employed as a foliar treatment for fruits, vegetables and ornamental plants in order to control botrytis mushroom species. It is also recommended for hardy woody plants as repulsive since it is one of the most effective compound used as animal repellent to protect crops from damage by rabbits, rodents, and deer [START_REF] Sharma | Thiram: degradation, applications and analytical methods[END_REF][START_REF]Prevention, Pesticides and Toxic Substances (7508C)[END_REF]. Moreover, it is an environmental degradation product of two other fungicides, ferbam and ziram [START_REF] Sharma | Thiram: degradation, applications and analytical methods[END_REF]. These three pesticides are teratogens, neurotoxics, reproductive and thyroid toxins, mutagens, and skin sensitizers [START_REF] Gosselin | Clinical toxicology of commercial products[END_REF][START_REF] Lee | Oral toxicity of ferric dimethyldithiocarbamate (ferbam) and tetra methylthiuram disulfide (thiram) in rodents[END_REF]. Because of a high carcinogenic potential, thiram residues must be controlled in environmental matrices or the contaminated media should be treated.

Advanced oxidation processes (AOPs) are currently receiving great attention [START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: principles and applications. A review[END_REF][START_REF] Gogate | A review of imperative technologies for wastewater treatment I: oxidation technologies at ambient conditions[END_REF][START_REF] Martinez-Huitle | Electrochemical oxidation of organic pollutants for wastewater treatment[END_REF] for effective removal of persistent/toxic organic pollutants from water. Recently, work conducted by Ganiyu et al. [START_REF] Ganiyu | Electrochemical advanced oxidation processes for wastewater treatment: Advances in formation and detection of reactive species and mechanisms[END_REF] have focused on the formation and detection of species and reactive mechanisms. Among AOPs, Fenton and related processes (electro-Fenton (EF), photo-Fenton, photo-EF) are widely used for removal of pesticides from water and in treatment of industrial and pharmaceutical effluents or for wastewater reuse [START_REF] Hernández | Recent advances in the application of electro-Fenton and photoelectro-Fenton process for removal of synthetic dyes in wastewater treatment[END_REF][START_REF] Losito | Electro-Fenton and photocatalytic oxidation of phenylurea herbicides: An insight by liquid chromatography-electrospray ionization tandem mass spectrometry[END_REF][START_REF] Oturan | Degradation of three pesticides used in viticulture by electrogenerated Fenton's reagent[END_REF][START_REF] Brillas | A review on the photoelectro-Fenton process as efficient electrochemical advanced oxidation for wastewater remediation. Treatment with UV light, sunlight, and coupling with conventional and other photo-assisted advanced technologies[END_REF][START_REF] Sina | Advances in Fenton and Fenton based oxidation processes for industrial effluent contaminants control-A review[END_REF][START_REF] Balci | Decontamination of aqueous glyphosate, (aminomethyl) phosphonic acid, and glufosinate solutions by electro-Fenton-like process with Mn 2+ as the catalyst[END_REF]. In recent years, the EF process was also applied to the removal of polycyclic aromatic hydrocarbons from contaminated soils [START_REF] Trellu | Comparative study on the removal of humic acids from drinking water by anodic oxidation and electro-Fenton processes: mineralization efficiency and modelling[END_REF][START_REF] Yap | Fenton based remediation of polycyclic aromatic hydrocarbonscontaminated soils[END_REF]. This method is based on the electrocatalytic generation/regeneration of Fenton's reagent (H2O2 + Fe 2+ ) (Eqs. 1 and 2) to produce in situ hydroxyl radicals ( • OH) (Eq. 3), a strong and non-selective oxidizing agent. • OH are very active towards organic compounds and are able to destroy them until complete mineralization (Eq. 4). The interest of the EF process results from its capacity to in situ generate the reagents required for the production of • OH [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF]Electro-Fenton Process: New Trends and Scale-Up[END_REF], in contrast to the classical Fenton process. Indeed, H2O2 is formed via the 2-electron reduction of oxygen (Eq. 1), while the ferrous iron (Fe 2+ ), added in the solution in catalytic quantity, is continuously regenerated in the medium (Eq. 2) from the 1-electron reduction of Fe 3+ formed during the Fenton reaction (Eq. 3) [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF]Electro-Fenton Process: New Trends and Scale-Up[END_REF][START_REF] Oturan | Electro-Fenton Process: Background, New Developments and Applications[END_REF][START_REF] Monteil | A review on efficiency and cost effectiveness of electro-and bio-electro-Fenton processes: Application to the treatment of pharmaceutical pollutants in water[END_REF][START_REF] Daneshvar | Electro-Fenton treatment of dye solution containing Orange II: Influence of operational parameters[END_REF][START_REF] Feng | Electrochemical technologies for wastewater treatment and resource reclamation[END_REF]. The importance of these electrochemical processes lies in these abilities to be combined with other processes for rapid and more efficient treatment [START_REF] Martinez-Huitle | Single and coupled electrochemical processes and reactors for the abatement of organic water pollutants: A critical review[END_REF][START_REF] Sirés | Upgrading and expanding the electro-Fenton and related processes[END_REF].

O2 + 2H + + 2e -→ H2O2 (1) 
Fe 3+ + e -→ Fe 2+ (2)

Fe 2+ + H2O2 → Fe 3+ + OH -+ • OH (3) 
Organics + • OH → Intermediates →→→ CO2 + H2O + inorganic ions [START_REF] Lee | Oral toxicity of ferric dimethyldithiocarbamate (ferbam) and tetra methylthiuram disulfide (thiram) in rodents[END_REF] The efficiency of the EF depends on several parameters, including the nature of the electrodes, current intensity, Fe 2+ concentration, and pH of the medium. The use of pH 3 was demonstrated as the best value for an efficient treatment [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF]Electro-Fenton Process: New Trends and Scale-Up[END_REF]. Özcan et al. [START_REF] Özcan | Removal of propham from water by using electro-Fenton technology: kinetics and mechanism[END_REF] and Sopaj et al. [START_REF] Sopaj | Effect of cathode material on electro-Fenton process efficiency for electrocatalytic mineralization of the antibiotic sulfamethazine[END_REF] comparatively investigated the capacities of different cathode materials such as carbon sponge, carbon felt, graphite and stainless steel as well as the impact of current on the generation of H2O2. The use of several types of anodes (active and non-active), including Pt, Ti/RuO2-IrO2, Ti/RuO2-TiO2, dimensionally stable anode (DSA), SnO2, Ti4O7, PbO2, and boron-doped diamond (BDD), has also been investigated

for application in the EF process [START_REF] Panizza | Application of boron-doped diamond electrodes for wastewater treatment[END_REF][START_REF] Sopaj | Effect of the anode materials on the efficiency of the electro-Fenton process for the mineralization of the antibiotic sulfamethazine[END_REF][START_REF] Çelebi | Electrochemical oxidation of carbaryl on platinum and boron-doped diamond anodes using electro-Fenton technology[END_REF][START_REF] Salazar-Banda | Developments in electrode materials for wastewater treatment[END_REF]. BDD anode has received a great attention due to its high overpotential for O2 evolution reaction, large potential window, chemical stability, high corrosion resistance, low background currents, high chemical inertness and long-term response stability [START_REF] Iniesta | Electrochemical oxidation of phenol at boron-doped diamond electrode[END_REF]. The oxidation with BDD consists to a simple electron transfer processes in region of water stability (E < 2.3 V vs. SHE) or in the potential region of water decomposition (E > 2.3 V vs. SHE) for more complex mechanism reactions [START_REF] Iniesta | Electrochemical oxidation of phenol at boron-doped diamond electrode[END_REF]. Thus allowing the formation of free hydroxyl radicals and of slightly adsorbed hydroxyl radicals (BDD( • OH)) on its surface according to Eq. 5. These radicals were shown to be able to destroy all recalcitrant organic pollutants in a non-selective way [START_REF] Sirés | Electro-Fenton degradation of antimicrobials triclosan and triclocarban[END_REF][START_REF] Diaw | Oxidative degradation and mineralization of the phenylurea herbicide fluometuron in aqueous media by the electro-Fenton process[END_REF][START_REF] Ganzenko | Electro-Fenton treatment of a complex pharmaceutical mixture: Mineralization efficiency and biodegradability enhancement[END_REF].

BDD + H2O → BDD( • OH)ads + H + + e - (5) 
In this study, the objective was to investigate for the first time the application of the EF process to the removal of thiram (an emerging pollutant) from water. Particularly, the study focuses on the degradation kinetics of thiram and mineralization of its aqueous solution by the EF process using a carbon felt as cathode and two different anodes (Pt and BDD). A particular attention was paid to understanding the link between the different behaviors in terms of mineralization efficiency and the chemical structure of thiram.

Indeed, this molecule does not include aromatic moieties or unsaturated bonds, excluding thus addition reactions of • OH. The degradation kinetics and intermediates formed during the oxidation of thiram were followed until formation of end-products by HPLC, GC-MS and ionic chromatography. A plausible degradation pathway for the mineralization of thiram in aqueous medium was also proposed. Mineralization rate and mineralization current efficiency (MCE) were determined by monitoring the TOC decay. Finally, the energy consumption per gram of TOC removed was also evaluated in order to obtain an economic insight on the process.

MATERIAL AND METHODS

Chemicals

Thiram (Dimethylcarbamothioylsulfanyl N,N-dimethylcarbamodithioate, purity > 99%) (Table SM-1), methanol, anhydrous sodium sulfate, anhydrous potassium sulfate (purity > 99%), iron chloride (FeCl3) and sodium chloride were purchased from Sigma-Aldrich and used as received. Carboxylic acids and other chemicals utilized in chromatographic analysis were supplied by Sigma-Aldrich, Fluka and Acros Organics (purity > 99%). Sulfuric acid (purity > 98%) and hexahydrated ferrous sulfate (99.5%)

were obtained from Acros Organics. All solutions were prepared with ultra-pure water, obtained from a Millipore Milli-Q system (resistivity > 18 MΩ.cm at room temperature).

4-hydroxybenzoic acid (HBA) (purity = 99.7%) from Prolabo was used as the competition substrate in the kinetic experiments.

Instrumentation and analytical procedures

Electrochemical measurements

Electrolyses were performed in a batch reactor of 250 mL capacity. Experiments were carried out using 230 mL thiram solutions of 19.2 mg L -1 (0.08 mM) concentration.

A triple Power Supply HM7042-5 (Germany) was used to monitor electrolyses and measure the electrical charge passed. Prior to the electrolyses, compressed air was continuously supplied to the reaction medium by bubbling at flow rate of 1.0 L min -1 . The cathode was a carbon felt piece covering the internal inner wall of the cell. and an UV absorption detector set at 225 nm. The mobile phase was a 1% H2SO4 aqueous solution at flow rate of 0.2 mL min -1 .

By-products formed during the degradation were extracted with ethyl acetate, then identified and followed by a GC-MS instrument (Thermo Fisher Scientific, model ISQ-Trace-1300), using a split/splitless injector system, and a 0.32 µm diameter, 15 m long column, kept in vacuum with a turbo-pump at high temperature (200 -250 °C). The mobile phase (helium) flux was maintained constant in the range 0.6-1.5 µL min -1 . A Nist library Xcalibur software was utilized to interpret the mass spectra (m/z values ranging from 50 to 650).

Inorganic ions were followed by an ion chromatography system (Dionex ICS-1000 model) equipped with a conductivity detector thermostated at 35° C, an AS4A-SC ion exchange column (4 mm x 250 mm) for anion analysis, and a CSRS cation exchange column (4 mm x 250 mm) for cation analysis. Mobile phases were either a mixture of sodium bicarbonate (1.7 mM) and sodium carbonate (1.8 mM) for anion analysis or a sulfuric acid (9 mM) solution for cation analysis. Flow rates were fixed at 2 and 1 mL min -1 , respectively.

Total organic carbon (TOC)

TOC values of initial and EF treated thiram aqueous solutions were monitored using a Shimadzu TOC-V analyzer with Pt catalyst and oxygen gas at 150 mL min -1 .

Catalytic combustion was performed at temperature of 680 °C. Mineralization rates were calculated to evaluate the mineralization degree of thiram according to Eq. 6, where TOC0

and TOCt are the TOC values at the initial time and at time t, respectively.

% = (6) 
Based on the values of TOC removal, the mineralization current efficiency (MCE) and energy consumption (Ec) given by Eqs. 7 and 8, respectively, permitted to estimate the effect of applied current on the mineralization efficiency and the energetic cost of the treatment.

(%) = ( ) , . ! " #.$.% × 100 ( 7)

) (*+ℎ(-./ ) ) = 0 1 .$.% ( ) (8) 
where, m is the number of carbon atoms in thiram molecule, F is the Faraday constant (96487 C mol -1 ), n is the number of exchanged electrons, 4.32.10 7 is a conversion factor (= 3600 s h -1 x 12000 mg C mol -1 ), Ucell is the cell average voltage (V), I is the applied current intensity (A), t is the electrolysis time (s), Vsol is the solution volume (L) and Δ(TOC)exp is the experimental TOC decay (mg L -1 ) at time t.

RESULTS AND DISCUSSION

Kinetic study of thiram degradation by the EF process

The effect of the current and anode type on degradation kinetics of thiram by EF process was investigated. The decay in thiram concentration was followed by HPLC (Fig. 1) and shows the exponential disappearance of thiram with time for Pt (a) and BDD (b) anodes, at currents from 50 to 300 mA. The kinetic behavior of concentration decay agrees with a pseudo-first reaction. Degradation efficiency increased with increasing current until 300 mA for which the total degradation was achieved after 5 min of electrolysis for both anodes. However, it is worthwhile to note that above current values of 300 mA, oxidation of thiram could be disadvantaged by parasitic reactions, mainly by the cathodic evolution of H2 and/or by further reduction of H2O2 to H2O according to Eqs. 9 and 10, respectively [START_REF] Diaw | Oxidative degradation and mineralization of the phenylurea herbicide fluometuron in aqueous media by the electro-Fenton process[END_REF]. Besides, high currents could lead to a rapid regeneration of the catalyst Fe 2+ , thus favoring the wasting reaction of • OH in the bulk according to Eq. 11. A high current might also favor anodic evolution of O2 through the heterogeneous hydroxyl radical destruction (Eq. 12).

The same trends were observed using both Pt and BDD anodes. This might be explained by the structure of thiram, which can be easily oxidized by • OH through breaking of N-C and S-S bonds in the bulk and by M( • OH) on the anode surface. However, a slightly faster degradation took place with Pt compared to BDD anode. Similar results were reported by Sires et al. [START_REF] Sirés | Electro-Fenton degradation of antimicrobials triclosan and triclocarban[END_REF] during the EF degradation of antimicrobials triclosan and triclocarban.

This phenomenon can be ascribed to the strong mineralization power of BDD anode that favors not only the oxidation of thiram but also the oxidation of its reaction intermediates until mineralization, thus consuming oxidant species that might not be used for thiram degradation.

2H + + 2e -→ H2 (9) 

H2O2 + 2H + + 2e -→ 2H2O (10) Fe 2+ + • OH→ Fe 3+ + OH - (11) 2M( • OH) → 2M + O2 + 2H+ + 2e - (12) 

Determination of absolute rate constant for hydroxylation of thiram (a) (b)

The degradation absolute rate constant of thiram by • OH was determined in order to better understand the very fast degradation kinetics. Therefore, the absolute rate constant (kabs(Thir)) for hydroxylation of thiram was determined by using the competition of • OH between thiram and the standard competitor 4-hydroxybenzoic acid (HBA); the rate constant of reaction between HBA and • OH (kabs, HBA = 2.19 × 10 9 M -1 s -1 ) being well-known [START_REF] Haidar | Electrochemical degradation of the antibiotic sulfachloropyridazine by hydroxyl radicals generated at a BDD anode[END_REF]. Electrolysis was carried out using a current of 50 mA on Pt anode with the same concentrations of thiram and HBA. Competition kinetics experiments were conducted at the smallest current value to avoid interference of the intermediates formed as they are accumulated in the solution due to the use of a batch reactor.

Simultaneous electrochemical oxidation of HBA and thiram (Eqs. ). This rate constant value was of the same order of magnitude as those found by several authors using the EF process [START_REF] Oturan | Production of hydroxyl radicals by electrochemically assisted Fenton's reagent. Application to the mineralization of an organic micropollutant, pentachlorophenol[END_REF][START_REF] Oturan | Comparative study of degradation of herbicide diuron residues in water by various Fenton's reaction-based advanced oxidation processes[END_REF][START_REF] Diaw | Removal of the herbicide monolinuron from waters by the electro-Fenton treatment[END_REF]. For example, using the same method, Diaw et al. [START_REF] Diaw | Oxidative degradation and mineralization of the phenylurea herbicide fluometuron in aqueous media by the electro-Fenton process[END_REF][START_REF] Ganzenko | Electro-Fenton treatment of a complex pharmaceutical mixture: Mineralization efficiency and biodegradability enhancement[END_REF][START_REF] Haidar | Electrochemical degradation of the antibiotic sulfachloropyridazine by hydroxyl radicals generated at a BDD anode[END_REF][START_REF] Oturan | Production of hydroxyl radicals by electrochemically assisted Fenton's reagent. Application to the mineralization of an organic micropollutant, pentachlorophenol[END_REF][START_REF] Oturan | Comparative study of degradation of herbicide diuron residues in water by various Fenton's reaction-based advanced oxidation processes[END_REF][START_REF] Diaw | Removal of the herbicide monolinuron from waters by the electro-Fenton treatment[END_REF] found the absolute rate constant values of 4.44 × 10 9 M -1 s -1 and 3.1 × 10 9 M -1 s -1 for degradation of fluometuron and monolinuron, respectively. In another example, Oturan et al. [START_REF] Oturan | Production of hydroxyl radicals by electrochemically assisted Fenton's reagent. Application to the mineralization of an organic micropollutant, pentachlorophenol[END_REF] used a different standard competitor, the salicylic acid (with (kabs(SA) = 2.2 × 10 10 M -1 s -1 ), and found a rate constant of 3.6 × 10 9 M -1 s -1 for the pentachlorophenol degradation by EF process. These values were also close to those obtained for diuron degradation by the EF process (kabs (DIU) = 4.8 × 10 9 M - value can be assigned to the high oxidation power and non-selective character of • OH generated during the process and explain the rapid degradation of thiram after only 5 min of electrolysis.

TOC removal kinetics and mineralization efficiency

In order to determine the mineralization rate, TOC evolution of 19.2 mg L -1 (0.08 mM; TOC0 = 5.8 mg L -1 ) thiram solution was followed until 8 h of electrolysis by increasing the current intensity from 50 to 1000 mA (Fig. 2). As can be seen in Fig. 2a, the solution TOC decreased slowly with electrolysis time in the case of Pt anode, reaching from 44.4% to 68.2% removal rates for currents between 50 and 1000 mA, after 8 h of electrolysis. In contrast, the TOC removal efficiency is significantly higher, even in low currents, in the case of BDD anode (Fig. 2b). For example, 71.7% of solution TOC was removed at 50 mA, which is higher than the maximum value of 68.2% obtained at 1000 mA with Pt anode. The TOC removal rate increased with current and attained 92% for 1000 mA at 8 h. This value highlights a quasi-complete mineralization of the solution since the remaining TOC is formed of short-chain carboxylic acids which are non-toxic and biodegradable. These results evidence the major role of BDD( • OH) in the mineralization of thiram solution which is also confirmed by data shown in Fig. 2c.

Mineralization rate reached with anodic oxidation using BDD anode is close to the results obtained with electro-Fenton (Fig. 2b).

The mineralization rate of 68.2% obtained with Pt anode at 1000 mA current seems to be significantly lower compared to the literature. For instance, mineralization rates of 80% and 90% were reported by Diaw et al. [START_REF] Diaw | Removal of the herbicide monolinuron from waters by the electro-Fenton treatment[END_REF] and Oturan et al. [START_REF] Oturan | Electro-Fenton oxidation of para-aminosalicylic acid: Degradation kinetics and mineralization pathway using Pt/carbon-felt and BDD/carbon-felt cells[END_REF] for monolinuron and para-aminosalicylic acids, respectively, by EF treatment with Pt anode at 1000 mA. The low value of rate constant found for thiram can be explained by its aliphatic structure. Indeed, the homogeneous • OH are quite reactive to mineralize aromatic compounds but they have a lower mineralization power against aliphatic compounds. Moreover, Pt anode has a low overvoltage for O2-evolution reaction and promotes oxidation of water to O2 instead of formation of large amount of Pt( • OH). In addition, these Pt( • OH) are chemisorbed at the anode surface, thus reducing their availability for reaction with target organic compounds [START_REF] Panizza | Application of diamond electrodes to electrochemical processes[END_REF][START_REF] Oturan | Unprecedented total mineralization of atrazine and cyanuric acid by anodic oxidation and electro-Fenton with a boron-doped diamond anode[END_REF][START_REF] Solano | Decontamination of real textile industrial effluent by strong oxidant species electrogenerated on diamond electrode: viability and disadvantages of this electrochemical technology[END_REF]. On the other hand, aliphatic compounds can be effectively mineralized when using BDD anode, particularly at high currents [START_REF] Oturan | Unprecedented total mineralization of atrazine and cyanuric acid by anodic oxidation and electro-Fenton with a boron-doped diamond anode[END_REF][START_REF] Solano | Decontamination of real textile industrial effluent by strong oxidant species electrogenerated on diamond electrode: viability and disadvantages of this electrochemical technology[END_REF][START_REF] Garcia-Segura | Mineralization of the recalcitrant oxalic and oxamic acids by electrochemical advanced oxidation processes using a boron-doped diamond anode[END_REF]. In this case, the formation of large quantities of BDD( Besides, the slower mineralization kinetics observed on longer electrolysis time can be explained by the enhanced limitation from mass transfer to the anode when the bulk concentration decreases, as well as by the formation of by-products (mainly carboxylic acids) with slower degradation kinetics [START_REF] Sirés | Degradation of clofibric acid in acidic aqueous medium by electro-Fenton and photoelectro-Fenton[END_REF][START_REF] Howard | Handbook of Environmental Fate and Exposure Data for Organic Chemicals: Pesticides[END_REF]. In addition, some byproducts such as dimethyldithiocarbamate [START_REF] Howard | Handbook of Environmental Fate and Exposure Data for Organic Chemicals: Pesticides[END_REF] could form a complex with ferric ions and delay the regeneration of ferrous ions, which would subsequently decrease the mineralization kinetic.

To evaluate the mineralization efficiency of the EF process in thiram removal, the MCE was assessed by using the Eq. 7, taking into account the number n of electron exchanged by mole of thiram according to the mineralization reaction (Eq. 15). C6H12N2S4 + 28 H2O → 6 CO2 + 4 SO4 2─ + 2NH4 + + 60 H + + 54 e¯ (15)

The evolution of MCE% was depicted in Figs. 3b, 3d and 3f for EF-Pt, EF-BDD and AO-BDD, respectively. MCE% values are relatively higher for short electrolysis times and low currents and decrease strongly at high currents of 300-1000 mA. The EF with BDD anode showed better MCE% in accordance with its high mineralization efficiency followed by anodic oxidation process while EF with Pt anode exhibited low mineralization efficiency. These results are consistent with the mineralization rates obtained with Pt and BDD anodes.

The energy consumption (Ec) in kWh per gTOC removed was larger with Pt anode than with BDD anode (Table 1) in agreement with TOC removal rate at the same currents and electrolysis times. Anodic oxidation with BDD anode provided Ec results close to those obtained in EF-with BDD. Overall the Ec values are low, however, it is relatively high at high currents indicating that mineralization efficiency could be affected by wasting reactions [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF]Electro-Fenton Process: New Trends and Scale-Up[END_REF], as shown in Eqs. ( 11) and ( 16), as well as side reactions (Eqs. ( 10) and ( 12)) and formation of Fe(III) carboxylic acid complexes [START_REF] Mook | Removal of total ammonia nitrogen (TAN), nitrate and total organic carbon (TOC) from aquaculture wastewater using electrochemical technology: A review[END_REF][START_REF] Pérez | Kinetic study of the simultaneous electrochemical removal of aqueous nitrogen compounds using BDD electrodes[END_REF][START_REF] Özcan | Complete removal of the insecticide azinphosmethyl from water by the electro-Fenton method -A kinetic and mechanistic study[END_REF][START_REF] Diagne | Removal of methyl parathion from water by electrochemically generated Fenton's reagent[END_REF][START_REF] Mousset | Fate of inorganic nitrogen species under homogeneous Fenton combined with electro-oxidation/reduction treatments in synthetic solutions and reclaimed municipal wastewater[END_REF][START_REF] El-Ghenymy | Optimization of the electro-Fenton and solar photoelectro-Fenton treatments of sulfanilic acid solutions using a pre-pilot flow plant by response surface methodology[END_REF][START_REF] Brillas | Electrochemical destruction of chlorophenoxy herbicides by anodic oxidation and electro-Fenton using a boron-doped diamond electrode[END_REF][START_REF] Olvera-Vargas | A pre-pilot flow plant scale for the electro-Fenton and solar photoelectro-Fenton treatments of the pharmaceutical ranitidine[END_REF][START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: A Review[END_REF]. Nonetheless, the use of renewable energies such as solar and wind can reduce energy cost [START_REF] Ganiyu | The use of renewable energies driving electrochemical technologies for environmental applications[END_REF].

The formation of the recalcitrant complexes could retard the mineralization in the case of Pt anode, leading to an increase of the consumed energy. According to Sirés et al. [START_REF] Sirés | Catalytic behavior of the Fe 3+ /Fe 2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF],

these Fe(III)-carboxylato complexes might be easily destroyed by BDD ( • OH), but difficultly by homogeneous • OH or by Pt( • OH). Thus, oxidation efficiency can be inhibited with a major consequence of increasing energy consumption, mainly in the case of Pt anode [17-19, 58, 59]. In addition, supplementary oxidative species such as sulfate radicals (SO4 -• ) can form in the medium (Eq. 17) by interaction between BDD anode and sulfate ions [START_REF] Divyapriya | Electrochemically generated sulfate radicals by boron doped diamond and its environmental applications[END_REF] which from electrolyte (Na2SO4) and catalyst (FeSO4) used. SO4 -• (E • = 2.44 V|SHE) is slightly milder than • OH but its electrophilic nature and long lifetime (30-40 ns) offer a great opportunity for wastewater treatment. The efficiency of treatment with BDD can be explain by the simultaneous production of • OH and possible electrogeneration of SO4 -• (Eqs. ( 18) and ( 19)) during electrolysis.

H2O2 + • OH → H2O + HO2 • (16) BDD + SO4 2-→ BDD-SO4 -• + e - (17) 
HSO4 -+ BDD( • OH) → SO4 -• + H2O (18) 
H2SO4 + BDD( 

Formation and evolution of generated carboxylic acids and inorganic ions

Treatment of organic compounds by electrochemical advanced oxidation processes generally leads to the formation of carboxylic acids as end-products before mineralization. Oxalic, acetic, malonic or oxamic (in case of N-containing compounds) are the most frequently generated short-chain carboxylic acids. However, the structure of thiram (without aromatic moiety and unsaturated bonds) does not lead to the formation of such carboxylic acids. Therefore, only the formic acid (in good agreement with the carbonic chain of thiram) was detected during mineralization experiments. Fig. 3 shows the formation and accumulation of a weak quantity of formic acid (0.008 mM after 1-h electrolysis) because of its subsequent mineralization. This result confirms the rapid transformation of thiram into CO2 molecules, due mainly to the non-selective oxidation of aliphatic chains by M( • OH) at the vicinity of the BDD anode.

Mineralization of thiram also led to the formation of inorganic ions, including sulfate (SO4 2-), ammonium (NH4 + ), nitrate (NO3 -) and nitrite (NO2 -) ions (Fig. 3). It is worthy to note that thiram desulfurization led to the formation of about 0.31 mM SO4 2- ion after 8 h of electrolysis corresponding to almost total S atom concentration of the initial solution, in agreement with the presence of four S atoms in the thiram molecule.

The sum of N-containing ions reached a maximum concentration of 0.16 mM ([NO2 -] + [NO3 -] + NH4 + ]) after 1 h of electrolysis, corresponding to the total nitrogen concentration from the initial molecule (two N atoms). This result indicates that all the nitrogen was rapidly removed from thiram. After the first hour of electrolysis, NO2 -and NO3 - concentrations decreased gradually, whereas NH4 + concentration increased progressively and reached a maximum concentration of 0.15 mM after 6 h electrolysis (Fig. 3). This phenomenon might be explained by the reduction of NO2 -(Eq. 20) and NO3 -(Eq. 21) ions into NH4 + at the carbon felt cathode [START_REF] Mook | Removal of total ammonia nitrogen (TAN), nitrate and total organic carbon (TOC) from aquaculture wastewater using electrochemical technology: A review[END_REF][START_REF] Pérez | Kinetic study of the simultaneous electrochemical removal of aqueous nitrogen compounds using BDD electrodes[END_REF]. Similar behavior was also observed by other researchers. For example, Özcan et al. [START_REF] Özcan | Complete removal of the insecticide azinphosmethyl from water by the electro-Fenton method -A kinetic and mechanistic study[END_REF] and Diagne et al. [START_REF] Diagne | Removal of methyl parathion from water by electrochemically generated Fenton's reagent[END_REF] reported same behavior during the EF treatment of the azinphosmethyl and methyl parathion insecticides, respectively. Mousset et al. [START_REF] Mousset | Fate of inorganic nitrogen species under homogeneous Fenton combined with electro-oxidation/reduction treatments in synthetic solutions and reclaimed municipal wastewater[END_REF] and El-Ghenymy et al. [START_REF] El-Ghenymy | Optimization of the electro-Fenton and solar photoelectro-Fenton treatments of sulfanilic acid solutions using a pre-pilot flow plant by response surface methodology[END_REF] 

Identification of thiram by-products and mineralization pathways

Several thiram by-products formed during the oxidative degradation of thiram by EF treatment were detected by GC-MS analysis, after extraction with ethyl acetate. Among them, five intermediates, including carbon disulfide (I), 1,1,2,2-tetramethylhydrazine (II), N,N-dimethylthiocarbamoic acid (III), dimethyldithiocarbamate (IV) and N,Ndimethyl S-hydroxydithiocarbamate (V), were identified by means of mass spectrum characteristics (Table 2). Figure 4 shows the mass spectra of the solution containing thiram by-products obtained by EF treatment with a BDD anode after 5 min (Fig. 4) and 10 min (insert of Fig. 4), respectively, at 50 mA. Based on the identified by-products, a plausible mineralization pathway was proposed (Fig. 5). Oxidative degradation of thiram by • OH led to the cleavage of C-N bonds, yielding dimethyl-amine radicals that conducts to the formation of the dimer II after rearrangement (Table 2). Compound IV was obtained by breaking the S-S bond under oxidative attack of • OH and then led to the formation of the carbon disulfide (I) through breaking of N-C bond. The appearance of these three by-products took place in acidic medium (pH = 3), in agreement with former results from Joris et al. [START_REF] Joris | Decomposition of monoalkyl dithiocarbamates[END_REF]. Moreover, oxidation of compound IV might led to the formation of compound III in its two mesomeric forms, considered as an alcohol-protecting group [START_REF] Barma | Dimethylthiocarbamate (DMTC): An alcohol protecting group[END_REF]. In addition, compound IV might undergo hydroxylation and yield compound V, which appeared after a 10-min electrolysis. These by-products are in agreement with those already reported in literature [START_REF] Howard | Handbook of Environmental Fate and Exposure Data for Organic Chemicals: Pesticides[END_REF][START_REF] Joris | Decomposition of monoalkyl dithiocarbamates[END_REF][START_REF] Dalvi | Toxicologic implications of the metabolism of thiram, dimethyldithiocarbamate and carbon disulfide, mediated by hepatic cytochrome P450 isozymes in rats[END_REF][START_REF] Gupta | Degradation of thiram in water, soil and plants: a study by high performance liquid chromatography[END_REF] during degradation of thiram by other methods. For example, some studies have reported the degradation of thiram by microbial action and by hydrolysis in acidic soils [START_REF] Howard | Handbook of Environmental Fate and Exposure Data for Organic Chemicals: Pesticides[END_REF]. The main thiram metabolites obtained under these conditions were dimethyldithiocarbamate, dimethyl-amine and carbon disulfide (CS2). The by-products I and IV were also reported by Dalvi et al. [START_REF] Dalvi | Toxicologic implications of the metabolism of thiram, dimethyldithiocarbamate and carbon disulfide, mediated by hepatic cytochrome P450 isozymes in rats[END_REF] during biological degradation in order to investigate their toxicity [START_REF] Hodgson | Cytotoxicity studies on dithiocarbamate fungicides[END_REF].

On the other hand and contrary to aromatic compounds, which lead to the formation of several carboxylic acids, only formic acid was detected as short-chain carboxylic acid during mineralization of thiram in the EF process, because thiram includes only -CH3 group as the longest carbon-chain. The mineralization experiments led also to the formation of different inorganic ions such as sulfate, ammonium, nitrate and nitrite ions (Fig. 5) according to the presence of S and N atoms in the mother pollutant. 

Conclusions

Rapid and efficient degradation of aqueous solutions of thiram was successfully performed using the EF process. Thiram degradation by EF process with both Pt and BDD and carbon felt cathode was achieved within 5 min using a current of 300 mA. However, Pt anode behaved unable to mineralize effectively thiram solution because of the lower mineralization capacity of homogeneous • OH to mineralize aliphatic compounds. In contrast, efficient mineralization was achieved when using BDD anode, due mainly to the production of large amounts of heterogeneous BDD( • OH) at the surface of this electrode.

By increasing the current applied from 300 to 1000 mA, almost complete mineralization rate (> 90%) was obtained in both EF and anodic oxidation with BDD anode. 

Fig. 1 -

 1 Fig. 1-Effect of current on the thiram degradation kinetics during EF process with Pt (a) and BDD (b) anodes. [Thiram]0 = 0.08 mM; [Na2SO4] = 50 mM; [Fe 2+ ] = 0.1 mM; pH = 3; V = 230 mL.

  13 and 14) by • OH took place competitively, obeying to pseudo-first order kinetics. Because of the very short lifetimes of • OH, its concentration may be considered in a quasi-stationary state. Thiram + • OH → products d[TH]/dt = kapp(TH) [TH] [ • OH] (13) HBA + • OH → products d[HBA]/dt = kapp(HBA) [TH] [ • OH] (14) The thiram degradation absolute rate constant value was thus calculated as kabs(TH) = 5.54 (± 0.03) 10 9 M -1 s -1 from the slope of the linear plot of (Ln [TH]0/[TH]t = f (Ln([HBA]0/[HBA]t)) (Fig. SM-1

Fig. 2 -

 2 Fig. 2-Evolution of TOC and MCE during treatment of 0.08 mM thiram solution: EF with Pt (a), EF with BDD (c) and anodic oxidation with BDD anode (e). Figures (b), (d) and (f) show the evolution of the corresponding MCE as a function of current and electrolysis time. Experimental conditions: pH 3; [Fe 2+ ] = 0.1 mM; [Na2SO4] = 50 mM; V = 230 mL.

Fig. 3 -

 3 Fig. 3-Evolution of formic acid (----) and inorganic ions: (-♦-) SO4 2-; (-■-) NH4 + ; (-∆-) NO3 -; and (-•-) NO2 -, formed during the EF treatment of 0.08 mM thiram. Experiments were conducted using 0.1 mM FeCl3 (as catalyst source) and 50 mM NaCl (as electrolyte) in order to avoid the interference with sulfate detection. Other conditions: BDD anode, I = 500 mA, pH = 3, and V = 230 mL.

Fig. 4 -

 4 Fig. 4-Mass spectra of 19.2 mg L -1 (0.08 mM) thiram by-products solution obtained after 5 and 10 min (insert) electrolyzes by the EF process with BDD anode at applied current of 50 mA.

2 Fig. 5 -

 25 Fig. 5-Plausible mineralization pathways of thiram by • OH/M( • OH) generated during the EF process using BDD anode at 50 mA and pH 3.

  The attack of thiram by hydroxyl radicals obeyed to a pseudo-first order reaction kinetics, and the thiram degradation was rapid, as highlighted by the high value of the absolute rate constant (kabs (TH) = 5,54 (± 0,03) 10 9 M -1 s -1 ). Based on GC-MS analysis of thiram organic by-products as well as ionic chromatography analysis of inorganic ions, a plausible thiram mineralization mechanism was proposed. Monitoring TOC during mineralization experiments also permitted to determine the mineralization current efficiency (MCE) and energy consumption (Ec) values during thiram electrolysis. The knowledge of these parameters at laboratory scale might provide an insight of the economic cost of the EF process for the treatment of industrial effluents. The results obtained confirm that the EF method constitutes a good prospect for environmental safety in treatment of toxic/persistent organic pollutants.

Ø

  Homogeneous vs heterogeneous • OH Ø Reactivity of an aliphatic pollutant Ø Mineralization pathway

2.2.2. Chromatographic analysis

  

	The anode was
	either a Pt cylindrical grid or a 24-cm 2 BDD thin film prepared by HF CVD (hot filament
	chemical vapor deposition technique) and deposited on conductive Nb substrate
	(CONDIAS, Germany) placed in the center of the electrochemical cell. Aqueous solutions
	(50 mM) of Na2SO4 or NaCl were used as electrolytes, and the pH was adjusted to 3.0.
	All the experiments were conducted in triplicate and the average values (with standard
	deviations below 3%) were used in the figures
	Electrochemical degradation of thiram was monitored by HPLC set to 224 nm,
	using a Merck Lachrom liquid chromatograph, equipped with a diode array detector
	(DAD model L-7455) and fitted with a L-7100 model pump and a reverse-phase
	Purospher RP-18.5 μm, 4.6 mm (internal diameter), 250 mm column placed in a L-7350
	model oven (Merck) at 40°C. The mobile phase was a binary mixture water-methanol
	35:65 v/v, at a flow rate of 0.7 mL min -1 and under 170 bar pressure. Chromatograms
	were treated with an EZChrome Elite software. Under these operating conditions, thiram
	exhibited a well-defined chromatographic peak at the retention time of 4.8 min. The
	generated aliphatic acids were identified and quantified by ion-exclusion HPLC, using an
	Altech liquid chromatography equipped with a 300-mm Supelcogel H column (ϕ = 7.8)

Table 1 .

 1 Evolution of energy consumption (Ec) in kWh per gTOC with current during the treatment of thiram solutions by EF and anodic (AO) processes as a function of electrolysis time, under the operating conditions of Fig. 2.

		Current		Electrolysis time (h)		
	Process	(mA)	1	2	4	6	8
	EF-Pt	50	0.87	0.96	1.09	1.23	1.47
		100	1.21	1.44	1.97	2.35	2.67
		300	4.00	4.83	6.93	8.60	9.76
		500	7.40	8.97	12.80	17.02	19.80
		1000	13.80	18.50	27.77	36.23	46.21

• OH) → SO4 -• + H3O +

[START_REF] Oturan | Electro-Fenton Process: Background, New Developments and Applications[END_REF] 

Table 2 .

 2 GC-MS identification of thiram by-products formed during the EF oxidation of a 19.2 mg L -1 (0.08 mM) initial thiram solution.

	By-products	Structures	Rt a ( min)	m/z
	carbon disulfide (I)		3.11	77
	1,1,2,2-tetramethylhydrazine (II)		3.18	88
	N,N-			
	dimethylthiocarbamoic acid (III)		16.77	105
	N,N-dimethyldithiocarbamate		23.59	121
	(IV)			
	N,N-dimethyl S-			
	hydroxydithiocarbamate (V)		12.19	135

a Rt = retention time

s -1 ) and by the photo-EF process (kabs(DIU) = 4.75 × 10 9 M -1 s -1 )[START_REF] Oturan | Comparative study of degradation of herbicide diuron residues in water by various Fenton's reaction-based advanced oxidation processes[END_REF][START_REF] Oturan | Kinetics of oxidative degradation/mineralization pathways of the phenylurea herbicides diuron, monuron and fenuron in water during application of the electro-Fenton process[END_REF][START_REF] Oturan | Oxidative degradation of herbicide diuron in aqueous medium by Fenton's reaction based advanced oxidation processes[END_REF]. This high
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