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Improvement of the biodegradability of diatrizoate by electroreduction of its amido groups
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The occurrence of iodine X-ray contrast media (ICM) in the environment is a global concern since they can be transformed into toxic compounds during water disinfection process. Among the different approaches that have been tested to degrade them, electroreduction offers the advantages to be selective, targeting in a cost-effective way the functional groups responsible for ICM biorecalcitrance and allowing the recovery of iodide ions. We have previously shown that total deiodination of diatrizoate, a highly biorecalcitrant ICM, did not lead to a significant enhancement of its biodegradability. In this work, the electroreduction of amido groups of diatrizoate was attempted to further improve its biodegradability. Electrolyses of diatrizoate and its deiodinated derivative, were investigated in neutral and acidic medium. A total deiodination of diatrizoate was rapidly achieved in both media along with a slower

Introduction

Iodine X-ray contrast media (ICM) are applied for medical intravascular imaging to enhance the visibility of X-ray pictures. Among them, diatrizoate (DTR) is one of the three most extensively used ionic contrast agent. Its structure is composed of three iodine atoms attached on a benzene ring, which is responsible for X-ray absorption, and two acetamide groups and an acetic acid to improve its solubility in water (Scheme 1) [START_REF] Yu | Metal-based X-ray contrast media[END_REF][START_REF] Estep | 1, 3, 5-Trialkyl-2, 4, 6triiodobenzenes: Novel X-ray contrast agents for gastrointestinal imaging[END_REF]. The global consumption of ICM in the world reaches 3500 tons each year due to the high-dose administration (200 g) for a single examination. Owing to its high resistance to metabolism in the human body, diatrizoate, as most injected ICM, is excreted by patient through urines in 24 hours [START_REF] Steger-Hartmann | Environmental risk assessment for the widely used iodinated X-ray contrast agent iopromide (Ultravist)[END_REF][START_REF] Pérez | Fate and occurrence of X-ray contrast media in the environment[END_REF]. Without a special treatment to separate them from the hospital wastewater, ICM are usually discharged into wastewater treatment plants (WWTPs). However, they can pass the WWTPs without substantial transformation and be discharged into the water system at a relatively high concentration [START_REF] Seitz | Monitoring of iodinated X-ray contrast media in surface water[END_REF][START_REF] Carballa | Behavior of pharmaceuticals, cosmetics and hormones in a sewage treatment plant[END_REF][START_REF] Drewes | Occurrence of iodinated X-ray contrast media in domestic effluents and their fate during indirect potable reuse[END_REF]. Although their ecotoxicity has to be confirmed, it has been shown that they are transformed into toxic products during drinking water disinfection process [START_REF] Jeong | The impact of iodinated X-ray contrast agents on formation and toxicity of disinfection by-products in drinking water[END_REF]. Considering their environmental risk, it is thus urgent to develop methods to remove ICM from the water system.

Various approaches have been attempted to treat ICM such as biological treatments, advanced oxidation processes (AOPs) and reductive deiodination process. The biological treatment of diatrizoate received less attention since it is a strong biorecalcitrant pollutant [START_REF] Kalsch | Biodegradation of the iodinated X-ray contrast media diatrizoate and iopromide[END_REF]. AOPs treatment of diatrizoate have been widely investigated and high degradation yields have been achieved. For example, a removal yield of 95% could be obtained by UV/chlorine treatment [START_REF] Hu | Degradation kinetics of diatrizoate during UV photolysis and UV/chlorination[END_REF]. Even if the degradation of diatrizoate can be efficient, its mineralization can be difficult to reach due to its recalcitrance to hydroxyl radicals [START_REF] Zhou | Investigations of diatrizoate degradation by photo-activated persulfate[END_REF][START_REF] Sugihara | TiO2-photocatalyzed transformation of the recalcitrant X-ray contrast agent diatrizoate[END_REF]. Moreover, AOP mechanisms generate strong oxidation radicals that non-selectively attack diatrizoate, leading to toxic by-products such as dichloroacetonitrile, chloroform and iodoform [START_REF] Hu | Degradation kinetics of diatrizoate during UV photolysis and UV/chlorination[END_REF][START_REF] Zhou | Investigations of diatrizoate degradation by photo-activated persulfate[END_REF][START_REF] Sugihara | TiO2-photocatalyzed transformation of the recalcitrant X-ray contrast agent diatrizoate[END_REF][START_REF] Hu | Degradation kinetics of diatrizoate during UV photolysis and UV/chlorination[END_REF].

Reductive deiodination of diatrizoate has been also investigated since it allows an improvement of its biodegradability and the possible recovery of iodide ions, which is particularly interesting to reduce its production cost [START_REF] Radjenovic | Removal of the Xray contrast media diatrizoate by electrochemical reduction and oxidation[END_REF][START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds[END_REF]. Furthermore, electrochemical reduction processes are particularly promising due to the decreasing cost of renewable electricity, while no extra chemicals is needed [START_REF] Singh | Role of Electrocatalysis in the Remediation of Water Pollutants[END_REF][START_REF] Geneste | Catalytic electrochemical pre-treatment for the degradation of persistent organic pollutants[END_REF][START_REF] Zhang | Electro-reductive deiodination of iohexol catalyzed by vitamin B12 and biodegradability investigation[END_REF].

We previously reported that diatrizoate can be totally deiodinated by electroreduction on a graphite felt electrode in a flow cell [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds[END_REF]. The biodegradability of the resulting deiodinated derivative was improved compared to diatrizoate. However, when the electroreduced solution was treated with activated sludge in a laboratory-scale system, the mineralization was still not complete. We previously suspected N-aryl amide groups to reduce the biodegradability of deschloroalachlor, the dechlorinated derivative of alachlor, a pesticide pollutant [START_REF] He | A new bipyridyl cobalt complex for reductive dechlorination of pesticides[END_REF][START_REF] He | Reductive dechlorination of a chloroacetanilide herbicide in water by a Co complex-supported catalyst[END_REF][START_REF] He | Reductive dehalogenation of a chloroacetanilide herbicide in a flow electrochemical cell fitted with Ag-modified Ni foams[END_REF][START_REF] Lou | Alachlor dechlorination prior to an electro-Fenton process: Influence on the biodegradability of the treated solution[END_REF]. Regarding this possibility, we decided to investigate the selective electroreduction of the N-aryl amide groups of diatrizoate and the biodegradability of the resulting products.

Few articles focused on the electrocatalytic reduction of aromatic amides. Many metals such as lead, mercury, zinc, aluminum, bismuth, copper, nickel, iron, and cobalt have been tested [START_REF] Swann | The Electrolytic Reduction of Amides: I. N, N-Dimethylvaleramide and Acetanilide[END_REF][START_REF] Swann | Electrolytic Reduction of Amides: II. p-Aminobenzanilide and Anisamide[END_REF]. Among them, lead was highlighted as the best catalyst leading to good performances for amide reduction and having interesting intrinsic properties such as a flexible shape, a chemical inertness against corrosion, a low cost and a relatively high overpotential toward hydrogen evolution. Besides, it has been widely used as cathode for the electrocatalytic reduction of maleic acid into succinic acid [START_REF] Vaghela | Electrolytic synthesis of succinic acid in a flow reactor with solid polymer electrolyte membrane[END_REF], and of carbon dioxide into formate [START_REF] Alvarez-Guerra | Continuous electrochemical reduction of carbon dioxide into formate using a tin cathode: Comparison with lead cathode[END_REF][START_REF] Innocent | Electro-reduction of carbon dioxide to formate on lead electrode in aqueous medium[END_REF][START_REF] Choi | Electrochemical reduction of carbon dioxide to formate on tin-lead alloys[END_REF], for dechlorination [START_REF] Zhang | Dechlorination of polychlorinated biphenyls by electrochemical catalysis in a bicontinuous microemulsion[END_REF], as well as for reductive deoxygenation of aromatic amides [START_REF] Swann | The Electrolytic Reduction of Amides: I. N, N-Dimethylvaleramide and Acetanilide[END_REF][START_REF] Swann | Electrolytic Reduction of Amides: II. p-Aminobenzanilide and Anisamide[END_REF][START_REF] Edinger | Electrochemical deoxygenation of aromatic amides and sulfoxides[END_REF]. Thus, aryl amides have been reduced into their aryl amine derivatives in acidic medium with yields ranging from 39 to 63% [START_REF] Swann | The Electrolytic Reduction of Amides: I. N, N-Dimethylvaleramide and Acetanilide[END_REF][START_REF] Swann | Electrolytic Reduction of Amides: II. p-Aminobenzanilide and Anisamide[END_REF].

To the best of our knowledge, the electroreduction of aromatic amide to treat pollutants has never been attempted. In this regard, the present work aims to investigate the possibility of electroreduction of diatrizoate on lead cathode to enhance its biodegradability.

Diatrizoate (DTR) 1

3,5-diacetamidobenzoic acid (DABA) 2 Scheme 1. Structure of diatrizoate and 3,5-diacetamidobenzoic acid

Materials and Methods

Chemicals and Materials

All chemicals used in this work were of analytical grade. Anhydrous sodium sulfate (Na 2 SO 4 ) 99%, sodium diatrizoate acid and 3,5-diacetamidobenzoic acid (DABA)

were purchased from Sigma-Aldrich (France). Dimensionally stable anodes (DSA), AC-2004, were supplied by ECS International Electro Chemical Services, France.

Methods

Electroreduction process

The electroreduction reaction was performed in a cuboid glass cell with a cation exchanged membrane (Nafion TM 417, France) dividing into anode and cathode compartments (Fig. 1).

Fig. 1. Electrochemical cell with separated compartments

The total empty volumes for cathodic and anodic compartments are 80 for each of them. Before the electrolysis, lead plate (2 cm × 5 cm) was dipped in a solution containing 30 % hydrogen peroxide and 70% acetic acid for 10 -15 s to remove the oxide layer, and then rinsed with deionized water. DSA anode with a higher surface than lead was positioned parallel to the cathode. The distance between anode and cathode was fixed to 5 cm for all experiments. Saturated Calomel Electrode (SCE) as a reference electrode was closed to the lead cathode. The working electrode, counter electrode and reference electrode were connected through a potentiostat (VersaSTAT The concentration of released iodide ions was measured by an ion chromatography (IC) system (DIONEX DX120 equipped with a conductivity detector and a DIONEX AS19 (4 × 250 mm) ion-exclusion column). The sample was eluted with potassium hydroxide at a flow rate of 1 mL min -1 . The detection was analyzed by conductivity with a Self-Regenerating Suppressor (SRS).

UPLC-MS/MS analysis

The degradation intermediates were identified by a LC-MS/MS ultra-high pressure liquid chromatography (Acquity UPLC-Waters) combined with a Waters Micromass Quattro Premier (Waters, Manchester UK) triple quadruple mass spectrometer as detector. The mass spectrometer functioned with an electrospray source in positive ionization mode with a cone potential of 30 V. The ionization source conditions were: capillary voltage of 3.0 kV and source temperature of 350°C. The cone and desolvation gas flows were 50 L h -1 and 750 L h -1 respectively. These values were obtained from a nitrogen source, the Peak Scientific NM30LA (Peak Scientific, Inchinann, United Kingdom). High-purity argon (99.99 %, Air Liquid, Paris, France)

was used as collision gas and was regulated at 0.1 mL min -1 . Analyses were conducted at full and daughter scan modes with a collision energy of 25 eV. Spectra were obtained ranging from 80 to 500 m/z and the data were analyzed by a Micromass Mass-Lynx 4.1 software. The UPLC system (Waters, Milford, MA, USA) consisted of an Acquity UPLC binary solvent manager, an Acquity UPLC sample manager as well as an Acquity UPLC column heater equipped with a Waters Acquity UPLC BEH Shield RP18 column (2.1 mm × 100 mm, 1.7 mm particle size) (Milford, MA, USA) maintained at 45 °C. The mobile phase were 0.1% formic acid in acetonitrile as eluent A and 0.1% formic acid in a mixture of MilliQ Water/Acetonitrile (90/10, v/v) as eluent B, pumped at a flow rate of 0.4 mL min -1 .

Chemical oxygen demand (COD) measurements

The Chemical oxygen demand (COD) was determined by a Nanocolor Test CSB 160 from Macherey-Nagel (Germany). The samples were added in an acidic K 2 Cr 2 O 7 solution tube then heated at 160°C for 30 min. After cooling, the values were red at 436 nm. Each sample was duplicated and the average value was taken.

Biodegradability evaluation

The biodegradability was evaluated by the ratio of Biological Oxygen Demand in 5 days (BOD 5 ) to Chemical Oxygen Demand (COD), which was performed in an incubator box set at the temperature of 20℃. Volume sample was considered after the electrochemical processes, it was kept in the fridge (4℃). Activated sludge (AC) were taken from the Beaurade wastewater treatment plant (Rennes, France). Before treatment, activated sludge had to be washed 8-10 times to remove the dissolved organic matter. For BOD 5 test, samples were added in 500 mL brown bottles containing the culture medium with orbital shaking (300 rpm). The composition of the BOD 5 culture medium was: MgSO 

Results and Discussions

Amide compounds have been previously reduced in strong acidic conditions by a 2 electrons, 2 protons transfer into their amino derivative according to Scheme 2 (Path 2)

[31].

Scheme 2. Electrochemical reduction of amides

A competitive reaction also occurs, leading to the formation of aldehyde and alcohol (Path 1). The selectivity of the reaction mainly depends on the structure of the amide compound and of the pH of the electrolytic medium [START_REF] Lund | Organic Electrochemistry[END_REF], strong acidity favoring the cathodic cleavage (Path 1).

Cyclic voltammetry analysis

The electroactivity of diatrizoate DTR and its deiodinated derivative 5diacetamidobenzoic acid (DABA) was first studied by cyclic voltammetry analysis in acidic and neutral media. A blank was first performed to study the electrochemical behavior of lead in these media (Fig. 2). In acidic medium, an anodic peak was observed at -0.42 V/SCE, corresponding to the oxidation of metallic lead to PbSO 4 [START_REF] Taguchi | Analysis for electrolytic oxidation and reduction of PbSO4/Pb electrode by electrochemical QCM technique[END_REF]. The resulting reduction peak at -0.63 V/SCE was due to the reduction of PbSO 4 into Pb. At pH=7, a large anodic peak appeared at -0.32 V/SCE, preceded by a small shoulder at around -0.64 V/SCE. This shoulder has been previously attributed to the formation of a thin layer of PbSO 4 on the electrode surface, whereas the large anodic peak has been assigned to the electroformation of Pb(OH) 2 and/or PbO [START_REF] Abd El Aal | Cyclic voltammetric behavior of the lead electrode in sodium sulfate solutions[END_REF][START_REF] El-Sherbini | Electrochemical behaviour of lead electrode in Na2SO4 solutions[END_REF]. The reduction peak at -0.88 V/SCE corresponded to the reduction of PbO and PbSO 4 into Pb. A small plateau attributed to the formation of lead hydride PbH 2 was observed just before hydrogen evolution.

0.38 mmol L -1 of diatrizoate was then added to the solution to test the catalytic activity of lead. A catalytic effect was observed in acidic medium (Fig. 3) with an onset at -1.44 V/SCE. Since deiodination of DTR occurs at relatively high potential [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds[END_REF], 0.38 mmol L -1 DABA was also added to check if other functional groups than carbon-iodine bound could be reduced on lead. An increase of the current was also observed, showing that a reduction process also occurred on the deiodination compound. The same analysis performed at pH 7 did not show an increase of the current intensity in the presence of diatrizoate, even at a concentration of 1.2 mM. However, to facilitate a further biological treatment, the electroreduction of DTR was first tested at pH 7 at high current densities. A total removal (99.8%) of DTR was obtained after 3h of electroreduction with a dehalogenation yield of 91%. The yield of 3,5-diacetamidobenzoic acid increased up to 20% and then slowly decreased. These results showed that reductive deiodination of DTR is fast in these conditions, which is consistent with the total deiodination of DTR on graphite felt at -1.3 V/SCE [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds[END_REF]. However, since the concentration of the resulting dehalogenated compound decreased, another reduction process also occurred.

Electroreduction of diatrizoate

To confirm these results, 35 mg L -1 3,5-diacetamidobenzoic acid DABA was electroreduced in the same conditions (Fig. 4b). A removal yield of 73 % was reached after 3h, confirming the reduction of other functional groups than the carbon-iodine bound in the DTR skeleton. For a better understanding of this reaction, the electroreduction of DABA was investigated in depth.

Electroreduction of DABA

Effect of current intensity on DABA electroreduction

The electroreduction of 35 mg L -1 DABA on lead was performed in 0.1 mol L -1

Na 2 SO 4 at current densities of -10, -20 and -30 mA cm -2 and was followed by HPLC monitoring (Fig. 5). The surface area of the peak increased with time for all studied current densities and the highest concentration was obtained for a current density of -20 mA cm -2 . Since the removal yields of DABA were nearly similar for -20 and -30 mA cm -2 current density (74 % and 85%) and the surface area of the new peak was higher for -20 mA cm -2 , these conditions were selected for biodegradability estimation.

Identification of by-products

LC-MS/MS was implemented to identify the by-products formed during the electroreduction of DABA. To be sure that all intermediate compounds were present, the electroreduction on lead was performed at -10 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 for 1h. Four main parent compounds were identified (Table 1) with mass (MH + ) of 237, 223, 180 and 263. To help the identification of the three main by-products, the fragmentations were also considered. 
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The first parent peak corresponded to 3,5-diacetamidobenzoic acid 2. The fragment ion at m/z 219 matched with a loss of a OH group and that at m/z 191 with a loss of a COOH group. The cleavage of an amide bound led to the fragment at m/z 177. The compound with a molecular mass (MH + ) of 223 was identified as compound 3, corresponding to a reduction of one amido group to an amine. The fragmentation was consistent with the structure of the parent compound. Indeed, the elimination of a OH group gave a fragment ion m/z of 205, which could lead to the peak at m/z 163 after the cleavage of an amido group. The parent compound at m/z 180 could not be identified. The molecular mass of 263 could correspond to the compound 4. Indeed, the fragment at m/z 204 could be due to the loss of an amido group.

According to the identification of the by-products, the following synthetic scheme 3 could be proposed: Scheme 3. Proposed electroreduction pathway based on UPLC-MS/MS analysis.

The formation of 3 consisted in a two-electron reduction involving two protons (Scheme 1 Path 1) [START_REF] Lund | Organic Electrochemistry[END_REF]. It is consistent with previous results, showing the electroreduction of amido groups on lead [START_REF] Swann | The Electrolytic Reduction of Amides: I. N, N-Dimethylvaleramide and Acetanilide[END_REF][START_REF] Swann | Electrolytic Reduction of Amides: II. p-Aminobenzanilide and Anisamide[END_REF][START_REF] Edinger | Electrochemical deoxygenation of aromatic amides and sulfoxides[END_REF].

Compound 4 could result from the addition of the hydrated form of acetaldehyde to the carboxylate group of DTR followed by the elimination of water. Indeed, acetaldehyde can be formed by reductive cleavage of an amido group of DTR.

Although aniline derivatives resulting from an amide cleavage (Scheme 1 Path 2)

were not found, the formation of 4 seems to show that this reaction is in competition with the electroreduction into amino groups.

Biodegradability evaluation of DTR and DABA after electroreduction in neutral medium

The biodegradability of DTR and DABA before and after electroreduction on lead cathode at -20 mA cm -2 for 3h was evaluated with the ratio of BOD 5 on COD (Fig. 7a). Indeed, a solution is considered as biodegradable if this ratio is higher than 0.4. As previously observed [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds[END_REF], at neutral pH, DTR exhibited a low BOD 5 /COD ratio, showing that it is not biodegradable. Similar results were obtained for its deiodinated derivative DABA and for the electrolyzed DTR solution. A slight increase was obtained for the electrolyzed DABA solution, although the BOD 5 /COD ratio remained very low compared with the threshold value 0.4, showing that the solution is still not biodegradable when electrolyses were conducted at pH 7.

Since electroreduction of DABA was not total in the conditions of electroreduction and the biodegradability was not significantly improved by the electroreduction process, we decided to perform the same experiments in acidic conditions at lower concentrations to enhance the degradation of DABA. Indeed, a proton source should improve the electrocatalytic process and also prevent the oxidation of the lead electrode [START_REF] Swann | The Electrolytic Reduction of Amides: I. N, N-Dimethylvaleramide and Acetanilide[END_REF][START_REF] Swann | Electrolytic Reduction of Amides: II. p-Aminobenzanilide and Anisamide[END_REF] and a lower concentration can influence the solution toxicity and then its biodegradability [START_REF] Prado | Evaluation of the toxicity of veterinary antibiotics on activated sludge using modified Sturm tests -application to tetracycline and tylosine antibiotics[END_REF].

Bulk electrolyses in 1% H 2 SO 4 (pH 1.3)

The electroreduction of 28 mg L -1 (46 mol L -1 ) diatrizoate (DTR) was performed in 1 % H 2 SO 4 (pH 1.3) on lead cathode at current intensities fixed at -10, -20 and -30 mA cm -2 . The pH of 1.3 was a good compromise between the need to decrease the pH to improve the reaction and the ease of increasing it to pH 7 before further biological experiments. The concentrations of DTR and by-products were followed by HPLC (Fig. 8). formed with a yield of 90% after 3h for a current density of -10 mA cm -2 . However, for a current density of -30 mA cm -2 , the concentration of DABA increased until 90 min of electrolysis and decreased to reach a yield of 29% after 3h. Meanwhile, the peak at 3.5 min increased when the electrolysis was performed at -30 mA cm -2 , whereas it remained very small at -10 mA cm -2 . These results show that the reductive deiodination of DTR happened first, as for electrolyses performed at pH 7 and further reduction occurred when a higher current density was used.

To go further in the second electroreduction process of DTR, its dehalogenated derivative 10 ppm (42 mol L -1 ) 3,5-diacetamidobenzoic acid was electroreduced in the same conditions (Fig. 9). Its removal yield increased with the current density, reaching 85% for -30 mA cm -2 after 3h. The peak at 3.5 min was the only by-product detected by HPLC and corresponded to the same by-product observed by HPLC during DTR electroreduction. It increased with time for the highest current density.

This result clearly showed that this main by-product with a retention time of 3.5 min did not contain iodine atom. The electroreduction of DABA in acidic medium at -30 mA cm -2 gave rise to a removal yield of 85% as in neutral medium, even if the initial concentration was 3.5 lower. The peak area of the main by-product was also lower (2.7 × 10 5 against 6.7 × 10 5 ) due to the lower initial concentration of DABA. Contrary to what was expected, these results seem to show that the efficiency of the electroreduction process was not significantly improved in acidic medium.

Biodegradability evaluation of DTR and DABA after electroreduction in acidic medium

Although the efficiency of the reduction of DABA was similar in neutral and acidic conditions, comparison of BOD 5 /COD ratio in both media highlighted some differences (Fig 7b). The BOD 5 /COD ratio remained low for DTR even if the concentration was divided by four but slightly increased for 10 mg L -1 DABA, although the solution was still not biodegradable. In contrast, an enhancement of the biodegradability was clearly obtained after electroreduction of DTR and DABA with BOD 5 /COD ratios of 0.38 and 0.50, respectively. Since reduction processes in neutral and acidic media were equally effective, we attributed the higher biodegradability of the solution to the lower initial concentrations of DTR and DABA used for the electrolyses performed in acidic medium. Indeed, it has been previously shown that the toxicity and then the biodegradability can be linked to the concentration of the compounds in solution [START_REF] Prado | Evaluation of the toxicity of veterinary antibiotics on activated sludge using modified Sturm tests -application to tetracycline and tylosine antibiotics[END_REF][START_REF] Yahiat | Removal of antibiotics by an integrated process coupling photocatalysis and biological treatment -Case of tetracycline and tylosin[END_REF]. Due to these encouraging results and since the values were close to 0.4, a biological treatment was performed to confirm the biodegradability of the electrolyzed solutions when lower concentrations of DTR and DABA were used.

Biological treatment

A biological treatment of 28 mg L -1 (46 mol L -1 ) DTR, 10 mg L -1 (42 mol L -1 )

DABA and the corresponding electroreduced solutions was carried out with activated sludge over a period of 21 days. The biodegradation of the solutions were monitored by TOC measurement (Fig. 10). As previously observed [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds[END_REF][START_REF] Haiß | Biodegradability of the X-ray contrast compound diatrizoic acid, identification of aerobic degradation products and effects against sewage sludge micro-organisms[END_REF], DTR was not mineralized, confirming its biorecalcitrance. The TOC value of the deiodinated compound DABA was also relatively stable, which underlines that a total deiodination of DTR is not enough to significantly improve the biodegradability of DTR [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds[END_REF]. After electroreduction, the mineralization yields rapidly increased, confirming the BOD 5 /COD results and reached after 5 days around 10% and 40% for DTR and DABA, respectively. Then, they were stable until the 13 th day and increased again to 46% and 68%, respectively after a 21 days culture period. The 8 days period of stability probably corresponded to an acclimatization step of microorganism to the residual by-products [START_REF] Salles | Relevance of an electrochemical process prior to a biological treatment for the removal of an organophosphorous pesticide, phosmet[END_REF].

Interestingly, the biodegradation of by-products after electroreduction of DTR and DABA was significantly improved compared with the initial compounds, especially for electrolyses performed on DABA. These results show that the total removal of DABA, even if it does not correspond to a total reduction of both amido groups, was enough to significantly increase the biodegradability of the solution. Therefore, the simultaneous reduction of the carbon-iodide bounds with amide reduction is promising to achieve a total degradation of DTR.

Conclusions

The electroreduction of diatrizoate was performed at high current densities on lead electrode to reduce both the carbon-iodine bounds and the amido groups of the molecule for biodegradability improvement. A total deiodination of DTR was rapidly achieved along with slower electroreduction of amido groups. For a better understanding of the second reduction process, the electroreduction of the deiodinated derivative 3,5-diacetamidobenzoic acid (DABA) was also studied. A removal yield of 85% of DABA was achieved in neutral and acidic medium, although a 3.5 times lower initial concentration of DABA was used in acidic medium, showing that a higher concentration of protons did not improve significantly the electroreduction process.

The analysis of by-products by LC-MS/MS revealed that the amido group was reduced into a methylene amine but could also undergo an amide cleavage. The biodegradability estimated by the BOD 5 /COD ratio was low for both DTR and DABA solutions but was improved after the electroreduction process performed in acidic medium. Such enhancement of the biodegradability was not observed after the electroreduction performed in neutral medium. This difference of behavior could be explained by the lower concentration of remaining DTR and DABA in the electrolytic medium. The enhancement of biodegradability by electroreduction was confirmed by the biological treatment on activated sludge that led to mineralization yields of 46% and 68%, for electroreduced DTR and DABA, respectively, after 21 days of incubation. These first results underline the interest of the selective electroreduction of amido groups to improve the biodegradability of ICM. Therefore, the coupling between a selective electrochemical process and a biological treatment is a promising approach to degrade ICM. Since lead is not beneficial to the environment although used as cathode in this electrochemical process, other electrode with high overpotential toward hydrogen evolution would be interesting to test for ICM wastewater treatment.
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 2 Fig. 2. Cyclic voltammetry on lead (1 mm 2 ) in 0.1 mol L -1 Na 2 SO 4 at pH 7 and at pH 1.3 (1% H 2 SO 4 ). Scan rate: 100 mV s -1

Fig. 3 .

 3 Fig. 3. Linear voltammetric scanning of 0.58 mmol L -1 DTR and DABA in 0.1 mol L - 1 Na 2 SO 4 with 1% H 2 SO 4 (pH 1.3) on lead electrode (1 mm 2 ). Scan rate: 100 mV s -1
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 4214 Fig. 4. a) Removal yield of DTR, formation yield of DABA and deiodination yield for electroreduction of 100 mg L -1 (0.16 mmol L -1 ) DTR at -20 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 . b) Removal yield of DABA for electroreduction of 35 mg L -1 (0.15 mmol L -1 ) DABA at -20 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 . Error bars are based on duplicated
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 5 Fig. 5. Effect of current density on the removal yield of DABA for electroreduction of 35 mg L -1 (0.15 mmol L -1 ) DABA on lead cathode in 0.1 mol L -1 Na 2 SO 4 at -10, -20 and -30 mA cm -2 .

Fig. 6 .

 6 Fig. 6. Surface area of the peak at 3.61 min for electroreduction of 35 mg L -1 (0.15 mmol L -1 ) DABA on lead cathode in 0.1 mol L -1 Na 2 SO 4 at -10, -20 and -30 mA cm -2 .
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 7124 Fig. 7. BOD 5 /COD ratio of a) 100 mg L -1 DTR and 35 mg L -1 DABA before and after electrochemical treatment (electroreduction on lead at -20 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 for 3h) b) 28 mg L -1 DTR and 10 mg L -1 DABA before and after electrochemical treatment (electroreduction on lead at -30 mA cm -2 in 0.1 mol L -1
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 8 Fig. 8. a) Removal yield of DTR b) yield of DABA and c) surface area of the peak at 3.5 min for electroreduction of 28 mg L -1 (46 mol L -1 ) DTR at -10, -20 and -30 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 + 1% H 2 SO 4 (pH 1.3). Error bars are based on duplicated

Fig. 9 .

 9 Fig. 9. a) Removal yield of DABA and b) surface area of the peak at 3.5 min for electroreduction of 10 mg L -1 (42 mol L -1 ) DABA at -10, -20 and -30 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 + 1% H 2 SO 4 (pH 1.3). Error bars are based on duplicated

Fig. 10 .

 10 Fig. 10. Time-courses of TOC values during activated sludge culture on 28 mg L -1 DTR, 10 mg L -1 DABA solutions before and after electrochemical treatments (electroreduction on lead at -30 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 + 1% H 2 SO 4 for 3h).

Table 1 .

 1 LC-MS/MS identification of by-products for electroreduction of 35 mg L -1 (0.15 mmol L -1 ) at -10 mA cm -2 in 0.1 mol L -1 Na 2 SO 4 for 1h. The structures were deduced from the m/z values and fragments.

	Compound	time(min)	Fragments	m/z	Formula	Structure
	3,5-DTR	3.27	219.09	237	C 11 H 12 N 2 O 4	
			191			
			176.96			
						2
	Product-1	2.97	205.06	223	C 11 H 14 N 2 O 3	
			162.94			
			120.96			
						3
	Product-2	2.84	161.87	180	C 9 H 9 NO 3	-
			137.9			
			133.81			
			93.75			
	Product-3	2.69	204.11	263	C 14 H 21 N 3 O 2	
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