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Introduction

The worldwide use of chromium in many industries (e.g., tannery, electroplating and metallurgy) has caused a wide range of concerns because of its potential threat to the environmental safety [START_REF] Jiang | Dramatically enhanced aerobic Cr(VI) reduction with scrap zero-valent aluminum induced by oxalate[END_REF].

Chromium in aqueous media is mainly present in the forms of Cr(III) and Cr(VI). Unlike Cr(III) which is an essential micronutrient, Cr(VI) is a well-established chemical carcinogen and quite mobile in the environment and therefore has been ranked as the top 20 toxic pollutants by Environmental Protection Agency [START_REF] Jiang | The role of thiocyanate in enhancing the process of sulfite reducing Cr(VI) by inhibiting the formation of reactive oxygen species[END_REF]. However, Cr(III) has potential to be re-oxidized to Cr(VI) by not only the oxidants such as manganese oxides in the environments but also by chlorination used for disinfection of drinking water [START_REF] Chebeir | Kinetics and mechanisms of Cr(VI) formation via the oxidation of Cr(III) solid phases by chlorine in drinking water[END_REF]. Consequently, stringent standards for total chromium concentration have been also drafted by many governments and worldwide authorities, e.g., 1.5 mg L -1 for the leather industry in China [START_REF] Ye | Efficient removal of Cr(III)-organic complexes from water using UV/Fe(III) system: negligible Cr(VI) accumulation and mechanism[END_REF].

Currently, many chemical reduction strategies, such as sulfite, Fe 2+ and S 2-, can successfully accomplish the thorough conversion of toxic Cr(VI) to Cr(III), followed by its alkaline precipitation in the form of insoluble Cr(OH)3 (pKsp = 30.2) [START_REF] Mukhopadhyay | Removal of Cr(VI) from Cr-contaminated groundwater through electrochemical addition of Fe(II)[END_REF]. But this precipitation process is severely limited by the poor sedimentation of the sludge because of the very slow transformation of the soluble polynuclear Cr(III) complexes into Cr(III) precipitation [START_REF] Stuenzi | Early stages of the hydrolysis of chromium(III) in aqueous solution. 4. The stability constants of the hydrolytic dimer, trimer, and tetramer at 25 °C and I = 1.0 M[END_REF]. In addition, the precipitation efficiency of Cr(III) was also closely associated with the solution chemistry, e.g., a remarkable inhibition of Cr(III) removal by the existence of sulfite and borate [START_REF] Xie | One-step removal of Cr(VI) at alkaline pH by UV/sulfite process: reduction to Cr(III) and in situ Cr(III) precipitation[END_REF]. In contrast, Fe(OH)3 exhibits an outstanding precipitation capacity with solubility constant (pKsp) of ~38, which is capable to promote Cr(III) removal via co-precipitation process [START_REF] Duan | Coagulation by hydrolysing metal salts[END_REF][START_REF] Ni | Self-powered peroxicoagulation for the efficient removal of p-arsanilic acid: pH-dependent shift in the contributions of peroxidation and electrocoagulation[END_REF]. Thus, mild steel-anode based electrocoagulation process could attain the removal of Cr(III) from 1000 mg L -1 to 2 mg L -1 with the [Cr(III)]/[Fe] ratio of 3.5~4.0 in the sludge [START_REF] Golder | Removal of trivalent chromium by electrocoagulation[END_REF]. However, Cr(III) shows a strong tendency to coordinate with the oxygen containing functional groups. Therefore, Cr(III) can form complexes with carboxylic acids (e.g., oxalate, citrate and tartrate), which massively coexist with Cr(III) in the some industrial wastewaters, especially tannery and electroplating effluents. These Cr(III) complexes are soluble and stable over a broad pH range, seriously compromising the efficiency of Cr(III) precipitation [START_REF] Wang | Effect of alkaline precipitation on Cr species of Cr (III)-bearing complexes typically used in the tannery industry[END_REF]. Pan et al. [START_REF] Ye | Efficient removal of Cr(III)-organic complexes from water using UV/Fe(III) system: negligible Cr(VI) accumulation and mechanism[END_REF][START_REF] Wang | Chromium speciation in tannery effluent after alkaline precipitation: Isolation and characterization[END_REF] revealed that approximately 10 mg L -1 Cr(III) cannot be completely precipitated from a real tanning effluent even with a certain amount of Fe 3+ under the alkaline condition owing to the presence of Cr(III)carboxyl complexes.

To substantially eliminate potential environmental hazards associated with Cr(III) complexes, rational development of "oxidation-precipitation" strategy that aim at destroying Cr(III) complexes and then precipitating Cr(III) has been a research priority. The anodic oxidation (AO), an electrochemical advanced oxidation process (EAOP), based on the chemistry of • OH (E 0 (•OH/H 2 O) = 2.80 V/SHE) physically adsorbed at the anode, particularly boron doped diamond (BDD) (Eq. ( 1)), is an attractive technique for wastewater treatment [START_REF] Brillas | Electro-Fenton Process and Related Electrochemical Technologies Based on Fenton's Reaction Chemistry[END_REF][START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: principles and applications. A review[END_REF]. The non-selective • OH is qualified to oxidize any organic contaminants present in water until thorough mineralization at rate constant as high as 10 8 ~10 10 M -1 s -1 [START_REF] Li | Carbon nanotube filter functionalized with iron oxychloride for flow-through electro-Fenton[END_REF][START_REF] Qi | Co/Fe and Co/Al layered double oxides ozone catalyst for the deep degradation of aniline: Preparation, characterization and kinetic model[END_REF][START_REF] Du | Sulfate saturated biosorbentderived Co-S@NC nanoarchitecture as an efficient catalyst for peroxymonosulfate activation[END_REF][START_REF] Chen | In-situ pyrolysis of Enteromorpha as carbocatalyst for catalytic removal of organic contaminants: Considering the intrinsic N/Fe in Enteromorpha and non-radical reaction[END_REF]. Certainly, AO process also has the ability to degrade the metal organic complexes, e.g., Cu(II) and Ni(II) complexes, via the oxidation of organic ligands [START_REF] Chen | Photoelectrocatalytic oxidation of metal-EDTA and recovery of metals by electrodeposition with a rotating cathode[END_REF][START_REF] Zhao | Simultaneous destruction of Nickel(II)-EDTA with TiO2/Ti film anode and electrodeposition of nickel ions on the cathode[END_REF]. Unlike these metal complexes, the oxidative degradation of Cr(III) complexes inevitably leads to the production and accumulation of the toxic Cr(VI) species. For example, significant amount of Cr(VI) was eventually accumulated when using Sb-SnO2 or BDD-based AO process for the decontamination of Cr(III) complexes [START_REF] Li | Removal of trivalent chromium in the complex state of trivalent chromium passivation wastewater[END_REF][START_REF] Durante | Advanced oxidation processes coupled with electrocoagulation for the exhaustive abatement of Cr-EDTA[END_REF]. As a result, approximately 20% Cr(total) still existed in the form of Cr(VI) in the sludge even after the electrocoagulation process [START_REF] Durante | Advanced oxidation processes coupled with electrocoagulation for the exhaustive abatement of Cr-EDTA[END_REF]. In general, AO process cannot get out of the dilemma between the oxidative destruction and the inhibition of Cr(VI) during the oxidation process. However, it is still challenging to use EAOPs for efficient destruction of Cr(III) complexes without the accumulation of Cr(VI) in water.

BDD + H2O →BDD(

• OH) + H + + e - (1) 
Over the recent decades, electro-Fenton process (which is based on electrochemically supported Fenton's reaction) has been pioneered by our group as a quite promising EAOPs for wastewater treatment. Indeed, by using an appropriate cathode material like carbon felt, • OH are produced homogeneously in the bulk of solution (Eq. ( 2)) [START_REF] Zhou | Electro-Fenton Process[END_REF][START_REF] Haider | In-situ electrode fabrication from polyaniline derived N-doped carbon nanofibers for metal-free electro-Fenton degradation of organic contaminants[END_REF][START_REF] Ye | Electro-Fenton process at mild pH using Fe (III)-EDDS as soluble catalyst and carbon felt as cathode[END_REF]. In this process, H2O2 would be continually generated through the two-electron reduction of O2 at the cathode. This creates a desirable condition for Fenton reaction, in which the externally added Fe 2+ can catalytically decompose H2O2 into • OH (Eq. ( 2)) and then be electrocatalytically regenerated (Eq. ( 3)). Thus, the generation of • OH based on Fenton's reaction in the bulk solution supplements the AO process with the strong oxidation power in the electro-Fenton process, which can efficiently oxidize/mineralize the organic pollutants [START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: a review[END_REF]. The overwhelming oxidation capacity of the electro-Fenton process has been well understood toward pollutants degradation, but its reduction capacity has not yet been recognized and explored for the reductive removal of some specific contaminants, such as Cr(VI). As demonstrated in our previous review literature [START_REF] Jiang | The reduction of Cr(VI) to Cr(III) mediated by environmentally relevant carboxylic acids: State-of-the-art and perspectives[END_REF], both the constituents (e.g., organic ligands, Fe(II)/Fe(III) and H2O2) in the electro-Fenton system may decontaminate the toxic Cr(VI) efficiently and synergistically. For example, the affinity of citrate to Fe 2+ can reduce the standard electrode potential of Fe(II) from 0.77 V/SHE to 0.37 V/SHE, therefore favoring the electron transfer between Fe(II) and Cr(VI) [START_REF] Jiang | The reduction of Cr(VI) to Cr(III) mediated by environmentally relevant carboxylic acids: State-of-the-art and perspectives[END_REF]. Additionally, it should be noted that the mismatched reaction rates in reactions ( 2) and ( 4) lead to the existence of excessive Fe 3+ ions in solution, which is widely known as the flocculant for pollutants removal.

Unfortunately, the economic utilization of this flocculant has not deserved enough attention for the further pollutants removal after the electro-Fenton processes. Inspired by these characterizations in electro-Fenton process, we anticipated that the electro-Fenton process may mineralize Cr(III) complexes, prohibit the Cr(VI) accumulation and facilitate the removal of Cr(III) by the subsequent alkaline precipitation. However, no study paid attention to applying the electro-Fenton process for Cr(III) complexes destruction.

Fe 2+ + H2O2→ Fe 3+ + • OH + OH - k1 = 40~80 L mol -1 s -1 (2) Fe 3+ +e -→ Fe 2+ (3) 
Fe 3+ + H2O2→ Fe 2+ + HO2 • + H + k1 = 9.1×10 -7 L mol -1 s -1 (4) 
In this study, we evaluated the feasibility of the combination of electro-Fenton and alkaline precipitation for the decontamination of Cr(III) complexes. The effects of the treatment time, catalyst (Fe 2+ ) concentration and applied current were evaluated as the common operation factors. Some homogeneous solution reactions were also conducted to investigate the mechanisms for the inhibited Cr(VI) accumulation. In addition, the precipitation efficiency of Cr was also evaluated at different precipitation pH. Finally, the treatment performance of this combined processes were examined for various Cr(III) complexes removal. Generally, this research provides a new method for the decontamination of Cr(III) complexes and extended the knowledge on the electro-Fenton reaction system, which is of great significance for electrochemical applications.

Experimental section

Chemicals

All chemicals were purchased at analytical grade and used without further purification. Heptahydrated ferrous sulphate (FeSO4•7H2O), hexahydrated ferric chloride (FeCl3•6H2O) and sulphuric acid were supplied by Acros. Potassium dichromate (K2Cr2O7), chromium sulfate hexahydrate (Cr2(SO4)3•6H2O), anhydrous sodium sulfate (Na2SO4), titanium(IV) sulfate (Ti(SO4)2•9H2O), potassium persulfate (K2S2O8), and phosphoric acid (H3PO4, 85% w/w), citric acid, malic acid, acetic acid, malonic acid, EDTA,1,5-diphenylcarbazide, and acetone were provided by Sigma-Aldrich. Ultrapure water (resistivity > 18 MΩ cm) was used to prepare the solutions.

Experimental procedures

The stock solutions of 10 mM Cr(III) complexes were prepared by mixing Cr(III) and organic ligands in the molar ratio of 1:1. Then, the solution pH was adjusted to 5.0 and kept at 60 °C glass electrochemical reactor using a power supply HAMEG 7042-5 (Germany). The carbon-felt cathode was a 60 cm 2 carbon-felt piece (Carbone-Lorraine, France) with a thickness of 5 mm covering the inner wall of the cell. In the case of AO experiments, a Ti plate (24 cm 2 ) was used instead of carbon felt to avoid H2O2 generation. The anode with surface area of 24 cm 2 was BDD thin film electrode (CONDIAS, Germany) or DSA (Ti/RuO2-IrO2), Baoji, China) or commercial pure Pt (99.99% purity) cylindrical grid with 4.5-cm height and 3-cm internal diameter from Goodfellow (France) which was centred in the cell and surrounded by cathode. Prior to each experiment, the solutions were saturated in O2 (8.53 mg O2 L -1 at 22 °C) by supplying compressed air for 5 min at 0.15 L min -1 . All the solutions were stirred continuously by a magnetic stirrer. During the electro-Fenton experiments, 5 mL samples were withdrawn for analysis at fixed intervals. After electro-Fenton treatment, the pH of treated solution was adjusted to 7.0~7.1 with the concentrated NaOH solution (1.0 M), which then was kept stirring at 200 rpm for 0.5 h. Next, the turbid solution was filtered through a PTFE filter with pore diameter of 0.45 µm, and the concentration of total Cr (Cr(total)) in the filtrate was analyzed.

Afterwards, the obtained carbon felts and precipitants were freeze-dried for the solid-phase characterizations. All experiments were repeated at least twice.

Analytical determinations

The concentration of Cr(VI) was determined by the modified diphenylcarbazide method [START_REF] Jiang | pH-dependent roles of polycarboxylates in electron transfer between Cr(VI) and weak electron donors[END_REF]. Fifty milliliter acetone, 50.0 mL deionized water, 4.0 mL concentrated acid (H3PO4:H2SO4:H2O = 1:1:2 by volume) and 0.5 g of diphenylcarbazide was mixed to prepare the coloring reagent stock solution. The absorbance of aqueous samples (1.0 mL aqueous sample + 1.0 mL coloring reagent + 1 mL ultrapure water + 1 mL H3PO4 (H3PO4:H2O = 1:1 by volume) were monitored at wavelength of 540 nm on an UV-Vis spectrophotometer after 15 min color development. Here, the addition of concentrated H3PO4

were employed to eliminate the interference of iron species in the determination of Cr(VI) concentration. The concentration of Cr(total) in aqueous solution was also determined by the above modified diphenylcarbazide method after complete oxidation of Cr(III) to Cr(VI) by 4 g L -1 K2S2O8 + 1.5 g L -1 NaOH (1.0 mL aqueous sample + 1.0 mL NaOH + K2S2O8) at the temperature of 120 °C for 30 min. The concentration of H2O2 was spectrophotometrically analyzed using titanyl as the coloring reagent (4 mM titanyl in 0.25 M H2SO4) [START_REF] He | Cost-effective electrogeneration of H2O2 utilizing HNO3 modified graphite/polytetrafluoroethylene cathode with exterior hydrophobic film[END_REF]. In this case, 1.0 mL coloring reagent and 1.0 mL ultrapure water was added into 2.0 mL aqueous sample. Then, the absorbance of mixture was detected at the wavelength of 400 nm after 15 min color development. The concentration of Fe 2+ was spectrophotometrically monitored at 510 nm with a modified phenanthroline method [START_REF] Jiang | Energy-efficient electrochemical strategy for the oxidative sequestration of As(III) in synthesized anoxic groundwater[END_REF]. The premix was prepared by adding 2.0 mL HAc/NaAc buffer, 2.0 mL 1,10-phenanthroline solution (5.0%), and 2.0 mL H2O (or 2 mL NH4F solution (10%) for Fe(total) ions concentration determination) into 0.5 mL aqueous sample. The mineralization of Cr(III) complexes solutions was determined based on the decay of TOC monitored on a Shimadzu VCSN TOC analyzer [START_REF] Zhao | The comparison between vibration and aeration on the membrane performance in algae harvesting[END_REF]. XPS analysis for the precipitants was performed with a spectrometer equipped with a monochromatic Al X-ray source (Thermo Scientific, Escalab 250Xi). Scanning electron microscopy (SEM, FEIQUANTAFEG250) was used to depict the surface morphology of the carbon felt.

Results

Performance of various electro-Fenton processes

TOC analysis is an effective mean for monitoring the decay of low-molecular-weight carboxylic acids.

Thus, in present scenarios, the time-courses of solution TOC was estimated to show the mineralization of Cr(III) complexes during the electrochemical process with the choice of different anode materials.

A control experiment was carried out in open circuit, showing negligible changes in TOC value after 60 min. Therefore, pollutant adsorption on the carbon felt during the treatment process was insignificant. Fig. 1 illustrates that the decay of Cr(III)-citrate complex concentration was closely related to the applied anode materials. The obvious mineralization was obtained with BDD anode, which was higher than that obtained with either Pt or DSA anode during the AO process (see Fig. 1(a)).

For example, the TOC removal gradually increased to approximately 32% within 60 min when 300 mA was applied, whereas a slight decay (~5%) in TOC concentration was observed in Pt or DSA mediated AO process. The more appreciable performance of BDD anode was associated with its extraordinary oxidation ability due to its largest O2-evolution overpotential. The occurrence of the wasting reaction given in Eq. ( 5) with the consumption of radical species for oxygen evolution could be efficiently inhibited and therefore facilitate the production of surface-bounded • OH through the oxidation of H2O on the BDD anode (Eq. ( 1)). Importantly, the weakly adsorbed • OH on BDD surface is easily utilized for the oxidation of pollutants once they enter the vicinity of the anode. In contrast, Pt and DSA have significantly lower O2-evolution overpotentials leading to the formation of less mount of hydroxyl radicals. In addition, the produced DSA( • OH) and Pt( • OH) are chemisorbed on the anode surface and more readily lead to the oxygen evolution, which are therefore not easily available for the mineralization of citrate ligands.

2BDD( • OH)→2BDD + O2+ 2H + + 2e - (5) 
As shown in Fig. 1(b), as compared with AO processes, much faster TOC decay was detected during the electro-Fenton process for the above three anode materials. In these reaction systems, similar quantities of homogeneous • OH were yielded in the bulk solution via Fenton reaction irrespective of anode materials used because experiments were carried out under similar conditions. It can be reflected by the close enhancement of 35%-39% in the mineralization of Cr(III)-citrate complexes after 60 min electrochemical treatment with BDD, DSA or Pt anode. Besides, it was noted that more efficient destruction of Cr(III)-citrate complex was also obtained in the electro-Fenton with BDD anode as compared with other two anodes. For example, TOC abatement efficiency of near 71% was achieved in BDD-mediated electro-Fenton process within 60 min, whereas it was approximately 40% in the case of Pt or DSA anodes. The inferior removal efficiency obtained in the electro-Fenton process with either DSA or Pt as the anode was only explained by their lower yield and properties of M( • OH) as compared to BDD anode.

It has been reported that Cr(VI) was produced from the destruction of Cr(III) complex due to the attack by the highly oxidative • OH with a strong electron affinity [START_REF] Li | Removal of trivalent chromium in the complex state of trivalent chromium passivation wastewater[END_REF][START_REF] Durante | Advanced oxidation processes coupled with electrocoagulation for the exhaustive abatement of Cr-EDTA[END_REF]. Thus, the concentration of Cr(VI) was also monitored during the present AO and electro-Fenton processes. As shown in Fig. 2(b), the electro-Fenton reaction system with Ti sheet as the cathode showed negligible change of Cr(total) within 60 min, but approximately 78 µM, 66 µM and 64 µM was removed from the solution in the electro-Fenton process with BDD, Pt and DSA anode, respectively.

Notably, only small amount of Cr species was released into the bulk solution again by 10 min magnetic stirring without current applied after 60 min electrochemical process. Interestingly, above 98% of Cr(total) was recovered in the bulk solution after 30 min magnetic stirring when adjusting solution pH to 1.0. This indicates that Cr was immobilized in the form of insoluble Cr species on the threedimensional carbon felt surface, which can be defined as the electro-precipitation process.

During the electro-Fenton process, the initially added Fe 2+ into the reaction medium was progressively transformed into Fe 3+ via Fenton reaction, the extent of which depended on anode materials. As shown in Fig. 2(c), the electro-Fenton process with Pt/carbon felt cell gave rise to the slower disappearance of Fe 2+ with the final concentration of 86 µM at 60 min whereas a sharp attenuation was observed in other two cases, especially in BDD/carbon felt cell. This trend can be explained by the additional oxidation of Fe 2+ with heterogeneous • OH generated at the BDD anode, although its regeneration from Eq. ( 3) is so fast with the apparent rate constant of 4.05×10 -3 s -1 [START_REF] Sires | Catalytic behavior of the Fe 3+ /Fe 2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF].

Simultaneously, the decrease in Fe(total) concentration was found in electro-Fenton process, the behavior of which was different with various anode materials. Approximately 152 µM Fe(total) was removed from the bulk solution after 60 min in DSA/carbon felt cell, while the removal of Fe(total)

was near 290 µM in BDD/carbon felt cell and Pt/carbon felt cell. The striking difference in the variation of iron species in bulk solution may be related to the specific structures and conductivities of BDD, Pt or DSA anode materials. Specially, the higher O2-overpotential of BDD anode led to an average cell voltage as high as 4.3V which was higher than 3.6 V for cylindrical Pt mesh and 3.3 V for DSA plate. In addition, it can be observed that the majority of iron species were released into the bulk solution after 10 min magnetic stirring and the final concentrations of iron ions were near 350 µM for all tested electro-Fenton processes. The decay in iron ions content can be owing to the formation of Fe(III) (hydr)oxides on the surface of carbon felt cathode. As a result, an inspection of the used carbon felt showed the presence of a yellow precipitate of Fe(III) (hydr)oxides on its surface.

It has been confirmed that free Cr(III) ions were released from the mineralization of Cr(III) complexes after electro-Fenton treatment. This provided the feasibility for Cr immobilization from the solution through subsequent alkaline precipitation. As shown in Fig. 2(d), the amount of Cr(total) was reduced to approximately 26 µM, 53 µM and 68 µM in the electro-Fenton process when using BDD, Pt or DSA anode, respectively, after adjusting the solution pH to 7.0. From these results, we can conclude that the residual Cr(total) level below 1.5 mg L -1 after alkaline precipitation could be attained only after the pretreatment of Cr(III) complex by electro-Fenton process with BDD anode. As compared with the above electro-Fenton process, a smaller quantity of Cr(total), approximately 46 µM, was removed from the solution in the iron ions-free BDD-carbon felt system. In addition, negligible removal of Cr(total) was achieved at pH of 7.0 in open circuit when just adding 0.4 µΜ Fe 3+ as the flocculant. These results suggest the indispensable roles of iron ions in electro-Fenton process for the subsequent alkaline precipitation of Cr, which did not only boost the yield of • OH for oxidative destruction of Cr(III) complexes, but also provided sufficient flocculant for Cr immobilization.

Applied current

The applied current is the crucial factor for regulating the performance of electro-Fenton process for pollutants oxidation up to mineralization since it determines the amount of BDD( • OH) (Eq. ( 1)) and the yield of H2O2 and Fe 2+ (Eq. ( 3)) regeneration for • OH formation through Fenton reaction (Eq. 2)).

Therefore, applied currents ranging from 100 mA to 400 mA were selected in the BDD/carbon felt cell, maintaining the other parameters constant. Fig. 3(a) depicts TOC abatement vs applied current obtained for the experiments performed for 60 min by electro-Fenton treatment. An enhanced mineralization extent was obtained with elevating the applied current, e.g., final TOC removal (at 60 min) being 30%, 50% and 71% at 100, 200 and 300 mA, respectively. This enhanced trend with raising current in the range of 100-300 mA agrees with the generation of high amount of • OH from water oxidation at BDD anode (Eq. ( 1)) and relatively fast H2O2 generation and Fe 2+ regeneration at the cathode. However, a slight decrease in TOC removal was obtained when further elevating applied current from 300 mA to 400 mA probably owing to the enhanced oxygen evolution reaction at relatively high anodic potential which limits the generation of M( • OH) and also the enhanced rate of the wasting reaction presented in Eq. ( 5).

Indeed, increasing current enhanced the mineralization of Cr(III) complexes and also promoted the production of free Cr(III) (Fig. 3(b)). Hence, electro-precipitation of Cr(total) during the electro-Fenton process increased with increasing applied current. At current of 100 mA, the amount of Cr(total) removal was 40 µM. Comparably, the further increase of current to 400 mA gave an evident increase in Cr(total) removal with the amount of 87 µM. The Cr(total) removal was roughly doubled when the current density was quadrupled. The asynchronous increase in Cr(total) removal with elevating applied current can be explained by the enhanced rate of parasitic reactions at high current such as O2 evolution at the anode or H2 evolution at the cathode [START_REF] Gao | Enhanced reduction of nitrate by noble metal-free electrocatalysis on P doped three-dimensional Co3O4 cathode: Mechanism exploration from both experimental and DFT studies[END_REF][START_REF] Gao | Non-precious Co3O4-TiO2/Ti cathode based electrocatalytic nitrate reduction: Preparation, performance and mechanism[END_REF]. The other reason may be the diffusion of free Cr ions towards the carbon felt cathode since its concentration was too low after being removed by some extent. The removal amount of Cr(total) was in the range of 86-106 µM by the subsequent alkaline precipitation, which seems independent of applied current changing from 100 mA to 400 mA. But, the residual Cr(total) in solution was decreased with elevating current from 100 mA to 400 mA. Specially, at current of 100 mA, the residual Cr(total) amount was 74 µM after 60 min treatment while it was noticeably decreased to 22 µM when applied current was enhanced to 400 mA. This suggests much more Cr(III) complexes were remaining in the treated solution at lower current values.

Electrochemical reaction time

The gradual decrease in solution TOC during the electro-Fenton process in Fig. 3(a) suggests the transformation of citrate into other primary low molecular-weight carboxylic acid and finally to CO2 and H2O. Thus, extending the treatment time induced the enhanced destruction of Cr(III)-citrate complex and improved the release of much more free Cr ions. The long treatment time was therefore favorable for the electro-precipitation of Cr on the three dimensional carbon felt cathode. As such, as shown in Fig. 4, approximately 40 µM Cr was immobilized on the carbon felt cathode after 20 min treatment and its removal amount was evidently increased to 120 µM after 90 min treatment. In addition, the higher mineralization extent of Cr(III) complex at longer treatment time also accounted for the decrease of residual Cr(total) after alkaline precipitation. Specially, there were 87 µM Cr residual in solution after alkaline precipitation after 20 min electro-Fenton treatment, while it was greatly reduced to 19 µM after 90 min treatment, where TOC removal efficiency was 76% (data not provided).

Approximately 36% TOC was removed within 20 min and TOC removal efficiency of 76% was achieved at 90 min (not given in the figures).

Initial Fe 2+ concentration

The initial Fe 2+ concentration was also a key factor for final Cr removal since it serves not only as the catalyst for electro-Fenton process but also as the precursor of flocculant for the immobilization of Cr by the alkaline precipitation. Fig. 5 shows that the most appreciable TOC decay (approximately 71%) in this system was achieved with 0.4 mM Fe 2+ . Further increase in initial Fe 2+ concentration up to 0.8 mM gradually deteriorated the removal of TOC to 44%. This trend can be related to a progressive abatement of • OH amount in solution, mainly owing to the occurrence of non-oxidizing reaction represented by Eq. ( 6), which was more pronounced with much higher initial concentration of Fe 2+ .

After the electro-Fenton treatment, the alkaline precipitation of iron ions with higher concentration was more favorable for the free Cr ions removal via the precipitation process. For example, at initial Fe 2+ concentration of 0.2 mM, the residual Cr(total) amount after subsequent alkaline precipitation was 40 µM, while it slightly decreased to 22 µM when initial Fe 2+ concentration was 0.8 mM.

Fe 2+ + • OH→ Fe 3+ + OH (6)

Subsequent precipitation pH

The solution pH in the subsequent alkaline precipitation process fundamentally affects the Cr(total) immobilization efficiency. As shown in Fig. 6, the residual Cr(total) in the solution after alkaline precipitation was attenuated in pH range of 6.0-9.0. For example, the residual concentration of Cr(total) declined to 49 µM, along with the residual Fe(total) of 28 µM, when the solution pH was adjusted to 6.0. And further elevating solution pH to 9.0 resulted in 24 µM Cr(total) and 6.6 µM Fe(total) in the solution. This trend of immobilization efficiency of Cr(total) was ascribed to the easy formation of insoluble Cr(III) hydroxides and the preferable co-precipitation effect of Fe(III) hydroxides when adjusting solution pH to the mildly basic condition.

Various Cr(III) complexes

The performance of the proposed electro-Fenton + alkaline precipitation process was also evaluated for other Cr(III) complexes with malonate, EDTA and malate as the ligands. The carboxylate ligands binding Fe(III) during Fe(III) displacement would release free Cr(III) ions into the solution, which was favorable for Cr immobilization during the direct Fe(III) precipitation process. As shown in Table 1, the residual amount of Cr(total) was approximately 71 µM for Cr(III)-malonate complex after direct precipitation. Comparatively, the Fe(III) precipitation process did not effectively remove Cr(III) from Cr(III)-malate and Cr(III)-EDTA complexes. These distinct results may be associated to different complex stability of various carboxylate ligands with Cr(III) and Fe(III) [START_REF] Smith | Critical stability constants[END_REF]. In contrast, for the electro-Fenton process, various Cr(III) complexes were effectively destroyed with mineralization efficiency of 60%-69%. As a result, after the alkaline precipitation process, very low contents of residual Cr(total) were achieved in the range of 9-11 µM in all cases. Notably, no Cr(VI) was detected for all Cr(III) complexes after 60 min electro-Fenton treatment. This was attributed to the fact that like citrate, other three carboxylates could also coordinate with Fe(II), generating the highly reductive Fe(II) complexes [START_REF] Jiang | The reduction of Cr(VI) to Cr(III) mediated by environmentally relevant carboxylic acids: State-of-the-art and perspectives[END_REF].

Discussion

The alkaline precipitation has been considered as the most effective strategy for the decontamination of Cr-bearing wastewaters. But, the growing oligomer moiety of Cr(III) complexes can persist mainly in the form of colloidal and dissolved species at stronger basic pH range, compromising Cr(total) removal efficiency by alkaline precipitation [START_REF] Wang | Effect of alkaline precipitation on Cr species of Cr (III)-bearing complexes typically used in the tannery industry[END_REF][START_REF] Wang | Chromium speciation in tannery effluent after alkaline precipitation: Isolation and characterization[END_REF]. Fortunately, this limitation can be eliminated successfully by the electro-Fenton process. As compared with the typical electro-Fenton process for the degradation of organic pollutants, the present reaction system is much more complicated, since it involved the homogeneous/heterogeneous oxidation of Cr(III) complexes, Cr(VI) reduction and electro-precipitation of Cr(III). Therefore, a comprehensive inspection into the mechanism is required to reveal the specific interactions of various reactants and the fate of Cr species in the combined electro-Fenton + precipitation process.

Mineralization of Cr(III) complexes

In electro-Fenton process, three-dimensional carbon felt plays a vital role for the electrochemical decontamination of Cr(III) complexes since it can provide active sites for the electrochemical reduction of O2 to H2O2 [START_REF] Sires | Catalytic behavior of the Fe 3+ /Fe 2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF]. As shown in Fig. 7(a), approximately 0.24 mM H2O2 was quickly accumulated within 10 min and slowly increased to 0.3 mM in the following 50 min in the electrochemical Fe-free BDD/CF cell. The slow accumulation of H2O2 in the late reaction stage might be explained by its consumption on the BDD anode surface with the formation of hydroperoxyl radicals [START_REF] Boye | Degradation of herbicide 4-chlorophenoxyacetic acid by advanced electrochemical oxidation methods[END_REF]. When adding Fe 2+ into the reaction solution, H2O2 can be decomposed into • OH via Fenton reaction (Eq. ( 2))

at rate constant of 40~80 M -1 s -1 in the reaction medium [START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: a review[END_REF]. Thus, little H2O2 was detected within 20 min during electro-Fenton process. The homogeneous Fenton reaction could supplement the BDDmediated anodic oxidation with the additional production of • OH. As a result, Cr(III) complexes could be effectively destroyed with releasing free Cr ions and citrate ligands in electro-Fenton process. The oxidative attack of Cr(III) complex by the non-selective • OH inevitably produced Cr(VI), which can be confirmed by the detection of Cr(VI) during the BDD-mediated anodic oxidation process, i.e., BDD/Ti cell (Fig. 2 (a)). Additionally, the detached ligand, i.e., citrate, can be further oxidized by • OH at rate constant of 5×10 7 M s -1 with the progressive TOC abatement within 60 min (Fig. 3(a)) [START_REF] Buxton | Critical review of rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals (⋅OH/⋅Oin aqueous solution[END_REF] in which citrate was progressively transformed into other low molecular-weight carboxylic acids, such as malate, malonate, oxalate and acetate.

Inhibition of Cr(VI)accumulation

In electro-Fenton process, Fe 2+ (E 0 (Fe 3+ /Fe 2+ ) = 0.77 V/SHE) and H2O2 (E 0 (O2/H2O2) = 0.68 V/SHE) may be active enough to serve as the reductants for reduction of Cr(VI) to Cr(III) (E 0 (HCrO4 -/Cr 3+ ) = 1.35 V/SHE) [START_REF] Jiang | The reduction of Cr(VI) to Cr(III) mediated by environmentally relevant carboxylic acids: State-of-the-art and perspectives[END_REF]. Additionally, it cannot be denied that Cr(VI) might directly obtain electrons from cathode with the formation of Cr(III) via the multiple electron transfer steps since Cr(VI) has high standard electrode potential as compared with those of Fe 3+ and O2. However, it is worth noting that the completely inhibited accumulation of Cr(VI) can be achieved only in electro-Fenton process with Cr(III) complexes (Fig. 2 intermediates easily proceed via the spontaneous disproportionation to Cr(VI) or reduction to Cr(III) [START_REF] Pettine | Reduction of hexavalent chromium by H2O2 in acidic solutions[END_REF]. A previous literature has reported that only 15 µM Cr(VI) was reduced even with 2 mM H2O2 after 330 min at pH 3.0 [START_REF] Wang | Simultaneous redox conversion of chromium(VI) and arsenic(III) under acidic conditions[END_REF]. Thus, in present study, 0.5 mM H2O2 was probably not enough to form sufficient multi-peroxochromate(V) species for the subsequent formation of Cr(III). But the reduction of Cr(VI) by H2O2 was increased to 35 µM in the presence of citrate as the ligand. In this case, mixedligands Cr(V) complexes were produced via ligand substitution reactions between citrate and peroxochromium(V). In our previous paper [START_REF] Jiang | The reduction of Cr(VI) to Cr(III) mediated by environmentally relevant carboxylic acids: State-of-the-art and perspectives[END_REF], it was shown that the affinity of citrate to peroxochromate(V) could expand the coordination number of Cr(V) from four to six, which is more favorable for the generation of Cr(III) with octahedral structure via the disproportionation reaction.

As compared with H2O2, Fe 2+ is more efficient for Cr(VI) reduction under acidic condition with theoretical stoichiometric ratio ([Fe 2+ ]oxidation/[Cr(VI)]reduction) of 3. Near 44 µM Cr(VI) was quickly reduced within 1.5 min and the amount of Cr(VI) reduction gradually increased to 80 µM within 20 min. Although the presence of citrate significantly enhanced Cr(VI) reduction by Fe 2+ , approximately 81 µM Cr(VI) could be obtained at 1.5 min. As compared with Cr(VI), the high stability constants of Fe(II)/Fe(III)-citrate complexes (e.g., logβ of 3.20 [START_REF] Martell | NIST critically selected stability constants of metal complexes database[END_REF] and 11.5 [START_REF] Field | Composition and stability of iron and copper citrate complexes in aqueous solution[END_REF] for Fe(II)-citrate and Fe(III)citrate complexes, respectively) give priority to the affinity of citrate to Fe(II)/Fe(III) instead of Cr(VI) in present condition with excessive concentration of Fe 2+ [START_REF] Jiang | pH-dependent roles of polycarboxylates in electron transfer between Cr(VI) and weak electron donors[END_REF]. Thus, the accelerated effect of citrate on the reaction between Fe 2+ and Cr(VI) was different from the H2O2 + Cr(VI) + citrate reaction system.

The detached citrate and its daughter carboxylic acids can coordinate with Fe 2+ [START_REF] Smith | Critical stability constants[END_REF], producing the relatively high reductive Fe(II) complexes (e.g., 0.37 V/SHE for Fe(II)-citrate complex, 0.47 V/SHE for Fe(II)-oxalate complex and 0.54 V/SHE for Fe(II)-malate complex) [START_REF] Jiang | The reduction of Cr(VI) to Cr(III) mediated by environmentally relevant carboxylic acids: State-of-the-art and perspectives[END_REF]. Accordingly, Cr(VI) was immediately reduced by Fe(II)-citrate complex once it was oxidatively generated in the electro-Fenton process. As a result, cathodic reaction contribution might be insignificant since the fast-consuming Cr(VI) cannot diffuse to the cathode surface region in time. In fact, the diffusion of Cr(VI) anion toward the cathode was inhibited, because they were both negatively charged. Thus, the inhibition of Cr(VI) formation was mainly attributed to the existence of highly reductive species, i.e., Fe(II) complex, in the electro-Fenton reaction process.

Removal of Cr through electro-precipitation

To inspect which mechanism governed the removal of Cr(total) within 60 min electrochemical treatment, it is significant to comprehend the role of carbon felt in electro-Fenton process. Capacitive deionization (CDI) is an electro-adsorption process where the anode or cathode with high surface area, when electrically charged, can quantitatively adsorb ionic components from water. Interestingly, in present electro-Fenton process, the combination of carbon felt and electrical voltage would exhibit the similar function with CDI. Therefore, the diffusion of Cr(III) cation to the cathode can be facilitated by the applied electrical field, because they were differently charged. If the electro-adsorption of Cr(III) onto carbon felt cathode dominates the Cr(total) removal in the present reaction system, all the adsorbed Cr species readily dissolved back into the bulk solution with magnetic stirring when turning off the electricity after the electro-Fenton treatment. In fact, only a small part of Cr(total) (approximately 26 µM) was released back into the bulk solution and the majority of the removed Cr was still residual on the carbon felt. Thus, CDI-like process just assisted the migration of Cr(III) species toward the cathode and electro-adsorption of Cr on carbon felt is excluded from the mechanism.

Essentially, OH -was generated by H2O reduction at the cathode and stored in the porous carbon felt owing to its limited diffusion toward the bulk solution [START_REF] Lei | Electrochemical removal of phosphate in the presence of calcium at low current density: Precipitation or adsorption?[END_REF]. Despite that we did not have special pH sensors to monitor the local pH in the carbon felt body; an attempt was made to calculate this value theoretically based on Faraday's law (Eq. ( 7)). Here, it was assumed that the current efficiency for H2O reduction was 100%. Meanwhile, we supposed that the generated OH -was not consumed via other reactions and was kept in the carbon felt body homogeneously.

      + = 3 - 10 - lg 14 pH δ zFS It ( 7 
)
where I is applied current (A); z is the number of involved electrons in the reaction (1); S is the surface area of carbon felt cathode (0.006 m 2 ); F is the Faraday constant (96,485 C mol -1 ); δ is the thickness of carbon felt (0.005 m). It should be noted here that the real local pH is actually below the theoretical value since current efficiency of 100% is unlikely to achieve and the produced OH -at cathode is neutralized by H + to a certain extent. Accordingly, it was believed that the electrochemically induced high local pH indeed accounted for Cr(III) precipitation at carbon felt during the electro-Fenton process. And this pathway for Cr(total)

removal was strengthened at higher current applied on the electrodes because much higher local pH was created and electro-immigration of Cr(III) toward carbon felt was also accelerated simultaneously (see Fig. These results validate that this sediment was associated with the formation of Cr(III) and Fe(III) hydroxides on the carbon felt. Besides, as shown in Fig. 9(c), the morphology and property of carbon felt could be well recovered without irreversible damage after acid regeneration at pH 1.0. This can be confirmed by the fact that the recycled carbon felt could behave at a similar level for Cr(III) complexes oxidation in electro-Fenton reaction system even after 20 times regeneration.

Immobilization of Cr through subsequent alkaline precipitation

Fe(OH)3 has an outstanding precipitation capacity with solubility constant (pKsp) of ~38, which therefore could facilitate Cr(III) removal via the combined effect of chemical precipitation, coprecipitation, sweep coagulation and adsorption in the subsequent alkaline precipitation process [START_REF] Golder | Removal of trivalent chromium by electrocoagulation[END_REF].

It is known that Cr 3+ and Fe 3+ have the close ionic radii, i.e., 0.63 and 0.64 Å, respectively [START_REF] Sass | Solubility of amorphous chromium(III)-iron(III) hydroxide solid solutions[END_REF].

Consequently, the released free Cr(III) ions could be structurally incorporated into Fe(III)

(oxy)hydroxides with the formation of the mixed Fe(III)-Cr(III) (oxy)hydroxides when adjusting solution pH to 7.0 [START_REF] Fiúza | Heterogeneous kinetics of the reduction of chromium(VI) by elemental iron[END_REF]. This can be supported by the XPS analysis results that a slight shift of Cr 2p peaks in binding energies was observed for the precipitant after alkaline precipitation (see Fig. 10(d)) [START_REF] Du | Sulfate saturated biosorbentderived Co-S@NC nanoarchitecture as an efficient catalyst for peroxymonosulfate activation[END_REF]. As demonstrated in previous literature [START_REF] Dai | Homogeneous and heterogeneous (Fex,Cr1-x)(OH)3 precipitation: implications for Cr sequestration[END_REF], in comparison with pure Cr(OH)3, mixed Fe(III)-Cr(III) (oxy)hydroxides would lead to a lower amount of Cr(III) residual in the solution. The XPS analysis results in Fig. 10(c) and (d) also reveal that trivalent form was the final chemical states for Fe and Cr after alkaline precipitation. Notably, no bands of Cr(VI) appeared in the XPS spectrum of precipitant. This suggests that no Cr(VI) was residual after the electro-Fenton process treatment. Here, it should be also noted that the detached citrate and its daughter carboxylic acids cannot rebind with Cr(III) since the rate of H2O exchange in Cr(H2O)6 3+ is extremely slow, approximately 10 -6.3 s -1 at pH 3.0 [START_REF] Stuenzi | Early stages of the hydrolysis of chromium(III) in aqueous solution. 1. Characterization of a tetrameric species[END_REF]. Thus, the dominant Cr(III) species was Cr(H2O)6 3+ upon decomplexation in the present electro-Fenton process, which therefore facilitate the co-precipitation of Cr with Fe(III) (oxy)hydroxides.

Till now, considering the significant resistance of Cr(III) complexes to the alkaline precipitation, many AOPs have been utilized coupling with electrocoagulation or alkaline precipitation. It was reported that almost complete immobilization of Cr(total) could be attained by the electrocoagulation process after ozonation pretreatment at pH 8.12 [START_REF] Li | Removal of trivalent chromium in the complex state of trivalent chromium passivation wastewater[END_REF]. But more than 83% of Cr(III) was oxidized to Cr(VI) simultaneously within 30 min in this ozonation process. As compared with ozonation, BDD and Sb-SnO2 mediated anodic oxidation exhibited more appreciable performance for Cr(III) complexes destruction, therefore released higher content of Cr(VI) [START_REF] Durante | Advanced oxidation processes coupled with electrocoagulation for the exhaustive abatement of Cr-EDTA[END_REF]. Despite the reduction of Cr(VI) by Fe(II) generated in the subsequent electrocoagulation unit to a certain extent, a significant proportion of Cr(VI) (20%) was still residual in the precipitate [START_REF] Durante | Advanced oxidation processes coupled with electrocoagulation for the exhaustive abatement of Cr-EDTA[END_REF]. Recently, Ye et al. [START_REF] Ye | Efficient removal of Cr(III)-organic complexes from water using UV/Fe(III) system: negligible Cr(VI) accumulation and mechanism[END_REF] developed a combined UV/Fe(III) + alkaline precipitation process for the degradation of Cr(III)-carboxylate complexes from water, where the concentration of Cr(total) was reduced to 0.36 mg L -1 and TOC abatement efficiency was ~60% as well. Later, they also established a combined pyrite mediated Fenton and alkaline precipitation process and reported that Cr(total) could be reduced below 0.3 mg L -1 over a broad pH range of 3.0-9.0 [START_REF] Ye | Water decontamination from Cr (III)-Organic complexes based on pyrite/H2O2: performance, mechanism, and validation[END_REF]. However, the formation of Cr(VI) with the concentration as high as ~1.0 mg L -1 cannot be prevented thoroughly during these two treatment processes. In general, the above oxidation processes coupled with precipitation or coagulation units were capable for the decontamination of Cr(III) complexes from water. However, the priority of these techniques was seriously deteriorated by the possible generation of more toxic Cr(VI). Comparably, the wellestablished electro-Fenton seemed to more attractive to address the limitations associated with Cr(III) complexes. Here, the added Fe 2+ caused the enhanced mineralization of Cr(III)-citrate complex by boosting the yield of • OH through electro-Fenton process. Additionally, it could also completely prohibit the accumulation of Cr(VI) in the process due to the formation of highly reductive Fe(II) complexes. Moreover, no more than 0.4 mM iron ions, as the flocculant, could render the residual Cr(total) below 1.5 mg L -1 after the alkaline precipitation. This leads to the very low production of sludge as compared to the other combined treatment processes. Such appreciable performance convince us that the electro-Fenton + alkaline precipitation would be a promising strategy for the decontamination of Cr(III) complexes in the wastewater.

Conclusions

In this study, electro-Fenton process was successfully applied for the oxidative destruction of Cr(III) complexes, which offers favorable conditions for the subsequent precipitation of Cr(III). It was found that the superior treatment performance for Cr(III) complexes destruction without the accumulation of Cr(VI) was achieved in the reaction systems with BDD anode. During the electro-Fenton process, the electrochemical precipitation of Cr(total) and TOC abatement was generally enhanced with increasing applied current from 100 to 400 mA. After electro-Fenton treatment, more appreciable removal of Cr(total) was achieved at higher solution pH in the subsequent precipitation process. In this process with precipitation pH above 6.0, the produced Cr(III) could be adsorbed onto the iron (oxy)hydroxides or be structurally incorporated into the iron (oxy)hydroxides with the formation of Fe(III)-Cr(III) mixed (oxy)hydroxides, which rendered the residual Cr amount below the total chromium concentration standards of 1.5 mg L -1 in the effluents in China. We think that this combined electro-Fenton and subsequent precipitation processes can be routinely employed as the environmentally benign and effective strategy for the decontamination of Cr(III) complexes from water/wastewater. 
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 1 overnight. Stock solution of 230 mM Fe(II) was prepared by dissolving FeSO4•7H2O in ultra-pure water, where pH was set at ~2.0 to prevent the oxidation of Fe 2+ by O2. All working solutions were freshly prepared before use by diluting the stock solution with ultra-pure water. The desirable solution pH was adjusted by the addition of aqueous 1.0 M H2SO4 or NaOH solution. The electrolysis was sustained with adding 0.Na2SO4 into the aqueous medium. The typical parameters of the working solution were: [Cr(III) complex]0 = 200 µM, [Fe(II)]0 = 0.2 mM, pH0 = 3.0 and initial volume of 230 mL. The current controlled electro-Fenton experiments were conducted in a 250 mL undivided, open and cylindrical
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 2 a) presents the increased concentration of Cr(VI) with extending reaction time to 60 min in the AO process with various anode materials. After 60 min treatment, AO process undergoes a relatively low production of Cr(VI) (approximately 10 µM) with DSA anode, a moderate level (approximately 27 µM) with Ptanode, but a high concentration (approximately 43 µM) with BDD anode which exhibits the similar trend with the change of TOC. This indicates that the mineralization of stable Cr(III) complex simultaneously led to the oxidation of coordinated Cr(III) to free Cr(VI) ions, the extent of which was associated with the production of • OH. However, Cr(VI) was hardly monitored within 60 min irrespective of anode materials during the electro-Fenton processes, where much more • OH should be produced as compared with the AO alone process. This suggests the completely inhibited accumulation of Cr(VI) in these processes. Additionally, the concentration of Cr(VI) increased to approximately 3 µM within 10 min and then leveled off in the late 50 min reaction stage in the iron ions-free BDD/carbon felt cell. Thus, the produced H2O2 from 2-electron oxygen reduction at carbon felt cathode could partially inhibit the accumulation of Cr(VI). In addition to H2O2, Fe 2+ also probably played a significant role in the redox reaction of Cr(VI)↔Cr(III). However, as shown in Fig.2(a), the gradual increase in Cr(VI) to 4 µM within 60 min was observed in the electro-Fenton process with Cr(III) as the target instead of Cr(III) complexes. This indicates that in citrate-free electro-Fenton system, oxidation of Cr(III) to Cr(VI) by • OH played an overwhelming role over the reduction of Cr(VI) mediated by the reductive species, i.e., Fe 2+ and H2O2.

  (a)). Therefore, additional experiments in open circuit were conducted to understand the primary mechanism for the inhibited Cr(VI) accumulation and how citrate affects Cr(VI) reduction during electro-Fenton process. Surprisingly, Fig.7(b) shows that 0.5 mM H2O2 negligibly reduced Cr(VI) at pH 3.0 within 20 min. This was explained by specific reaction mechanism between H2O2 and Cr(VI) involving multi-peroxochromate(V) intermediates, which was produced from an intramolecular one-electron redox reaction in diperoxy-chromium derivative (Cr VI O(O2)2(OH2)) and the substitution of peroxo-groups. The decay of multi-peroxochromate(V)
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 8 Fig.8suggests that the theoretically local pH in carbon felt body increased with extending the electrolysis time. The theoretical pH values can increase even as high as 16.57-16.70 at applied current of 100-400 mA after 60 min electrolysis. As a result, the predominant form of Cr(III) species was probably shifted from Cr(H2O)6 3+ to the insoluble Cr(III) hydroxides in the vicinity of the cathode.

  Fig.10(a) and (b), the Fe 2p peaks at 711.9 eV and 725.7 eV were attributed to Fe(III) and the two main contributions of Cr 2p peaks at 579.6 eV and 593.3 eV were the binding energies of Cr(III).
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 1 Fig. 1. Time-course of TOC removal in anodic oxidation (a) and electro-Fenton (b) processes with different electrodes. Experimental conditions: current= 300 mA, [Fe 2+ ] = 0.4 mM (only for electro-Fenton process with CF cathode), [Cr(III) complex] = 0.20 mM, pH0 = 3.0, subsequent precipitation pH 7.0.
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 2 Fig. 2. Time-course of the variation of Cr(VI) (a), Cr(total) (b) and iron ions concentration (c) during various EAOPs, and the residual of Cr(total) after alkaline precipitation (d). Experimental conditions: current= 300 mA, [Fe 2+ ] = 0.4 mM (only for electro-Fenton process with CF cathode), [Cr(III) complex] = 0.20 mM, pH0 = 3.0, subsequent precipitation pH 7.0.
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 3 Fig. 3. Effect of applied current on the evolution of TOC removal efficiency (a) and the distribution of Cr(total) after alkaline precipitation (b) during electro-Fenton process. Experimental conditions: [Fe 2+ ] = 400 µM, [Cr(III) complex] = 0.20 mM, pH0 = 3.0, subsequent precipitation pH 7.0.
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 4 Fig. 4. Effect of electrolysis time on the distribution of Cr(total) after alkaline precipitation. Experimental conditions: current = 300 mA, [Fe 2+ ] = 400 µM, [Cr(III) complex] = 0.20 mM, pH0 = 3.0, subsequent precipitation pH 7.0.
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 56 Fig. 5. Effect of initial Fe 2+ concentration on the time profile of TOC removal and residual Cr(total) after alkaline precipitation. Experimental conditions: current = 300 mA, [Cr(III) complex] = 0.20 mM, pH0 = 3.0, subsequent precipitation pH 7.0.
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 78 Fig. 7. Time profile of H2O2 formation in electro-Fenton process (a) and the reduction of Cr(VI) in various reaction solution (b). Experimental conditions: current = 300 mA, [Fe 2+ ] = 0.4 mM, [Cr(III) complex] = 0.20 mM, pH0 = 3.0; solution reaction system: [Fe 2+ ] = 0.4 mM, [Cr(VI)] = 0.20 mM, [H2O2] = 0.5 mM, pH0 = 3.0)
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 9 Fig. 9. SEM images of fresh carbon felt (a), used carbon felt (b) and regenerated carbon felt by dilute HCl (c), and Elemental mapping: (d-f) correspond to C, Fe and Cr maps, respectively.
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 10 Fig. 10. XPS spectra of 2p and Cr 2p for the precipitate on carbon felt obtained after electro-Fenton process (a, b) and collected from alkaline precipitation (c, d).
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Table 1 .

 1 Comparison between direct precipitation and Electro-Fenton + precipitation for various Cr(III) complexes decontamination.

		Direct precipitation	Electro-Fenton + precipitation
	Cr(III) complexes	Residual Cr(total)	TOC removal	Residual	Cr(VI)
		(µM)	efficiency	Cr(total) (µM)	concentration (µM)
	Cr(III)-malonate	71±1.6	68%	10±2.1	N.D.
	Cr(III)-malate	164±3.2	67%	9±1.3	N.D.
	Cr(III)-citrate	194±2.3	71%	21±1.7	N.D.
	Cr(III)-EDTA	171±4.1	69%	11±2.8	N.D.
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Removal of Cr(III) complexes without accumulation of Cr(VI) using alkaline precipitation during electro-Fenton treatment