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Activation of persulfate by Fe(III) species: Implications for 4-tert-butylphenol degradation

Highlights

 A new AOPs method based on iron oxide activation of persulfate.

 Radical species involvement during persulfate activation was investigated.

 Effect of naturally occurring scavengers such as carbonates and chloride ions was assessed.

Introduction

Persulfate has received increasing interest in recent years in the application for the degradation of organic pollutants in contaminated soils and waters. Persulfate anion (S2O8 2-) is usually activated by thermal [START_REF] Johnson | Persulfate persistence under thermal activation conditions[END_REF][START_REF] Waldemer | Oxidation of chlorinated ethenes by heat-activated persulfate: Kinetics and products[END_REF], alkaline [START_REF] Guan | Influence of pH on the formation of sulfate and hydroxyl radicals in the UV/peroxymonosulfate system[END_REF], ultraviolet light [START_REF] Gao | Ultraviolet (UV) light-activated persulfate oxidation of sulfamethazine in water[END_REF][START_REF] Lau | The aqueous degradation of butylated hydroxyanisole by UV/S2O8 2-: Study of reaction mechanisms via dimerization and mineralization[END_REF][START_REF] Lin | Feasibility study of ultraviolet activated persulfate oxidation of phenol[END_REF] or transition metal (Fe 0 , Fe 2+ , Cu 2+ , Co 2+ and Ag + ) [START_REF] Anipsitakis | Radical generation by the interaction of transition metals with common oxidants[END_REF][START_REF] Jiang | Degradation of bisphenol A in aqueous solution by persulfate activated with ferrous ion[END_REF][START_REF] Liang | Mass transfer and chemical oxidation of naphthalene particles with zerovalent iron activated persulfate[END_REF] to form sulfate radical (SO4 •-), which has high oxidation-reduction potential (E o = 2.6 -3.2 V) [START_REF] Huie | Electron transfer reaction rates and equilibria of the carbonate and sulfate radical anions[END_REF][START_REF] Killian | Iron (II) ativated persulfate oxidation of MGP contaminated soil[END_REF]. It could be an alternative to traditional advanced oxidation processes (AOPs) which are based on hydroxyl radical (HO • ) generation, such as Fenton or Fenton-like oxidation.

In fact, SO4 •-have the potential for much greater stability than HO • and wide reactivity like HO • and so could be very efficient for the treatment of wastewaters containing high concentrations of organic contaminants [START_REF] Deng | Sulfate radical-advanced oxidation process (SR-AOP) for simultaneous removal of refractory organic contaminants and ammonia in landfill leachate[END_REF][START_REF] Li | Degradation of diphenylamine by persulfate: Performance optimization, kinetics and mechanism[END_REF].

One of the most common activators of persulfate (PS) includes soluble iron and iron chelates [START_REF] Jiang | Degradation of bisphenol A in aqueous solution by persulfate activated with ferrous ion[END_REF][START_REF] Ahmad | Persulfate activation by subsurface minerals[END_REF][START_REF] Liang | Persulfate oxidation for in situ remediation of TCE. I. Activated by ferrous ion with and without a persulfate-thiosulfate redox couple[END_REF]. Activation of persulfate by iron or other transition metals proceeds through reduction of persulfate to generate SO4 •-which is a reaction parallel to the Fenton initiation reaction [START_REF] House | Kinetics and mechanism of oxidations by peroxydisulfate[END_REF][START_REF] Woods | Arsenic(IV) as an intermediate in the induced oxidation of arsenic(III) by the iron(II) persulfate reaction and the photoreduction of iron(III). II. Presence of oxygen[END_REF]: Homogeneous processes with soluble iron have been widely investigated to produce radical species and remove non-biodegradable compounds, but pH should be lowered to around 4 to avoid iron precipitation [START_REF] De Laat | Catalytic decomposition of hydrogen peroxide by Fe(III) in homogeneous aqueous solution: mechanism and kinetic modeling[END_REF][START_REF] Pignatello | Dark and photoassisted iron(3+)-catalyzed degradation of chlorophenoxy herbicides by hydrogen peroxide[END_REF][START_REF] Zhao | Sodium peroxydisulfate activation by heat and Fe(II) for the degradation of 4-CP[END_REF]. In order to overcome this limitation, minerals could be used to promote the oxidation reaction at circumneutral pH [START_REF] Ahmad | Persulfate activation by subsurface minerals[END_REF][START_REF] Teel | Persulfate activation by naturally occurring trace minerals[END_REF][START_REF] Usman | Application of magnetite catalyzed chemical oxidation (Fenton-like and persulfate) for the remediation of oil hydrocarbon contamination[END_REF].

         
Recently, number of research works have studied the use of transition metal (Cu, Fe and Mn)-bearing minerals to catalyze the decomposition of persulfate and degrade organic compounds in waters [START_REF] Ahmad | Persulfate activation by subsurface minerals[END_REF][START_REF] Teel | Persulfate activation by naturally occurring trace minerals[END_REF][START_REF] Usman | Application of magnetite catalyzed chemical oxidation (Fenton-like and persulfate) for the remediation of oil hydrocarbon contamination[END_REF][START_REF] Duan | Insights into heterogeneous catalysis of persulfate activation on dimensional-structured nanocarbons[END_REF][START_REF] Fang | Manipulation of persistent free radicals in biochar to activate persulfate for contaminant degradation[END_REF][START_REF] Lei | Heterogeneous degradation of organic pollutants by persulfate activated by CuO-Fe3O4: Mechanism, stability, and effects of pH and bicarbonate ions[END_REF][START_REF] Li | Efficient oxidation of phenol by persulfate using manganite as a catalyst[END_REF][START_REF] Zhang | Efficient peroxydisulfate activation process not relying on sulfate radical generation for water pollutant degradation[END_REF][START_REF] Jo | The synthesized and thermally modified Mn-Ca-FeOOH composite in persulfate system: Its role to discolor methylene blue[END_REF]. However, persulfate activation mechanism at oxide surfaces and generation pathways of reactive oxygen species (e.g. HO • , SO4 •-, O2 -without producing sulfate radicals [START_REF] Zhang | Efficient peroxydisulfate activation process not relying on sulfate radical generation for water pollutant degradation[END_REF]. Indeed, the activation mechanism and radical generation strongly depends on the activator surface active sites, surface composition and charge transfer processes [24-26, 29, 30]. More particularly, Liu et coworkers [START_REF] Liu | In situ chemical oxidation of contaminated groundwater by persulfate: Decomposition by Fe(III)-and Mn(IV)-containing oxides and aquifer materials[END_REF][START_REF] Liu | Oxidation of benzene by persulfate in the presence of Fe(III)-and Mn(IV)-containing oxides: Stoichiometric efficiency and transformation products[END_REF] demonstrated that Fe(III)-oxides such as goethite were able to catalytically convert persulfate into sulfate radical (SO4 •-) and hydroxyl radical (HO • ), but by using an high mineral mass loading (≥ 50 g L -1 ) and at pH 8 maintained with 50 mM borate buffer. Therefore, more investigations are still needed to determine the role of Fe(III) species in persulfate activation and radical generation under different chemical conditions.

In the present work, the ability of five selected iron oxhydroxides in PS activation was investigated under different experimental conditions (pH value, solid concentration and S2O8 2-concentration). To provide insights into the role of ferric species in persulfate activation, experiments were also conducted with the dissolved Fe(III) (Fe 3+ ion added as Fe(ClO4)3). The speciation of the latter is most important in aqueous solution and dominated by the hydrolysis and then subsequent formation of different Fe III complexes as the pH increases [START_REF] Baes | The hydrolysis of Cations[END_REF].

4-tert-butylphenol (4tBP), an emerging contaminant, was used as a target pollutant, which is one of the endocrine disrupting chemicals with highly estrogenic effects [START_REF] Barse | One-tenth dose of LC50 of 4-tert-butylphenol causes endocrine disruption and metabolic changes in Cyprinus carpio[END_REF][START_REF] Myllymaki | In vitro effects of diethylstilbestrol, genistein, 4-tert-butylphenol, and 4-tert-octylphenol on steroidogenic activity of isolated immature rat ovarian follicles[END_REF]. 4tBP had been widely used as a raw material for chemical industry [START_REF] Liu | Removal mechanisms for endocrine disrupting compounds (EDCs) in wastewater treatment-physical means, biodegradation, and chemical advanced oxidation: A review[END_REF], and thus found at relatively high concentrations in aquatic and environmental systems [START_REF] Campbell | Biologically directed environmental monitoring, fate, and transport of estrogenic endocrine disrupting compounds in water: a review[END_REF]. The effects of chloride (Cl -) and carbonates (HCO3 -/CO3 2-) ions, which are considered as the most naturally occurring anions, on the transformation of 4tBP were experimentally investigated. The identification of the main reactive oxygen species in Fe(III)/persulfate system was also performed by conducting radical quenching experiments.

Experimental

Chemical

Potassium persulfate (K2S2O8), 4-tert-butylphenol (4tBP) and Ferric perchlorate (Fe(ClO4)3) 2-Propanol (2-Pr) and tert-Butanol (t-BuOH) were obtained from Sigma-Aldrich, France and used without further purification. Perchloric acid (HClO4) (that is not reactive toward photogenerated radicals [START_REF] Lipctnska-Kochany | Influence of some groundwater and surface waters constituents on the degradation of 4-chlorophenol by the Fenton reaction[END_REF]) and sodium hydroxide (NaOH) were used to adjust the pH of the solutions. All chemicals were used without further purification. Hematite, Goethite, Lepidocrocite, Ferrihydrite and Akaganeite were synthesized as explained in previous works [START_REF] Hanna | Sorption of two aromatic acids onto iron oxides: Experimental study and modeling[END_REF][START_REF] Hanna | Sorption of 1-hydroxy-2-naphthoic acid to goethite, lepidocrocite and ferrihydrite: Batch experiments and infrared study[END_REF][START_REF] Kozin | Proton binding and ion exchange at the akaganeite/water interface[END_REF]. The obtained particles were characterized for particle size and B.E.T. specific surface area N2(g) adsorption measurements, chemical analysis, transmission electron microscopy (TEM) and X-ray diffraction (XRD). Their main characteristics are summarized in Table 1.

Experimental procedure

All the experiments were carried out in brown reaction flask, to avoid any light irradiation, with constant magnetic stirring at room temperature (293 ± 2 K). The initial concentration of 4tBP was 50 μM in all experiments. The pH value was measured by Cyberscan 510 pH meter. Samples were taken from the reaction flask at fixed time period and they were passed through the filter (0.22 μm) before chromatographic analysis.

Chemical species quantification

The concentration of the 4tBP remaining in the aqueous solution was determined by high performance liquid chromatography (HPLC) equipped with a photodiode array detector (Waters 996, USA), an HPLC pump (Waters 515, USA) and an auto-sampler (Waters 717, USA). The experiments were performed by UV detection at 221 nm. The flow rate was 1 mL min -1 and the mobile phase was a mixture of water and methanol (20/80, v/v). The column was a Zorbax RX-C8 of 250 mm × 4.6 mm × 5 μm. Under these conditions, the retention time of 4tBP was 6.5 min.

To measure the aqueous concentration of total iron at the end of the experiment, aliquots were sampled from the flasks, filtered through 0.22 μm filters and added to a tube that contained 0.5 N ascorbic acid which reduced all of the dissolved iron into Fe(II). The total Fe(II) in a given solution was determined colorimetrically by the ferrozine assay as previously reported in Bianco et al. [START_REF] Bianco | A better understanding of hydroxyl radical photochemical sources in cloud waters collected at the puy de Dôme station: experimental vs. modeled formation rates[END_REF].

The scavenging experiments were performed using 2-Pr and t-BuOH to determine the contributions of SO4 •-and HO • for the degradation of 4tBP.

Results and discussion

Degradation kinetic of 4tBP in unbuffered systems

The degradation kinetics of 4tBP in the presence of iron oxhydroxides (IO)/ persulfate (PS) and in unbuffered solution are shown in Figure 1. The initial pH was 4.7 without pH adjustment and the value was found stable within ± 0.2 pH unit during the reaction.

Very low adsorption of 4tBP was observed whatever the tested solid (0.9%, 0.5%, 1.0%, 0.9% and 1.0% respectively for Hematite, Goethite, Lepidocrocite, Ferrihydrite and Akaganeite under adopted experimental conditions).

. A slight degradation (less than 3%) was observed in IO-free system after 6 h of reaction, while the presence of IOs enhanced the 4tBP degradation efficiency regardless of the IO tested. Among the tested IOs, ferrihydrite (FH) and akaganeite (AK) showed the highest performance in 4tBP removal. However, it should be noted that amount of dissolved iron (Fe(II/III)) was found below the detection limit (corresponding to 1 µM) whatever the investigated system.

The degradation rate constants of 4tBP ( 4 tB P k , s -1 ) are then evaluated at different amounts of FH and AK (Figure 2). As expected, the removal efficiency increased with the increasing solid concentration in both AK/S2O8 2-and FH/S2O8 2-systems. In particular, increasing of AK concentration had more pronounced effect on 4tBP degradation than that of FH. Indeed, the degradation rate constant increased rapidly from 3.0  10 -6 s -1 to 3.0  10 -4 s -1 as the concentration of AK increased from 2.4 m 2 L -1 to 239 m 2 L -1 .

In the Fenton system, the surface reactivity of each type of mineral is likely affected by crystallinity, surface composition and metal coordination [START_REF] Liu | In situ chemical oxidation of contaminated groundwater by persulfate: Decomposition by Fe(III)-and Mn(IV)-containing oxides and aquifer materials[END_REF][START_REF] Matta | Fenton-like oxidation of 2,4,6-trinitrotoluene using different iron minerals[END_REF]. It is generally admitted that the degradation rate was much higher in the presence of amorphous oxides than crystalline ones [START_REF] Matta | Fenton-like oxidation of 2,4,6-trinitrotoluene using different iron minerals[END_REF][START_REF] Kwan | Rates of hydroxyl radical generation and organic compound oxidation in mineral-catalyzed Fenton-like systems[END_REF]. For instance, ferrihydrite (i.e. the least crystallized iron oxyhydroxide) showed higher efficiency than crystallized oxides (e.g. goethite, lepidocrocite and hematite) in heterogeneous Fenton reaction [START_REF] Liu | In situ chemical oxidation of contaminated groundwater by persulfate: Decomposition by Fe(III)-and Mn(IV)-containing oxides and aquifer materials[END_REF][START_REF] Matta | Fenton-like oxidation of 2,4,6-trinitrotoluene using different iron minerals[END_REF]. In the present study, AK (β-FeOOH) exhibited, however, higher rate constants than FH. Moreover, only heterogeneous surface reaction occurred, since the amount of dissolved iron was negligible (below the detection limit) regardless of the solid loading.

Effect of pH and investigations of reaction mechanism

Figure 3 shows the variation of 4tBP degradation rate constant in the presence of FH and AK within the pH range between 3.2 and 7.8. While no significant effect of pH value on the 4tBP degradation in AK/S2O8 2-system was noted, the degradation rate constant in FH/S2O8 2-system decreased from 3.2  10 -5 s -1 to 1.1  10 -5 s -1 as the solution pH increased from pH 3.2 to 7.8. Almost no leaching of iron ions can be detected at all pH values as the total iron concentration was below the detection limit, < 1 µM, even in acidic conditions. While the pH effect in FH system was quite expected, an unusual trend was observed for AK. This may be explained both by the higher isoelectric point/point-of-zero charge (PZC) (9.6 -10) of this mineral than of FH (~ 8), and an additional surface complexation mechanism at the (010) plane.

Geminal sites (≡Fe(OH)2 2+ ) at this plane could be especially reactive for metal-bonded complexes, as they facilitate a mononuclear six-membered chelate complex via the displacement of two hydroxo/aquo groups at the equatorial plane of a single Fe octahedron. This explanation has been recently used to explain why the AK has a higher sorption capacity for organic ligands as a function of pH than other Fe(III)

oxhydroxides [START_REF] Marsac | Oxolinic acid binding at goethite and akaganéite surfaces: Experimental study and modeling[END_REF].

The electrostatic interactions between oxide surfaces and 4tBP (pKa ~9.8) should be ignored in the pH range investigated (3.2 -7.8), as the PZC of the FH or AK are higher than 8 (Table 1). In addition, PS is under anionic form whatever the pH tested, and should interact with a positively charged iron oxhydroxides due to the electrostatic attraction between the oxide surface and PS. So, interactions between protonated 4tBP and negatively charged S2O8 2-species adsorbed on positively charged oxide surfaces may be favorable in the case of AK. Previous investigations showed a strong inverse pH-dependency of the degradation rate on CuO or Fe3O4

systems [START_REF] Lei | Heterogeneous degradation of organic pollutants by persulfate activated by CuO-Fe3O4: Mechanism, stability, and effects of pH and bicarbonate ions[END_REF]. The authors have suggested a different degradation pathway related with pH of medium and to the adverse impact of pH on PS activation where H + would probably form an H-bond with the negatively charged oxygen in the S2O8 2-molecule and thus inhibit its interaction with positively charged surface.

By analogy to the Fenton-like system [START_REF] Matta | Fenton-like oxidation of 2,4,6-trinitrotoluene using different iron minerals[END_REF], Liu et al. [START_REF] Liu | In situ chemical oxidation of contaminated groundwater by persulfate: Decomposition by Fe(III)-and Mn(IV)-containing oxides and aquifer materials[END_REF] have proposed an one-electron reduction of ≡Fe(III) surface site, which result in the formation of persulfate radical (S2O8 
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Formation of S2O8 •-form oxidation S2O8 2-via a one-electron transfer reaction was also previously reported [START_REF] Mcelroy | Kinetics of the reactions of the SO4radical with SO4 -° S2O8 2-H2O and Fe 2+[END_REF][START_REF] Yu | Free radical reactions involving Cl°, Cl2 -°, and SO4 -° in the 248 nm photolysis of aqueous solutions containing S2O8 2and Cl[END_REF].

Experiments were then conducted with dissolved ferric iron concentration at 11.2 mM at pH 2.4. At this iron concentration and pH, ferric ions were present under monomeric ferric aquacomplex forms (Fe(H2O)6 3+ and Fe(H2O)5(OH) 2+ ) [START_REF] Mestankova | Mineralisation of Monuron photoinduced by Fe(III) in aqueous solution[END_REF].

The degradation of 4tBP in Fe(III)/S2O8 2-system was performed at different pH values (2.4 -5.0 where all the Fe(III) amount is under dissolved form) (figure 4). The control experiments (4tBP/Fe(III) and 4tBP/S2O8 2-) were performed at pH 2.4 and less than 4% of 4tBP degradation was observed. The results showed that the degradation rate of 4tBP is strongly dependent on pH, i.e. slight decrease in the range 2.4 to 2.7 following by a sharp fall at pH > 2.7 before reaching zero at pH 5.0. This pH dependency is closely related to the speciation of Fe III , and thus the different forms of iron aqua-complexes (Fe(H2O)6 3+ , Fe(H2O)5(OH) 2+ , Fe(H2O)4(OH)2 + ) existing between pH 1 and 5 ([47] and Figure SM1). These complexes may have different reactivities with S2O8 2-. It is worth noting that the percentage of Fe(H2O)6 3+ species and the 4tBP degradation rate exhibited similar trend as a function of pH, suggesting a significant contribution of this complex in the activation of S2O8 2-.

To confirm the crucial role of Fe(H2O)6 3+ form, the impact of soluble Fe(III)

concentration was tested at pH 2.4 (Figure 5). The percentage of the form Fe(H2O)6 3+

is around 60% whatever the Fe(III) concentration used in our experimental conditions.

The degradation rate constant increased rapidly from 7.610 -5 s -1 to 7.510 -4 s -1 as the concentration of Fe(III) increased from 1.12 mM to 11.2 mM corresponding to the increase of Fe(H2O)6 3+ amount from 0.67 mM to 6.7 mM. These results confirm the significant role of Fe 3+ for the activation of persulfate, and more specifically the role of the aqueous complex Fe(H2O)6 3+ .

Identification of involved radicals at pH 2.4

To determine the nature of involved radicals during the degradation of 4tBP, experiments were conducted with 50 mM of 2-Pr or t-BuOH. At adopted concentrations, 2-Pr was considered to quench efficiently both generated SO4 •-and HO • considering the second order rate constants of [START_REF] Wu | Sulfate radical photogeneration using Fe-EDDS: Influence of critical parameters and naturally occurring scavengers[END_REF]). About 99% of HO • and 95% of SO4 •-would be quenched in the presence of 2-Pr (50 mM), while in the presence of t-BuOH (50 mM) the values can be estimated to be about 97% of HO • and 20% of SO4 •-. We can argue that the difference observed in 4tBP degradation when the scavengers were used separately should correspond to the contribution of SO4 •-.

In both FH/S2O8 2-and AK/S2O8 2-systems, 4tBP degradation was completely inhibited in the presence of 2-Pr, while the inhibition of 4tBP degradation was insignificant using t-BuOH (Figure 6). This trend suggests that SO4 •-is mainly responsible for the 4tBP degradation in our experimental conditions. More precisely, 91% of SO4 •-and 9% of HO • are involved in FH/S2O8 2-system, whereas 94% of SO4 •-and 5.5% of HO • in AK/S2O8 2-system. Around 43% of degradation of 4tBP was still observed in the presence of 2-Pr in Fe(III)/S2O8 2-system, suggesting the occurrence of additional oxidant species.

Addition of benzoquinone (BQ) in Fe(III)/S2O8 2-system completely inhibited the degradation of 4tBP in the presence of 2-Pr. It is well known that BQ is an electron acceptor able to interrupt dissolved oxygen accepting electrons, and so acts as a very effective trap to avoid the formation of hydroperoxyle radical/superoxide radical anion (HO2 • /O2 •-) [START_REF] Hu | Insights into the photosensitivity activity of BiOCl under visible light irradiation[END_REF][START_REF] Stylidi | Visible light-induced photocatalytic degradation of Acid Orange 7 in aqueous TiO2 suspensions[END_REF]. It is, therefore, reasonable that HO2 • can be formed in our
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The relative contributions of SO4 •-, HO • and couple HO2 • / O2 •-(pKa ~ 4.9) to the degradation of 4tBP were then estimated as 55%, 1% and 44% respectively, in Fe(III)/S2O8 2system.

Effect of chloride and carbonates anions

To evaluate the impact of naturally occurring inorganic ions, experiments were conducted with FH or AK at pH = 4.7 in the presence of chloride ions (Cl -). As shown in Figure 7, addition of Cl -(0.1 and 0.5 M) strongly inhibited the 4tBP degradation in all investigated systems.

The inhibition of 4tBP degradation can be attributed to the quenching of SO4 

S O C l C l S O         4 , S O C l k    = 2.0 × 10 8 M -1 s -1 [49] (R11) 2 C l C l C l      , C l C l
k  = 0.8 -2.1 × 10 10 M -1 s -1 [START_REF] Jayson | Some simple, highly reactive, inorganic chlorine derivatives in aqueous solution. Their formation using pulses of radiation and their role in the mechanism of the Fricke dosimeter[END_REF][START_REF] Nagarajan | Flash photolysis of transient radicals. 1. X2-with X = Cl, Br, I, and SCN[END_REF] (R12)

The reducing potential of Cl2 ) [START_REF] Neta | Rate constants for reactions of inorganic radicals in aqueous solution[END_REF], which is less oxidant than SO4 •- [START_REF] Busset | Photochemical generation of carbonate radicals and their reactivity with phenol[END_REF]. This is in agreement with previous reports where scavenging effects of chloride and carbonates anions towards SO4 •radicals were observed [START_REF] Nie | Degradation of chloramphenicol by thermally activated persulfate in aqueous solution[END_REF][START_REF] Tan | Degradation of antipyrine by UV, UV/H2O2 and UV/PS[END_REF].
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Conclusions

We have demonstrated that the persulfate could be activated by Fe(III) species, including iron oxhydroxides and dissolved Fe 3+ . The Fe(H2O)6 3+ was found to be the most active soluble iron complex form in the activation of S2O8 2-. The pH effect in FH/S2O8 2system was quite expected, as the rate constant decreased as the solution pH increased from pH 3.2 to 7.8. However, the pH value has no significant effect on the 4tBP degradation in AK/S2O8 2system. Only heterogeneous reaction may occur in AK or FH suspensions, as no significant leaching of iron ions was detected even in acidic conditions. The surprising trend in AK/S2O8 2system may be explained by the higher isoelectric point/point-of-zero charge (9.6 -10) of this solid, which leads to a higher sorption capacity on oxide surfaces. Favorable electrostatic interactions between protonated 4tBP and negatively charged S2O8 2species adsorbed on positively charged oxide surfaces of AK may improve the heterogeneous oxidation mechanism.

4tBP degradation was mainly due to the SO4 •in IOs/S2O8 2system, while SO4 •and HO2 • both had great contribution in the 4tBP degradation in Fe 3+ /S2O8 2system.

In the presence of chloride ions, 4tBP degradation efficiency was significantly decreased due to the trapping of SO4 

  10 9 M -1 s -1 , while t-BuOH can be considered to be more selective toward[START_REF] Buxton | Critical review of rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals ( • OH/ • O -) in aqueous solution[END_REF][START_REF] Neta | Rate constants for reactions of inorganic radicals in aqueous solution[END_REF]. It is then possible to estimate the radical scavenging percentage by using the aqueous concentration of each chemical and the reactivity of radicals with 4tBP (
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  •-) are still a matter of debate. While the most of these works indicated the radical formation (at surface or in solution) as the main mechanism responsible of contaminant removal [24-27, 29, 30], Zhang et al. reported that copper oxide can efficiently activate S2O8
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Table 1 . Physicochemical parameters of the investigated iron oxhydroxides Mineral BET surface area (m 2 g -1 ) Shape : Average particle size PZC

 1 

	Goethite	49	acicular : 50-60 nm in width and	9.1
	α-FeOOH		200-300 nm in length	
	Ferrihydrite	245	Spherical : 5-6 nm in diameter	8.2
	Fe2(OH)6			
	Lepidocrocite	59	acicular: 2.5-6.3 nm in width	7.9
	γ-FeOOH		and 11-50 nm in length	
	Hematite	16	Spherical : 80-90 nm in diameter 8.1
	Fe2O3			
	Akaganeite	239	acicular : 2.5-6.3 nm in width	9.5
	β-FeOOH		and 11-50 nm in length	
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