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In the present study, we investigated the degradation kinetics and transformation pathways of two 5halogenosalicylic acids (5XSAs), namely, 5-chlorosalicylic acid (5ClSA) and 5-bromosalicylic acid (5BrSA) by sulfate radical (SO 4  -) in a thermo-activated persulfate system. The reaction pathways and mechanisms were proposed based on laser flash photolysis (LFP) techniques, HPLC-HRMS and molecular orbital calculations. Our results revealed that efficient removal of 5XSAs could be achieved by thermo-activated persulfate, and phenoxyl radicals were found to play key roles in the primary oxidation pathways. The subsequent transformation of phenoxyl radicals included hydroxylation and coupling processes. The resulting coupling products could undergo secondary reactions with sulfate radical, including dehalogenation, decarboxylation and hydroxylation. Hydroxylated products were in turn oxidized by SO 4  -, leading to the ring opening and the formation of a series of small molecular carbonyl byproducts. These processes could be responsible for the mineralization and the release of Br -or Cl -. In addition, the degradation rate constants of 5XSAs increased appreciably with increasing temperature, and higher efficiency of oxidation was observed around neutral initial pH. Moreover, degradation kinetics were found to be hardly affected by dissolved oxygen (DO), showing the possibility of applying SR-AOPs under environmental realistic conditions, not only for surface waters, but also for oxygen-deficient underground waters. The present work could increase our understanding of the reactivity and pathways of halogen phenols widely present in natural waters.

Introduction

Sulfate radical (SO 4

•-) based advanced oxidation processes (SR-AOPs) have attracted increasing scientific interests in recent decades for the elimination of recalcitrant contaminants from aquatic systems [START_REF] Tsitonaki | In situ chemical oxidation of contaminated soil and groundwater using persulfate: a review[END_REF]. The half-time of SO 4

•-is around 30-40 μs which can react with many organic pollutants at rate constants ranging from 10 6 to 10 9 M -1 s -1 [START_REF] Guo | Degradation of antibiotics amoxicillin by Co3O4-catalyzed peroxymonosulfate system[END_REF][START_REF] Neta | Rate constants for reactions of inorganic radicals in aqueous solution[END_REF][START_REF] Prieto | Design and synthesis of copper-cobalt catalysts for the selective conversion of synthesis gas to ethanol and higher alcohols[END_REF]. Generally, SR-AOPs are mainly based on the activation of peroxymonosulfate (HSO 5 -, PMS) or peroxodisulfate (S 2 O 8 2-

, PS) through heating [START_REF] Fan | Kinetic and mechanistic investigations of the degradation of sulfamethazine in heat-activated persulfate oxidation process[END_REF],

UV irradiation [START_REF] Zhou | Investigations of diatrizoate degradation by photo-activated persulfate[END_REF][START_REF] Liu | Degradation of atenolol by UV/peroxymonosulfate: kinetics, effect of operational parameters and mechanism[END_REF], ultrasound [START_REF] Cai | Ultrasound enhanced heterogeneous activation of peroxymonosulfate by a bimetallic Fe-Co/SBA-15 catalyst for the degradation of Orange II in water[END_REF], adjunction of bases [START_REF] Furman | Mechanism of base activation of persulfate[END_REF], electron [START_REF] Ghanbari | Electrochemical advanced oxidation processes coupled with peroxymonosulfate for the treatment of real washing machine effluent: A comparative study[END_REF], and transition metalcatalysis or carbons [START_REF] Huang | Behavioral evidence of the dominant radicals and intermediates involved in bisphenol A degradation using an efficient Co 2+/PMS oxidation process[END_REF][START_REF] Zhou | Ferrous-activated persulfate oxidation of arsenic (III) and diuron in aquatic system[END_REF].

Halogenated aromatic compounds have been selected as target pollutants of numerous AOPs investigations due to their widespread presence in the environment and potential toxicities towards environment and human [START_REF] Zimmerman | CRC Handbook of Photochemistry and Photobiology[END_REF][START_REF] Boule | Phototransformation of halogenoaromatic derivatives in aqueous solution[END_REF][START_REF] Manahan | Toxicological chemistry and biochemistry[END_REF]. Halogeno-phenols have also attracted the scientific interests because they can be introduced into the environment as chemical intermediates in the fabrication of a series of chemical products [START_REF] Silverman | Salicylate activity. 3. Structure relationship to systemic acquired resistance[END_REF][START_REF] Reglinski | Suppression of Botrytis bunch rot in Chardonnay grapevines by induction of host resistance and fungal antagonism[END_REF][START_REF] Ternes | Occurrence and behavior of X-ray contrast media in sewage facilities and the aquatic environment[END_REF]. Degradation of halogeno-phenols by SO 4

•-was examined in previous studies and it is well accepted that halogen release would take place. In the degradation process of 2,4,6-trichlorophenol by SO 4

•-, Xu et al. have detected the release of chlorine atoms, which played a very important role in the subsequent formation of a series of chlorinated products [START_REF] Xu | Sulfate radical-induced degradation of 2, 4, 6-trichlorophenol: a de novo formation of chlorinated compounds[END_REF].

As a strong electrophile, SO 4  -tends to react with electron-rich chemicals, including aniline and phenolic derivatives (ArOH), through an one-electron transfer reaction which was believed to be the primary pathway [START_REF] Lutze | Degradation of chlorotriazine pesticides by sulfate radicals and the influence of organic matter[END_REF]. For example, in the case of ArOH, the initial step is an electron transfer from ArOH towards SO 4

•-which yields an intermediate radical cation, then a spontaneous deprotonation process occurs which produces a phenoxyl radical (Eq 2) [START_REF] Brede | Diphenol radical cations and semiquinone radicals as direct products of the free electron transfer from catechol, resorcinol and hydroquinone to parent solvent radical cations[END_REF][START_REF] Ganapathi | Free electron transfer from several phenols to radical cations of non-polar solvents[END_REF]. On the other hand, Caregnato et al.

also proposed a direct H abstraction pathway from gallic acid to SO 4 •-, leading to the production of the corresponding phenoxyl radical and HSO 4 - [START_REF] Caregnato | Theoretical and experimental investigation on the oxidation of gallic acid by sulfate radical anions[END_REF]. In our previous study, it was documented that the formation and transformation of phenoxyl radicals played a very important role in SO 4

•-induced oxidation of substituted phenols [START_REF] Zhou | Sulfate radical induced degradation of β2-adrenoceptor agonists salbutamol and terbutaline: Phenoxyl radical dependent mechanisms[END_REF]. However, for the oxidation of halogeno-phenols by SO 4 •-, little is currently known about the generation of corresponding phenoxyl radicals, neither on the subsequent transformation, including halogen release and mineralization.

S 2 O 8 2-→ 2SO 4 •- (1) 
ArOH + SO 4

•-→SO 4 2-+ ArO • +H + (2)
In the present study 5-chlorosalicylic acid (5ClSA) and 5-bromosalicylic acid (5BrSA) were selected as the target chemicals, both of them are effective fungicides which have been widely applied in agriculture [START_REF] Paul | Deciphering the photophysics of 5-chlorosalicylic acid: evidence for excited-state intramolecular proton transfer[END_REF]; in addition, they can be also used as starting materials in the synthesis of pesticides, dyes and pharmaceutical products [START_REF] Tafer | Photomineralization of aqueous salicylic acids. Photoproducts characterization and formation of light induced secondary OH precursors[END_REF]. We attempted to investigate the underlying mechanisms of phenoxyl radicals formation and its subsequent transformation pathways. Specific objectives of this study were 1) to investigate the elementary steps in which phenoxyl radicals were formed by using laser flash photolysis (LFP) experiments; 2) to identify the degradation products and propose the potential transformation pathways of phenoxyl radicals; and 3) to monitor the release of halogen species from the parent chemicals.

Materials and methods.

2.1. Chemicals and reagents. (Millipore, MA, USA) was used to prepare aquatic reaction solutions and HPLC mobile phase.

Experiment setup.

Degradation reactions of selected chemicals by thermo-activated PS were carried out at predetermined temperatures (30-60 ℃) in a thermo-stated water bath, in screw-cap EPA vials (60 mL, amber glass, Thomas scientific) with Teflon septa. In the present study fresh PS stock solution was prepared just before each bath experiments. Specific aliquots of 5XSA and PS stock solutions were transferred to the vials to achieve a 50 mL reaction at predetermined substrate and PS concentrations. The initial pH of the reaction solutions was adjusted after the addition of PS by using NaOH (10 mM) and H 2 SO 4 (10 mM) to desired values. Buffer solutions were not used in this study to avoid the potential secondary reactions between SO 4  -and the buffer species. Prior to batch kinetic experiments, control experiments in the absence of PS or with PS at ambient temperature (i.e. 20 ℃) were performed and no decrease of 5XSA concentration was observed under these conditions. During the reaction process, 0.5 mL reaction samples were withdrawn at predetermined time intervals and immediately chilled in an ice bath to stop the oxidation. Afterwards, these samples were stored at a refrigerator (4 ℃) for the analysis by HPLC-DAD, HPLC-HRMS or ion chromatography (IC) within 24 h. The identification of radicals responsible for 5XSA degradation was conducted by using TBA, a specific scavenger which reacts fast with •OH while slowly with SO 4

•- [START_REF] Zhou | Sulfate radical induced degradation of β2-adrenoceptor agonists salbutamol and terbutaline: Phenoxyl radical dependent mechanisms[END_REF]. All the kinetic experiments were conducted at least in duplicate.

Laser Flash Photolysis (LFP).

To 

DNPH derivatization.

DNPH derivatization method was applied in this study for the identification of carbonyl byproducts with smaller molecular weights, the procedure being similar to our previous work with some differences [START_REF] Tafer | Photomineralization of aqueous salicylic acids. Photoproducts characterization and formation of light induced secondary OH precursors[END_REF]. Specifically, 0.5 mL reaction solution was mixed with 20 μL DNPH solution (1 mg mL -1 in ACN), and 20 μL phosphoric acid (0.051 M) was used to acidify the solution. After 30 min stirring, 1 mL ACN was added, this solution was then transferred to a HPLC vial for HPLC-HRMS analysis.

DFT calculations.

In the present study all the DFT calculations were conducted by using Gaussian 09 package of program, as previously documented [START_REF] Frisch | Gaussian 09, Revision D. 01[END_REF][START_REF] Zhou | Sulfate radical induced degradation of β2-adrenoceptor agonists salbutamol and Terbutaline: Implication of halides, bicarbonate, and natural organic matter[END_REF]. The B3LYP hybrid exchange-correlation functional was used for geometry optimizations [START_REF] Becke | Becke's three parameter hybrid method using the LYP correlation functional[END_REF], and the basis set was set at 6-31+G(d). SMD model based on the self-consistent-reaction-field (SCRF) method was used throughout to evaluate the solvent effect of water [START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF]. Frequency calculations were also performed in order to confirm the natures of all minima.

Analyses.

The detailed analysis methods of HPLC, HPLC-HRMS and IC are described in Text S1, Supplementary Materials (SM).

Results and discussion

It is well accepted that thermolysis is an effective approach to activate PS for the generation of SO 4  - [START_REF] Tsitonaki | In situ chemical oxidation of contaminated soil and groundwater using persulfate: a review[END_REF], and which was applied to the present study for 5XSA degradation. Control preliminary experiments at 60 • C without PS for 120 min revealed no loss of 5ClSA or 5BrSA, indicating that the selected target compounds were thermally stable in the experimental conditions. Additionally, 5ClSA and 5BrSA were also found to be stable in the presence of PS at ambient temperature (20 • C).

3.1 Reaction kinetics 3.1.1 Effect of temperature.

It has often been reported that increasing temperature would markedly enhance the oxidation efficiency by thermo-activated PS [START_REF] Tsitonaki | In situ chemical oxidation of contaminated soil and groundwater using persulfate: a review[END_REF][START_REF] Ji | Thermo activated persulfate oxidation of antibiotic sulfamethoxazole and structurally related compounds[END_REF][START_REF] Zhou | Thermo-activated persulfate oxidation of pesticide chlorpyrifos in aquatic system: kinetic and mechanistic investigations[END_REF]. In this study different experiments in which the temperature varying from 30 to 60 ℃ were tested. It was found that the degradations of 5ClSA and 5BrSA followed a pseudo-first-order kinetics (Eq 3).

ln

([P]/[P] 0 ) = -k obs t (3)
Thus, as expected the decay rate of 5ClSA and 5BrSA were appreciably increased with increasing temperature, as shown in Figure 1 (for 5BrSA in Figure S1, SM). High temperature promoted the activation of PS as well as elevated the chemical oxidations initiated by SO 4  -attack, which is in accordance with the literature data for other contaminants [START_REF] Tsitonaki | In situ chemical oxidation of contaminated soil and groundwater using persulfate: a review[END_REF][START_REF] Ji | Thermo activated persulfate oxidation of antibiotic sulfamethoxazole and structurally related compounds[END_REF][START_REF] Zhou | Thermo-activated persulfate oxidation of pesticide chlorpyrifos in aquatic system: kinetic and mechanistic investigations[END_REF]. Furthermore, the dependency of k obs was further evaluated using the Arrhenius equation, as described in Eq. ( 4):

obs ln = ln A - T Ea k R (4)
where A represents the pre-exponential factor, Ea is the activation energy, R is the universal gas constant (8.314 J mol -1 K -1 ), and T is the reaction temperature. Thus, the activation energy could be calculated as 99.7 and 85.5 kJ mol -1 for 5ClSA and 5BrSA, respectively. It is noteworthy that, in the same reaction condition, the degradation of 5BrSA was faster than that of 5ClSA, this was in line with the smaller activation energy, as well as the second-order rate constants of them with SO 4  -by using a competitive kinetic method (Text S2, SM), and the rates were estimated at (1.04 ± 0.14) and (1.20 ± 0.11) × 10 9 M -1 s -1 for 5ClSA and 5BrSA, respectively.

Figure 1

Effect of initial pH

Solution pH is another important factor which plays a complex role in SR-AOPs since it can potentially affect the speciation of organic compounds with ionisable functional moieties as well as the generation of reactive species (i.e. SO 4

•-and •OH) [START_REF] Ji | Thermo activated persulfate oxidation of antibiotic sulfamethoxazole and structurally related compounds[END_REF]. Moreover, it had also been reported that SO 4

•can be transformed into •OH by reactions with water and/or hydroxyde ions under basic conditions (Eq 5 and 6) [START_REF] Fang | Transformation of polychlorinated biphenyls by persulfate at ambient temperature[END_REF][START_REF] Herrmann | Time-resolved UV/VIS diode array absorption spectroscopy of SOx-(x=3, 4, 5) radical anions in aqueous solution[END_REF], in addition, it has also been documented that in acidic conditions, SO 4

•-can also be quenched by hydrogen ions (Eq 7) [START_REF] Ahamadi | Organic dye degradation through peroxymonosulfate catalyzed by reusable graphite felt/ferriferrous oxide: Mechanism and identification of intermediates[END_REF].

SO 4 •-+ H 2 O → SO 4 2-+ •OH + H + k = 6.6 × 10 2 s -1 (5) SO 4 •-+ OH -→ SO 4 2-+ •OH k ≈ 6.5 × 10 7 M -1 s -1 (6) SO 4 •-+ H + + e -→HSO 4 •- (7) 
Figure 2 exhibits the impact of solution pH on 5ClSA (5BrSA) removal by thermo-activated PS at 60

• C. The most efficient degradation for both chemicals was observed at an initial pH of 7.0, increasing or decreasing the initial pH values inhibited the oxidation process. It is noteworthy that pH of reaction solutions declined continuously during the oxidation process, as no buffer was used in this work (Table S1, SM).For instance, the pH of 5ClSA reaction solutions decreased from 9.0 to 5.2, 7.0 to 4.4, 5.0 to 4.0 and 3.0 to 2.8 after 90 min. 5ClSA has two pKas (2.59 and 12.58) [START_REF] Tafer | Photomineralization of aqueous salicylic acids. Photoproducts characterization and formation of light induced secondary OH precursors[END_REF], thus at a pH laying between 5 and 9, the dominant species is carboxylate form (5ClSA-H, Figure S2). While at pH < 5, molecular 5ClSA (protonated species) also exists. Similar speciation was also found in the case of 5BrSA, whose pKa values are 2.63 and 12.76 (Figure S3). It has been reported that the deprotonated, non-dissociated forms of phenols, tetracyclines and sulfonamides were more susceptible for SO 4

•-attack [START_REF] Ji | Thermo-activated persulfate oxidation system for tetracycline antibiotics degradation in aqueous solution[END_REF][START_REF] Fan | Kinetic and mechanistic investigations of the degradation ofsulfamethazine in heat-activated persulfate oxidation process[END_REF]. As the pH declined, the fraction of protonated 5XSA would increase, the presence of protonated 5XSA might contribute to the slower degradation at very acidic conditions (pH <5). Moreover, in acidic conditions, PS could undergo an acid-catalyzed decomposition process which depletes PS via a non-radical pathway without generating SO 4  -(Eq 8), resulting in a lower efficiency of PS decomposition to generate SO 4  - [START_REF] Kolthoff | The chemistry of persulfate. I. The kinetics and mechanism of the decomposition of the persulfate ion in aqueous medium1[END_REF]. Consequently, these two factors could be responsible for the weaker degradation rates at acidic pH.

S 2 O 8 2-+ H + → HS 2 O 8 -→HSO 4 - + SO 4 (8) 
In addition, the conversion of SO 4

•-into •OH (Eq 6 and 7) was also tested in this section by using TBA, a specific scavenger which reacts fast with •OH (≈3.8-7.6 ×10 8 M -1 s -1 ) while slowly with SO 4

•-(≈4-9.1 ×10 5 M -1 s -1 ) [START_REF] Zhou | Sulfate radical induced degradation of β2-adrenoceptor agonists salbutamol and terbutaline: Phenoxyl radical dependent mechanisms[END_REF]. The presence of excess TBA (10 mM) could only slightly inhibit the degradation of 5XSA (100 μM). For instance, at initial pH of 9, the degradation rate of 5ClSA declined from 1.62 to 1.49 × 10 -4 s -1 after TBA addition, implying that the contribution of •OH was negligible. A similar result was also obtained for 5BrSA, the rate constant decreased from 1.61 to 1.50 × 10 -4 s -1 after TBA addition. This result was in line with previous work that SO 4

•-appeared as the predominant major species in activated PS process at pH <9 [START_REF] Liang | Identification of sulfate and hydroxyl radicals in thermally activated persulfate[END_REF]. Therefore, the negative effect of basic pH on 5ClSA/5BrSA degradation might be attributed to other reasons. By heat activation, one molecule of peroxodisulfate could undergo homolysis of the O-O bond to generate two SO 4  -, which in turn oxidizes the target pollutants (Eq 1). While at basic condition, base-activated PS decomposition could also take place (Eq 9) [START_REF] Furman | Mechanism of base activation of persulfate[END_REF]. In this latter case, two molecules of PS only produce one molecule of SO 4  -, and the reaction in basic pH is therefore less efficient than that in neutral conditions. . This technique is well appropriate because the radical SO 4

2S 2 O 8 2-+ 2OH -→ SO 4 •-+ 3SO 4 2-+ O 2 •-+2H + (9) 
•-formed by photochemical cleavage of PS exhibits a well-known transient spectrum (λ max =450 nm [START_REF] Wu | Sulfate Radical Photogeneration Using Fe-EDDS: Influence of Critical Parameters and Naturally Occurring Scavengers[END_REF]) and phenoxyl radicals can be also easily identified by their two-band feature transient spectrum [START_REF] Ganapathi | Free electron transfer from several phenols to radical cations of non-polar solvents[END_REF] and the reaction between SO 4

•-and the phenols can be directly monitored. In the presence of 5ClSA or 5BrSA, SO 4

•concentration decayed rapidly and new reactive species were formed, as it was observed for other chemicals such as salbutamol or terbutaline [START_REF] Zhou | Sulfate radical induced degradation of β2-adrenoceptor agonists salbutamol and terbutaline: Phenoxyl radical dependent mechanisms[END_REF]. The new transient species generated from 5ClSA and 5BrSA (λ max = 400/420 nm and 420/440 nm, respectively, Figure 3A) were firmly assigned to 2carboxy-4-chlorophenoxyl radical and 2-carboxy-4-bromophenoxyl radical. Indeed, these species were already observed upon laser flash photolysis of 5ClSA/5BrSA in the presence of H-donor molecules [START_REF] Tafer | Photochemistry of 5-Halogenosalicylic Acids: Evidence of the Triplet Involvement in the Carbene Formation[END_REF]. Such series of equally spaced peaks (20 nm) was attributed to the vibrational progressions of phenoxyl radical, while the absorption peaks at the longer wavelength are due to the 0-0 transition, which was previously documented [START_REF] Brede | Diphenol radical cations and semiquinone radicals as direct products of the free electron transfer from catechol, resorcinol and hydroquinone to parent solvent radical cations[END_REF][START_REF] Ganapathi | Free electron transfer from several phenols to radical cations of non-polar solvents[END_REF][START_REF] Caregnato | Theoretical and experimental investigation on the oxidation of gallic acid by sulfate radical anions[END_REF][START_REF] Zhou | Sulfate radical induced degradation of β2-adrenoceptor agonists salbutamol and terbutaline: Phenoxyl radical dependent mechanisms[END_REF].

Figure 3

To better understand the underlying pathways through which phenoxyl radical was generated from the reaction of 5XSA with SO 4 •-, DFT calcualtions were carried out. By considering an electron-transfer mechanism, the initial step proposed could be an addition of SO 4  -on the aromatic ring via a transition state (TS, Figure 3B), leading to the generation of an additional intermediate (IM). The structural difference between TS and IM was the differnet distance between sulfate radical and 5XSA (O---3C distance in Figure 3B), specifically, the disctances were estimated to be 1.82 and 1.51 Å for TS and IM, respectively.The proposed sulfate addition pathway was documented in the literatures [START_REF] Gara | A combined theoretical and experimental study on the oxidation of fulvic acid by the sulfate radical anion[END_REF][START_REF] Wille | Sulfate Radical Anions (SO4•-) as Donor of Atomic Oxygen in Anionic Transannular, Self-Terminating, Oxidative Radical Cyclizations[END_REF],

and such process could take place on each of the postion on the ring. For sulfate addition on the 3C position on the ring (formation of IM via TS, Figure 3B), energy barriers of 31.8 and 30.1 kJ mol -1

were calculated for 5ClSA and 5BrSA, respectively, which could be easily to overcome at ambient conditions. Afterwards, IM could undergo cleavage to produce the corresponding phenoxyl radical and HSO 4 -(or H + + SO 4

2-

). Regarding sulfate addition on 4C, energy barriers (from Reactants to TS) at 12.1 and 9.2 kJ mol -1 were estimated for 5ClSA and 5BrSA, respectively; and values of 19.7 and 18.0 kJ mol -1 for 5ClSA and 5BrSA, respectively, were obtained on 6C. These relative low energy barriers corroborated the feasibility of an efficient formation of phenoxyl radical via an electrontransfer. On the other hand, the H abstraction process was also calculated, and calculation findings indicated that for direct H abstraction of 5XSA (OH group) by SO 4

•-no transition state was recorded.

As the energy levels of the products (phenoxyl radical and HSO 4 -) were much lower than that of the reactants (Figure 3B), the H abstraction reactions were also thermodynamically favorable.

It is worthy to note that for electron-transfer pathway, the energy barriers (from Reactants to TS) for 5BrSA reacting with SO 4

•-at each site on the aromatic ring was smaller than that for 5ClSA (Figure 1B), implying that 5BrSA is more susceptible to SO 4 •-attack than 5ClSA. This result was in accordance with the degradation rates, as 5BrSA degraded faster than 5ClSA under the same condition. Both Br and Cl are regarded as electron-withdrawing groups due to the relative strong inductive effect. It is well accepted that Cl has a stronger electron-withdrawing ability than Br, leading to a lower electron density on the ring and make the electron transfer to SO 4

•-less favorable.

Degradation products and oxidation pathways

Oxidation byproducts identification

In order to construct a detailed mechanism of the 5XSA oxidation by SR-AOPs, HPLC-HRMS analysis was employed to identify the primary and secondary oxidation products generated from the reactions of 5ClSA or 5BrSA with SO 4

•-

. The presence of Cl and Br atoms were verified by their isotopic peaks of M/M+1.9971 and M/M+1.9980, respectively. The MS data of 5ClSA obtained from HPLC-HRMS (in negative mode) and the proposed structures of transformation products (TPs) are listed in Table 1 (For 5BrSA in Table S2, SM).

As seen, a total of 8 primary TPs were directly identified for 5ClSA from the total ion current chromatograms (TIC) of the degradation sample. The parent compound, 5ClSA, was firstly detected at retention time (RT) of 4.41 min (m/z =170.9848 and 172.9814). At 3.99 min, a hydroxylation product (TP1) showing m/z = 202.9743 and 204.9714 was observed, which was formed after addition of two hydroxyl groups on the aromatic ring of 5ClSA; and the corresponding quinone product (TP2) was also identified at 3.36 min (m/z = 200.9587 and 202.9557). Furthermore, a series of coupling products were detected. The product corresponding to m/z = 340.9622, 342.9593 and 344.9562 was identified as the coupling product of 5ClSA itself (TP3), and other products including TP4-8 (Table 1) were also observed. Notably, TP7 (m/z = 295.0013 and 296.9984) exhibited three different peaks in the MS chromatogram, indicating that the addition of hydroxyl groups took place at different positions on the rings. In the case of 5BrSA (Table S2, SM), similar byproducts including hydroxylation and coupling products were also identified, indicating that these two chemicals underwent similar oxidation pathways. It is noteworthy that the structures of TPs shown in Table 1 are tentatively proposed, and the information on the position of substitutions and the coupling cannot be obtained directly from the MS data.

Table 1

In addition, secondary carbonyl byproducts (CP) with smaller molecular weights were also detected by DNPH derivatization method (Table 2). It should be noted that for 5ClSA and 5BrSA, the identified CPs were the same. A total number of 13 CPs were observed from MS spectrum (ranging from C 5 to C 1) , including one C 5 , three C 4 , three C 3 , four C 2 and two C 1 CPs (detailed in Figure S4, SM). The structures in Table 2 are tentatively proposed mainly on the MS data from derivatization compound, the UV absorption around 220, 260 and 360 nm, and literature [START_REF] Li | Photocatalytic degradation of 4-chlorophenol. 1. The hydroquinone pathway[END_REF][START_REF] Wells | A new agent for derivatizing carbonyl species used to investigate limonene ozonolysis[END_REF]. Noteworthy, these CPs may have several isomers, the structures in Table 2 are one of the most possible species. These CPs were mainly generated via continuous oxidation after the cleavage of aromatic ring. Among them, CP1 (m/z = 325.0425) was the largest carbonyl byproduct detected in this work, which had been already reported previously in the photolysis of 5ClSA [START_REF] Tafer | Photomineralization of aqueous salicylic acids. Photoproducts characterization and formation of light induced secondary OH precursors[END_REF]. It was also interesting to note that formaldehyde (CP13, m/z = 209.0312) was the most abundant byproducts, while formic acid was regarded as the end-product in the extended degradation before complete mineralization.

Table 2

Degradation pathways

Based on the products identification mentioned above, two different oxidation pathways can be proposed (Figure 4). Under the attack by SO 4  -, phenoxyl radical would be initially generated, afterwards, hydroxylation and coupling pathways could take place. Hydroxylation process is a common oxidation pathway in SR-AOPs, which has been reported repeatedly in reaction of many organic contaminants, such as phenol, sulfamethazine and atenolol [START_REF] Lutze | Degradation of chlorotriazine pesticides by sulfate radicals and the influence of organic matter[END_REF][START_REF] Zhang | Oxidation of Refractory Benzothiazoles with PMS/CuFe2O4: Kinetics and Transformation Intermediates[END_REF]. Such process could take place via the reaction of the phenoxyl radicals with oxygen to give peroxyl radicals. The peroxyl radicals will finally lead to the generation of phenolic product [START_REF] Zhang | Oxidation of Refractory Benzothiazoles with PMS/CuFe2O4: Kinetics and Transformation Intermediates[END_REF]. It should be noted that in the present work we only detected products with 2 additional OH groups added on the ring (TP1 in Table 1), the product with one hydroxyl group was not detected, presumably due to its relative low concentration. Trihydroxylated compounds could be further oxidized or dehydrogenated to form the corresponding quinones. Afterwards, aromatic ring cleavage might take place to generate a series of smaller molecular byproducts. Moreover, with one unpaired electron, one phenoxyl radical could couple with another one to generate the dimeric compound TP3. The following oxidation processes for these dimeric chemicals included dehalogenation, decarboxylation and hydroxylation (Figure 4). For the dehalogenation process, the initial step was expected to be an electron transfer process from TP3 to SO 4

•-, giving a radical cation and SO 4

. This radical cation was not stable, which can either undergo a deprotonation to give phenoxyl radical, or a hydrolysis process to form TP5 (Fig S6, SM), which has been confirmed by previous studies [START_REF] Zhou | Investigations of diatrizoate degradation by photo-activated persulfate[END_REF][START_REF] Boule | Phototransformation of halogenoaromatic derivatives in aqueous solution[END_REF]. In addition, it was also proposed that halogen atom could be directly substituted by a hydrogen atom, resulting in the generation of TP4, similar pathway was also found in the oxidation process of triclosan, diclofenac and 2,4-dichlorophenol [START_REF] Boule | Phototransformation of halogenoaromatic derivatives in aqueous solution[END_REF][START_REF] Li | Enhanced degradation of 2,4-dichlorophenoxyacetic acid by premagnetization Fe-C activated persulfate: Influential factors, mechanism and degradation pathway[END_REF][START_REF] Wang | Activation of peroxymonosulfate by sludge-derived biochar for the degradation of triclosan in water and wastewater[END_REF].

Figure 4

Mineralization and release of halogen species

Generally, oxidation of organic micro-pollutants would result in the decomposition of chemical structure and eventually lead to the mineralization into CO 2 and H 2 O. However, a complete mineralization of aromatic contaminant was always very difficult to achieve, mainly due to their structure stability and antioxidant ability [START_REF] Rice-Evans | Antioxidant properties of phenolic compounds[END_REF]. With [PS] 0 = 2 mM and at 60 ℃, after 30 min of oxidation, approximately 25% 5ClSA was removed from the reaction system, while the decrease of TOC was found to be negligible (Figure S5); by extending the reaction time to 120 min, at which more than 75% transformation of 5ClSA was achieved, only 11% TOC removal was observed. A similar result was also obtained in the case of 5BrSA, but mineralization of 5BrSA was slightly faster than that of 5ClSA, which is in accordance with their corresponding degradation rates. TOC evolution could be due to two different pathways, the first one being the decarboxylation of the dimeric compounds as mentioned above, while the second one would result from the continuous oxidation of byproducts after ring cleavage to form CO 2 and H 2 O.

In addition, a dehalogenation reaction could also take place during the oxidation processes which could be proved either by the identification of byproducts in which Cl (or Br) atoms would be released or by monitoring the evolution of Cl -, Br -, ClO 3 -and BrO 3 -in solution using IC. Figure 5 shows the time-dependent evolution of Cl -and Br -from 5ClSA and 5BrSA during oxidation process, respectively.

After 120 min of oxidation, the conversion of both 5ClSA and 5BrSA were over 90%, and free chloride ions in the reaction solution was determined at 42.5 μM, while Br -was detected at 15.1 μM.

The formation of Cl -from 5ClSA was much more pronounced than Br -formation from 5BrSA. Such a difference could be explained by different secondary reactions of them with SO 4  - [START_REF] Liang | Influences of carbonate and chloride ions on persulfate oxidation of trichloroethylene at 20 C[END_REF][START_REF] Wang | Formation of brominated disinfection byproducts from natural organic matter isolates and model compounds in a sulfate radical-based oxidation process[END_REF]. As mentioned above, the second-order rate constants of 5XSA with sulfate radical were estimated at (1.04±0.14) and (1.20±0.11) × 10 9 M -1 s -1 for 5ClSA and 5BrSA, respectively. In addition, the reaction rate constants for SO 4  -with Cl -/Br -were also very high (>10 9 M -1 s -1 ), as seen in Eq 10-12. Thus, at the μM concentrations level, these two ions could also be oxidized by sulfate radical and lead to the formation of halogen derived oxidation products. In the case of Br -, it would be quickly consumed by SO 4  -to form Br 2

•-(Eq 10-11), a reactive bromine species, which could in turn to react with organic chemicals at a relatively high rate [START_REF] Zhou | Sulfate radical induced degradation of β2-adrenoceptor agonists salbutamol and Terbutaline: Implication of halides, bicarbonate, and natural organic matter[END_REF]. However, for Cl -the secondary reactions with SO 4  -are completely different. In a first step, they are expected to interact with each other to yield Cl• (Eq 12).

Hereafter the subsequent pathways of Cl• are complicated. It can either react with SO 4 2-to give back to Cl -and SO 4  -(fast backward reaction of Eq 12) [START_REF] Liang | Influences of carbonate and chloride ions on persulfate oxidation of trichloroethylene at 20 C[END_REF]; at pH >5 it can also react with H 2 O (or OH -) generating hydroxyl radicals and Cl -(Eq 13) [START_REF] Lutez | Sulfate radical-based water treatment in presence of chloride: Formation of chlorate, inter-conversion of sulfate radicals into hydroxyl radicals and influence of bicarbonate[END_REF]. This latter process is very important for the application of SR-AOPs, as it can transform the reaction into a traditional hydroxyl radical-based reactions. The reactivity of Cl• will be highly dependent on the reaction conditions, such as pH and water matrix compositions, for instance, it can be easily scavenged by bicarbonate in natural water [START_REF] Lutez | Sulfate radical-based water treatment in presence of chloride: Formation of chlorate, inter-conversion of sulfate radicals into hydroxyl radicals and influence of bicarbonate[END_REF]. However, as •OH played a very limited role in the oxidation process, we can conclude that reaction of Eq 13 was not important in this study, and the relative high level of free Cl -was mainly attributed to fast backwards reaction of Eq 13.

Br -+ SO 4 •-→ Br• + SO 4 2-
, k = 3.5 × 10 9 M -1 s -1 (10)

Br -+ Br• → Br 2 •- , k = 1 × 10 10 M -1 s -1 (11) Cl -+ SO 4 •-↔ Cl• + SO 4 2- , k f = 4.3 × 10 8 M -1 s -1 , k r = 2.5 × 10 8 M -1 s -1 (12) Cl• + OH -→ OH• +Cl -, k = 1.8 × 10 10 M -1 s -1 (13) 
It was also reported that Cl -and Br -could ultimately be transformed to chlorate and bromate in activated persulfate system, respectively [START_REF] Neta | Rate constants for reactions of inorganic radicals in aqueous solution[END_REF], for instance, the work of Lutze et al. revealed that at acidic conditions generation of ClO 3 -was favoured after the interaction of Cl -and sulfate radical [START_REF] Lutez | Sulfate radical-based water treatment in presence of chloride: Formation of chlorate, inter-conversion of sulfate radicals into hydroxyl radicals and influence of bicarbonate[END_REF].

However, in this work none of them was detected by IC, mainly due to their low concentrations (<1 μM). It is noteworthy that the presence of Cl -and Br -in SR-AOPs could also lead to the formation of Cl-DBPs and Br-DBPs, respectively, and organic pollutants might act as carbon donor during these reactions. For example, the work of Alken et al. found that Cl -could strongly interfere with dissolved organic carbon (DOC) during a SR-AOPs process, leading to the formation of chlorinated products such as chloromethane, chloroform, and methylene chloride [START_REF] Aiken | Chloride interference in the analysis of dissolved organic carbon by the wet oxidation method[END_REF]. In addition, the generation of Br-DBPs was also verified by Wang et al. in sulfate radical oxidation in the presence of natural organic matter and Br - [START_REF] Wang | Formation of brominated disinfection byproducts from natural organic matter isolates and model compounds in a sulfate radical-based oxidation process[END_REF]. Halogenated DBPs have been proven to cause notable risks towards environmental as well as human health [START_REF] Liu | Comparative toxicity of new halophenolic DBPs in chlorinated saline wastewater effluents against a marine alga: Halophenolic DBPs are generally more toxic than haloaliphatic ones[END_REF][START_REF] Yang | Comparative developmental toxicity of new aromatic halogenated DBPs in a chlorinated saline sewage effluent to the marine polychaete Platynereis dumerilii[END_REF], and their formation should be taken into consideration in the application of SR-AOPs for the elimination of organic halogen pollutants. Recent studies revealed that DO might be involved in SR-AOPs by altering radical formation, thus affecting the degradation efficiency and pathways of organic pollutants [START_REF] Zhu | Reductive hexachloroethane degradation by S2O8•-with thermal activation of persulfate under anaerobic conditions[END_REF][START_REF] Qin | Mechanistic understanding of polychlorinated biphenyls degradation by peroxymonosulfate activated with CuFe2O4 nanoparticles: Key role of superoxide radicals[END_REF]. For instance, the degradation of hexachloroethane was found to be faster under anaerobic condition than aerobic condition by thermal activated PS, mainly due to the formation of S 2 O 8

•-in the absence of oxygen [START_REF] Zhu | Reductive hexachloroethane degradation by S2O8•-with thermal activation of persulfate under anaerobic conditions[END_REF].

SR-AOPs have widespread applications in the remediation of groundwater and surface water, the oxygen content of different water bodies differs from each other, unlike surface environments, groundwater is often oxygen-deficient. Therefore, for realistic applications of SR-AOPs, it is of great importance to evaluate the impact of DO on the oxidation efficiency of target pollutants. In the present study, 5ClSA (5BrSA) degradation by SR-AOPs was conducted under different oxygen concentrations by purging N 2 and O 2 into the reaction solution. As seen in Figure 6, by comparison with the control group (open to air), neither oxygen enriched nor deficient condition exhibited significant impact on 5ClSA (5BrSA) degradation, indicating that DO showed no significant effect on the transformation of corresponding phenoxyl radicals which can be explained by the relatively low reactivity of phenoxyl radicals towards oxygen. In most cases, it was reported that the reaction rate constants for various phenoxyl radicals with O 2 was ranging from 10 4 -10 6 M -1 s -1 , which was much lower than the selfreactions of phenoxyl radicals (10 7 -10 9 M -1 s -1 ) [START_REF] Neta | Rate constants for reactions of phenoxyl radicals in solution[END_REF]. We propose that the impact of DO is highly dependent on the target chemicals, further study is warrant to investigate detailed mechanisms of DO involvement for each specific contaminant.

Conclusion

Thermo-activated persulfate, as one of the promising SR-AOPs, was found to be effective to eliminate 5ClSA and 5BrSA from aquatic system. The oxidation initially generated phenoxyl radicals, which further underwent coupling and hydroxylation processes. Secondary reactions with sulfate radical would lead to dehalogenation, decarboxylation, hydroxylation and the aromatic ring cleavage, which were believed to be responsible for the release of halogen species (Br -and Cl -) and mineralization. In addition, the degradation appeared to be highly pH-dependent and the most efficient oxidations for both chemicals were observed at initial neutral pH. Higher temperature was beneficial to the reactions while DO exhibited no effect. The findings in the present work is of importance to reveal the underlying pathways and mechanisms of halogeno-phenols in SR-AOPs. However, practical application of SR-AOPs in water treatments needs further investigations by taking the impacts of numerous water constituents, such as dissolved organic matter and inorganic ions into consideration.
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