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Abstract
[bookmark: _Hlk72442657][bookmark: OLE_LINK36][bookmark: _Hlk17053413][bookmark: _Hlk43969012][bookmark: OLE_LINK84][bookmark: OLE_LINK22][bookmark: _Hlk132967377][bookmark: _Hlk146110824][bookmark: _Hlk112858756][bookmark: _Hlk146142522][bookmark: _Hlk132965103]In this study, the photocatalytic inactivation of bacteria by hematite- and magnetite-mediated persulfate (peroxymonosulfate - PMS - and peroxydisulfate - PDS) involved in photo-Fenton-like processes was investigated and compared with that of the photo-Fenton process at neutral pH. The results indicated that with a low dose of reagents (1 mg/L iron oxides and 10 mg/L oxidants) under UVA irradiation, the PMS involving photo-Fenton-like process could be used as an alternative to the photo-Fenton one, because more efficient than the photo-Fenton process over a wide pH range (pH 5-8). In addition, the inactivation performance of humic acid (HA)-incorporated iron-oxide-mediated photo-Fenton-like processes was investigated, and the results showed that the introduction of HA promoted the inactivation performance of UVA/hematite/PMS and UVA/magnetite/PDS systems. Reactive oxygen species (ROS) exploration revealed that ·OH was the predominant radical in the photo-Fenton and PDS systems, while 1O2 was the principal reactive species responsible for bacterial inactivation in PMS-involved systems. Overall, this study demonstrates that it is feasible to replace H2O2 with PMS in a photo-Fenton-like process mediated by hematite and magnetite for water disinfection, which is also expected to provide a reference for practical applications. 
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1. Introduction
[bookmark: OLE_LINK43][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: _Hlk120351854]The safety of drinking water remains a major global challenge [1,2]. Waterborne bacterial pathogens can cause diseases such as cholera, hepatitis A, polio, and diarrhea [3], which not only pose a threat to public health, but also impede economic growth. Although conventional approaches such as chlorination and ozonation are effective in removing these pathogens, the potentially risky by-products generated during processing and their inflated costs are drawbacks of these techniques, as well as their limited development in practical applications [4]. Therefore, green, safe, economical, and efficient innovative water-disinfection technologies are urgently required.
[bookmark: _Hlk120461163] Advanced oxidation processes (AOPs) have proven to be effective for pathogen inactivation [5-7]. Iron-based AOPs, such as photo-Fenton oxidation, have attracted considerable attention as sunlight-assisted oxidative disinfection methods because they can take advantage of visible, near-UV, and UV light, which account for 35% of the total energy of the solar spectrum [8]. Although the stringent pH requirements (acidic condition, pH∼2.8) limit the practical application of this technology, recent studies have reported that E. coli could be effectively inactivated by the photo-Fenton technique at near-neutral pH [8-10], which provides great possibilities for practical applications. 
[bookmark: _Hlk120460410][bookmark: OLE_LINK13][bookmark: _Hlk132983667][bookmark: _Hlk120481492]Among the various iron species employed in the photo-Fenton process and their variations, iron oxides are environmentally friendly, low-cost, non-toxic [11], and can function as photocatalysts because they often exhibit semiconductor properties [12]. Many studies have shown that iron oxides can effectively degrade organic pollutants in water [13-17], but there are still limited reports on the use of iron oxides to inactivate bacterial pathogens in photo-Fenton processes [18-22]. Ruales-Lonfat et al. investigated the photocatalytic inactivation capacities of four iron oxide (goethite, wüstite, hematite, and magnetite)-mediated photo-Fenton processes at neutral pH and found that iron oxides can act as both photocatalytic semiconductors and catalysts in the heterogeneous photo-Fenton process applied for bacterial removal [8]. However, the oxidation performance of H2O2 involved systems is more easily affected by a complex water matrix (e.g., natural organic matter). Moreover, H2O2 is not easy to store and transport because of its liquid state and scarce chemical stability, which limit its practical application. Therefore, there is an urgent need to identify alternative oxidants to apply in AOPs.
[bookmark: _Hlk120478665][bookmark: _Hlk133002318][bookmark: _Hlk131167839][bookmark: _Hlk120480352][bookmark: _Hlk32420646][bookmark: _Hlk131167815][bookmark: _Hlk120484582][bookmark: _Hlk120523990][bookmark: _Hlk120483742][bookmark: OLE_LINK24][bookmark: _Hlk120524511][bookmark: _Hlk120483818]In recent years, SO4--based AOPs that employ peroxymonosulfate (PMS) and peroxydisulfate (PDS) as precursors have attracted considerable attention because of the high redox potential of sulfate radicals (2.6 V vs NHE) and the good chemical stability, and ease of transportation and storage of PMS and PDS [10]. Moreover, SO4- has a stronger selectivity than ·OH towards electron-rich moieties of biomolecules [23,24], and it has been reported that non-radical pathways often occur in persulfate AOPs, which can greatly avoid the interference caused by water matrices [25,26]. SO4--based AOPs mediated by PMS and PDS have been successfully used to remove various organic pollutants [27,28]. Similar to H2O2, they can work as electron acceptors to promote the separation of photogenerated electron-hole pairs in iron oxides, thus improving the oxidation performance of the system. Therefore, PMS and PDS could be considered as ideal oxidants to be used with iron oxides to mediate photo-Fenton-like processes for bacterial inactivation. To date, the effects of SO4--based AOPs on pathogen inactivation have not been extensively studied. Moreover, the inactivation mechanism of persulfate-involved photo-Fenton-like systems in bacterial studies remains unclear and requires further investigation.
[bookmark: _Hlk133051070]Based on the above description, in this study, two iron oxides, hematite (α-Fe2O3) and magnetite (Fe3O4), which are the most common constituents in subsurface environments, were chosen as representative iron oxides to be used in PMS- and PDS-based photo-Fenton-like processes. The inactivation performance of different combined systems was evaluated and compared with that of the photo-Fenton process at a neutral pH of 7.5, with a small dose of reagents and under UVA irradiation. Escherichia coli, a gram-negative bacterium that is the most commonly used indicator of enteric pathogens, was used as a model biological contaminant. The reactive oxygen species (ROS) responsible for bacterial inactivation in each combined system were identified using quenching tests and EPR spectroscopy. Furthermore, humic acid (HA)-incorporated iron oxides that mediate photo-Fenton(-like) processes were also investigated. To the best of our knowledge, this is the first study that investigates the effects of these two iron oxides in PMS- and PDS-involved photo-Fenton-like systems for water disinfection and compares them with the traditional photo-Fenton process. The results of this study are expected to provide insights into the practical application of photo-Fenton(-like) processes in water disinfection. 


[bookmark: _Hlk92879343][bookmark: _Hlk146183757]2. Materials and methods
[bookmark: _Hlk110711634]2.1. Chemicals
[bookmark: _Hlk150008450][bookmark: _Hlk150010674][bookmark: _Hlk140070029]Hydrogen peroxide (H2O2, 30% w/v), sodium persulfate (NaS2O8), and potassium peroxymonosulphate (OxoneTM) were obtained from Merck. Hydrochloric acid (HCl, 36.5%) and sodium hydroxide (NaOH, 98%) were purchased from Sigma-Aldrich. Iron chloride (FeCl3·6H2O) and iron sulfate (FeSO4·7H2O) were obtained from Carlo Erba Reagents, while HA sodium salts (technical, 50–60%) from Aldrich-Chemie and ammonium hydroxide (25%) from Merck. All solutions were prepared immediately prior to irradiation with Milli-Q water (18.2 MΩ cm). The physicochemical properties of these two iron oxides are listed in Table 1. 
[bookmark: _Hlk150010971][bookmark: _Hlk150008478]Table 1. Physicochemical properties of the studied iron oxides.
	Iron oxides
	Formula
	Iron oxidation
state
	Isoelectric point (IEP)
	Surface area (m2/g)
	Band gap
energy (eV)

	Hematite
	α-Fe2O3
	+3
	8.8
	62
	1.9

	Magnetite
	Fe3O4
	+2, +3
	6.6
	10
	1.45



[bookmark: _Hlk150008721]2.2. Synthesis of Hematite, Magnetite, and their HA-containing derivatives.
[bookmark: _Hlk150011360]Iron oxides were synthesized through the co-precipitation method under a nitrogen atmosphere as previously reported [29]. In detail, 35 mL of a solution of FeCl3⋅6H2O 0.68 M and FeSO4⋅7H2O 0.43 M (ensuring a molar ratio of Fe3+/Fe2+ = 1.5) were added to 65 mL of deoxygenated water at 90 °C, under nitrogen continuous ﬂow and vigorous mechanic stirring. Ammonium hydroxide 25% (10 mL) was then added rapidly. To obtain magnetite coated with humic acid, 50 mL of a solution containing 0.5 wt.% or 4 wt.% HA was added quickly and immediately after the NH4OH. The reaction was kept at 90 °C for 30 min and then cooled down to room temperature under continuous nitrogen flow and stirring at reduced speed. Iron oxides were recovered by centrifugation and washed with water (40 mL) for a total of five cycles. The solid was then dried in a tube furnace under nitrogen ﬂow at 80 °C for 15 h and finally powdered to obtain the Magnetite particles. The Hematite samples were obtained by thermal oxidation of the previously synthesized Magnetite particles, with or without HA, in the tube furnace at 200 °C for 8 h in air. All samples were stored under a nitrogen atmosphere before use in the subsequent studies.
2.3. Iron oxides’ characterization
The physicochemical properties of the two iron oxides were obtained using X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET) analysis, UV–vis diffuse reflectance spectroscopy (UV-vis DRS), and electron paramagnetic resonance (EPR) spectroscopy. More details on the characterization are provided in the Supporting Information (SI).
[bookmark: _Hlk92879311][bookmark: _Hlk83932440]2.4. Bacterial preparation 
[bookmark: _Hlk120610568][bookmark: OLE_LINK31][bookmark: _Hlk120609823][bookmark: _Hlk120611149][bookmark: _Hlk120631370]Escherichia coli K12, a wild-type non-pathogenic strain, was used as the model bacterial strain. The bacteria were stored at −80℃ in cryovials containing 20% glycerol. To cultivate bacteria, 20 μL of thawed stock was spread onto Plate Count Agar (PCA) and incubated for 24 h at 37 ℃. The colonies were spread on a new PCA plate and incubated for another 24 h at 37 °C. The master plate was obtained and stored at 4 °C for approximately two weeks.   
[bookmark: _Hlk120632699][bookmark: OLE_LINK38][bookmark: _Hlk120632265][bookmark: OLE_LINK33][bookmark: OLE_LINK37][bookmark: _Hlk120632004][bookmark: _Hlk120630369][bookmark: _Hlk133055372] Before preparing the bacterial stock, the Luria-Bertani (LB) medium was prepared and sterilized in an autoclave. 5 mL of LB medium were put in a sterilized flask, and a bacterial colony was taken from the master plate and inoculated into a sterile flask. The flask was incubated overnight at 37 ℃, with agitation at 180 rpm. One milliliter of the bacterial stock was collected and centrifuged at 8000 rpm for 2 min, the supernatant was removed, and the pellet was washed two times with sterilized saline solution. The concentration of the final bacterial stock was approximately 109 CFU mL- 1, which was diluted to 106 CFU mL- 1 for the purpose of the experiment.  

[bookmark: _Hlk21981984][bookmark: _Hlk527218503][bookmark: _Hlk85552720][bookmark: _Hlk117459531]2.5. Photocatalytic inactivation experiment 
[bookmark: _Hlk123207495][bookmark: _Hlk122637882][bookmark: OLE_LINK14][bookmark: OLE_LINK32][bookmark: _Hlk123241230][bookmark: _Hlk122638526][bookmark: _Hlk122681892][bookmark: _Hlk117459395]E. coli inactivation experiments were conducted in a 500 mL open beaker containing 150 mL of bacterial suspension. The UVA light was emitted by an array of TLD-type lamps (Philips) with a light intensity of 9.55 ± 0.5 W/m2. The emission spectrum of the light source is shown in Fig. S1. Before the photocatalytic experiments, the pH of the bacterial suspension was adjusted to 7.5. The inactivation experiments were initiated by introducing a certain amount of iron oxides and oxidants into the reactor. Throughout the experiment, the temperature in the reactor did not exceed 35°C. At given time intervals, 100 μL of the solution was withdrawn and quickly spread on a Petri dish or diluted (1:10) with saline solution to ensure measurable colony counts when necessary. The Petri dishes were incubated at 37℃ for 24 h, and the colonies formed were manually counted.  

3. Results and discussion
[bookmark: _Hlk146024364][bookmark: _Hlk131451377][bookmark: _Hlk83501823][bookmark: _Hlk89198587][bookmark: _Hlk63354176][bookmark: _Hlk89197395][bookmark: _Hlk10577006]3.1. Characterization of the iron oxides
[bookmark: _Hlk151926124][bookmark: _Hlk151926090][bookmark: _Hlk151926184][bookmark: _Hlk150875325][bookmark: _Hlk150869950][bookmark: _Hlk146054811][bookmark: _Hlk146103812][bookmark: _Hlk150890666]The morphologies of the synthesized hematite and magnetite were investigated using SEM. As shown in Fig. 1a and b, there is almost no difference in the morphology of the two synthesized iron oxides, which are heterogeneous aggregates composed of particles with dimensions ranging from a few μm to tens of μm. Fig. 1c depicts the XRD pattern of the two iron oxides, as can be clearly seen, both two iron oxides exhibit seven characteristic diffraction peaks, and the positions of these peaks are almost identical. Based on relevant reports [30,31], the location of the characteristic peaks of hematite and magnetite are close, so some peaks may be overlapped. However, it can still distinguish some typical peaks of hematite and magnetite, for example, peaks located at 35.6°, 53.9°, and 74.6° could be indexed to the (110), (116) and (622) planes of rhombohedral phase α-Fe2O3 (JCPDS No. 33–0664) [30], peaks at 30.1°, 43.4°, 57.5° and 63.1° could be indexed to the (220), (400), (511), and (440) crystal phase of Fe3O4 (JCPDS NO. 19–0629) [31]. Fig. 1d shows the FT-IR spectra of the two as-prepared iron oxides. For hematite, the absorption peaks at 577 cm-1 and 635 cm-1 can mainly be ascribed to the typical stretching vibration of the Fe–O bond [32]. In addition, the absorption peaks at approximately 1047 cm-1 and 1124 cm-1 are attributed to the vibration of crystalline Fe–O modes, which can be classified as the characteristic peaks of Fe2O3 [33,34]. Compared to hematite, the peaks mentioned above are lower in magnetite, indicating that part of the magnetite may be oxidized to hematite. The broad peak with maximum at approximately 3403 cm-1 was ascribed to the stretching vibration of the surface hydroxyl groups (O-H) and of the water adsorbed on the surface of the sample [35]. XPS analyses were also conducted to distinguish between the Fe2+ and Fe3+ species in the two iron oxides. As can be seen in Fig. 1e, both iron oxides exhibit two peaks at 710 and 724 eV, which correspond to the Fe 2p3/2 and Fe 2p1/2 signals of Fe3+ ions, respectively, manifesting the oxidized form of iron at the magnetite surface. It should be noted that although the associated satellite peak at 719 eV is also ascribed to the Fe3+ species [36,37], the peak intensity of magnetite is much lower than that of hematite, suggesting the presence of Fe2+ [38].Hematite
Magnetite
(a)
(b)
(c)
(d)
(e)


Fig. 1. SEM images of (a) hematite and (b) magnetite; (c) the XRD pattern, (d) FT-IR spectra, and (e) the XPS spectra of Fe 2p of hematite and magnetite.
[bookmark: _Hlk146184826]
3.2. E. coli inactivation by the semiconductor photocatalytic action 
[bookmark: _Hlk131325940][bookmark: _Hlk131344402][bookmark: _Hlk133092127]First, we evaluated the inactivation performance of the synthesized iron oxides as semiconductors, in the absence of oxidants. As shown in Fig. 2, UVA alone at this irradiance level had an insignificant effect on E. coli inactivation, with less than 1 logU inactivation achieved after 180 min of reaction. Normally, UVA can initiate the intracellular photo-Fenton process in bacteria, resulting in the generation of highly germicidal ·OH, which then leads to bacterial cell death [39]. However, in this study, the photon flux was low (9.55 W/m2); therefore, the damage caused could be repaired and did not cause significant bacterial death. 
[bookmark: _Hlk131410623]When iron oxides were exposed to light, enhanced inactivation of E. coli was observed with both oxides and the inactivation efficiency of hematite was higher than that of magnetite. The results of the dark absorption experiments revealed that there was no major difference in E. coli inactivation between the two iron oxide systems alone (Fig. S2), and in all cases, the inactivation of E. coli was less than 1 logU, indicating that bacterial reduction in the iron oxide/UVA system was mainly due to the photocatalytic semiconductor properties. The inferior photocatalytic inactivation capacity of magnetite might be attributed to the following: 
(1) The BET surface area of hematite is higher than that of magnetite; thus, hematite has more photoreactive sites than magnetite. 
[bookmark: _Hlk144886494][bookmark: _Hlk123465140](2) The Isoelectric Point (IEP) of hematite and magnetite was 8.8 and 6.6, respectively. Consequently, at the experimental pH (7.5), hematite and magnetite are positively and negatively charged, respectively. Because the surface of bacteria is negatively charged over a wide pH range (pH 3-9) [40], the interaction between magnetite and bacteria is characterized by electrostatic repulsion. In contrast, owing to electrostatic attraction, the adsorption of bacteria onto hematite is favored, resulting in a higher inactivation efficiency than that of magnetite.                                                      
(b)
(a)

[bookmark: _Hlk135143197]Fig. 2. E. coli inactivation in (a) hematite and (b) magnetite-driven photocatalytic processes. Experiments were conducted in triplicate (the standard error was found to be of ∼5%).

[bookmark: _Hlk131408949][bookmark: _Hlk131342019][bookmark: _Hlk131412855][bookmark: _Hlk150159093][bookmark: _Hlk131451067][bookmark: _Hlk131447958]The inactivation by the two iron oxides at different concentrations showed different trends. For hematite, when the dose increased from 1 mg/L to 5 mg/L, the photocatalytic inactivation showed a downward trend, with the inactivation efficiency reduced by nearly 2 logU (Fig. 2a), while for magnetite, with the dose increased from 1 mg/L to 5 mg/L, the inactivation efficiency was increased by 0.5 log. In general, more catalysts can provide more active sites, causing the production of more reactive species to inactivate bacteria. However, this did not occur with hematite, which might be due to the light shielding effect brought by more catalysts. Thus, to explore whether synergistic or antagonistic effects existed in the different systems, pseudo-first-order kinetic constants were calculated by the linear regression fitting of the inactivation curves (Table S1) and the corresponding effects were evaluated according to Eq. (1).
                                               (1)
[bookmark: _Hlk131448576][bookmark: _Hlk131449082][bookmark: _Hlk131449935]Based on Eq. (1), the synergistic effect was observed with all the three concentrations of magnetite tested, and the calculated factor was Smagnetite/UVA = 2.6, 2.1 and 2.1 for 1, 2 and 5 mg/L of magnetite, respectively. Magnetite (1 mg/L) exhibited the maximum synergistic effect. Thus, it can be concluded that a dosage of 1 mg/L is the optimal concentration. The apparent increase in 0.5 logU could be associated with the increased amount of bacteria adsorbed with the increment of the catalyst loading; hence, for both hematite and magnetite, 1 mg/L of iron oxide was used in subsequent experiments under these experimental conditions. 

[bookmark: _Hlk131453306][bookmark: _Hlk131453288]3.3. E. coli inactivation in heterogeneous photo-Fenton-(like) processes  
[bookmark: _Hlk131580106]To identify the role of iron oxides in the heterogeneous photo-Fenton-like processes, that is, whether the improvement in inactivation efficiency was attributed to the semiconductor photocatalysis or heterogeneous photo-Fenton-like reactions, inactivation experiments were performed in systems that combined iron oxides with oxidants under UVA irradiation. As shown in the oxidant-only blank experiments in Fig. 3, in the absence of UVA, all three oxidants showed very weak inactivation of E. coli within 120 min of reaction time, indicating that the oxidant alone could not cause direct death of bacteria under the experimental conditions. A similar phenomenon was observed in the iron oxide/oxidant systems in the dark, implying that heterogeneous Fenton and Fenton-like processes did not contribute to E. coli inactivation (at least at the concentrations used in this study). Previous studies have reported that magnetite can be regarded as a promising Fenton catalyst because it contains +2 and +3 iron, which are beneficial for reacting with oxidants to produce reactive species for organic contaminant removal [41]. However, this did not occur in the present study possibly because: 
(i) [bookmark: _Hlk123465087][bookmark: _Hlk133175402]At the experimental pH, the magnetite surface is negatively charged, which makes unfavorable the contact with the negatively charged bacteria. 
(ii) [bookmark: _Hlk150160538][bookmark: _Hlk133175194]Based on the XPS results (Fig. 1e), most of surface Fe2+ has been oxidized to Fe3+, inducing an outer Fe3+ oxide layer formed on the surface of magnetite, which would reduce the electron transfer activity on the surface of magnetite, thus inhibiting the catalytic performance towards Fenton and Fenton-like processes. 
(iii) [bookmark: _Hlk133175788]Magnetite particles tend to agglomerate because the pH of the reaction system (7.5) is close to the IEP of magnetite (6.6) [42,43]. Consequently, agglomeration reduces the number of active sites on catalysts, resulting in reduced accessibility to bacteria and oxidants [44]. 
[bookmark: _Hlk123377340][bookmark: _Hlk123375510][bookmark: _Hlk144970256][bookmark: _Hlk123376699]When the three oxidants were subjected to UVA irradiation, the inactivation outcomes followed the sequence: UVA + H2O2 > UVA + PMS > UVA + PDS. With H2O2, approximately 2-logU bacterial inactivation was achieved within 120 min, which was higher than that with PMS (approximately 1.4 logU) and PDS (approximately 0.4 logU). This could be attributed to the fact that H2O2 can be transported into the cells of bacteria; although it is normally scavenged by the enzymes with antioxidant action, these enzymes can be inactivated under UVA (even partially) and the intracellular Fenton reaction can initiate (Eqs. (2) and (3)). Hence, H2O2 penetration and UVA exposure ‘“softened” bacterial defenses, leading to higher inactivation. 
[bookmark: _Hlk144974020]Intracellular Fenton reaction: Fe2+ + H2O2 → Fe3+ + ·OH + OH-                (2)
Intracellular Fe3+ photo-reduction: Fe(OH)2+ + hv → Fe2+ + ·OH               (3)
[bookmark: OLE_LINK6][bookmark: OLE_LINK20][bookmark: _Hlk123379841]PMS is able to mono-electronically oxidized the bacterial cell wall, which acts as an electron donor, giving both ·OH and SO4•- (Eq. (4) and (5)). For PDS, an analogous reaction produced only SO4•- (Eq. (6)) [10]. Based on previous reports, the reactivity of ·OH with biomolecules is 10 times higher than that of SO4•- [45-47], thus, considering the intracellular action of H2O2 and the predominant extracellular oxidation of PMS/PDS, obvious differences among the three oxidants were observed.
[bookmark: _Hlk151648403][bookmark: _Hlk123379990][bookmark: _Hlk132963821]HSO5- + → SO4•- + OH-                                                 (4) 
[bookmark: _Hlk146271623][bookmark: _Hlk144974057][bookmark: _Hlk144974309][bookmark: _Hlk146208415]HSO5- +   → SO42- + ·OH                                                  (5)
[bookmark: _Hlk151631309][bookmark: _Hlk151631491]S2O82- +   → SO42- + SO4•-                                                 (6)                                          
When the three factors were combined (iron oxides/oxidants/UVA), except for the PDS-containing systems, E. coli inactivation was significantly enhanced compared with their constituent systems (Fig. 3a-e). This is due to:
(1) Heterogeneous activation. The system shifts from dominant semiconductor photocatalytic inactivation mediated by iron oxides to heterogeneous activation of peroxides (Eqs. (7)-(12)) [10]. (≡ indicates a reaction at the surface of the oxides)  
[bookmark: _Hlk146210110][bookmark: _Hlk146209005][bookmark: _Hlk146208506]HSO5- + ≡Fe3+ → ≡Fe2+ + SO5•- + H+                                           (7)
[bookmark: _Hlk146208681]HSO5- + ≡Fe2+ → ≡Fe3+ + SO4•- + OH-                                          (8)
[bookmark: _Hlk146208462][bookmark: OLE_LINK8]H2O2 + ≡Fe2+ → ≡Fe3+ + OH- + ·OH                                          (9)
H2O2 + ≡Fe3+ → ≡Fe2+ + HO2• + H+                                          (10)
[bookmark: _Hlk146208741][bookmark: _Hlk151630898][bookmark: _Hlk146208823]S2O82- + ≡Fe2+ → ≡Fe3+ + SO4•- + SO42-                                      (11)
S2O82- + ≡Fe3+ + 1/2 O2 → SO4•- + ≡Fe2+ + SO42- + FeO2+                            (12)
Leaching is another factor that could occur when solid catalysts are involved in the reaction. Potential Fe leaching from the surface of oxides may lead to a homogeneous activation reaction [48]. However, in the explored experimental conditions it was not detected dissolved Fe; increasing the concentration of iron oxides to 100 mg/L at pH = 3, 0.1 mg/L total Fe was leached from hematite (data not shown). Hence, possible participation in homogeneous reactions can be safely discarded.
(2) [bookmark: _Hlk151649281]Oxidants: When oxidants were added to a system, the semiconductor mode was no longer the only inactivation pathway. Under the excitation of light, iron oxides produce photogenerated electrons and holes in the valence band (hVB+) and conduction band (eCB-), respectively (Eqs. (13) and (14)). As good electron acceptors, peroxides could react with eCB- to generate radicals (Eqs. ((15)–(17))). This not only increases the radical concentration in the reaction system, but also improve the separation of the photogenerated electron-hole pairs, leading to higher inactivation efficiency. The inactivation efficiency of the hematite-mediated combined system was higher than that of magnetite, which can be attributed to the inherent photocatalytic features of the two oxides. 
[bookmark: _Hlk133228564][bookmark: _Hlk133228893][bookmark: _Hlk151649532]Fe2O3 + hv → Fe2O3 (eCB− + hVB+)                                           (13)
[bookmark: _Hlk133228929][bookmark: _Hlk151649590]Fe3O4 + hv → Fe3O4 (eCB− + hVB+)                                           (14)
[bookmark: _Hlk133229014][bookmark: _Hlk151649573]eCB− + H2O2 → OH- + ·OH                                                  (15)
eCB− + S2O82- → SO4•- + SO42-                                              (16)
eCB− + HSO5- → SO4•- + ·OH                                               (17)
[bookmark: _Hlk151649651][bookmark: _Hlk146210040]Furthermore, besides the direct attack of hVB+ on bacteria with the consequent inactivation, the hVB+-mediated activation of oxidants is known to generate reactive species that may contribute to bacterial inactivation, namely PMS radicals and singlet oxygen (1O2) (Eqs. (18)-(21)) [8,38].
[bookmark: _Hlk146210211][bookmark: _Hlk146210249][bookmark: _Hlk146210202][bookmark: _Hlk146210182]HSO5- + hVB+ → SO5•- + H+                                                  (18)
[bookmark: _Hlk146210334]2SO5•- + H2O → 2HSO5- + 1O2                                               (19)
[bookmark: _Hlk146271822][bookmark: OLE_LINK9]H2O2 + hVB+ → O2•- + 2H+                                                   (20)
hVB+ + O2•- → 1O2                                                          (21)
(3) [bookmark: _Hlk134776800]Bulk ligand-to-metal charge transfer: Under neutral pH conditions, Fe ions are scarcely soluble in water. However, at the surface of the suspended iron oxides, iron-oxidant complexes are formed. Under light irradiation, the formed complexes can be photochemically activated with the generation of reactive species via ligand-to-metal charge transfer (LMCT) mechanism [49].
(4) [bookmark: _Hlk148293426]Cell envelope ligand-to-metal charge transfer: Iron oxides can also form complexes with components of bacterial cell walls, with the latter being an electron donor [50]. Under light irradiation, an effective LMCT process can damage the bacterial integrity (Eq. (22)). Simultaneously, the generated Fe2+ would, in turn, enhance intracellular Fe2+ diffusion to promote the photo-Fenton process [51,52]. 
[bookmark: _Hlk133267954][bookmark: _Hlk133267990][Fe(COO−R)]2+ + hv → Fe2+ + CO2 + R·                                   (22)
[bookmark: _Hlk123592561][bookmark: _Hlk123584189][bookmark: _Hlk150511156][bookmark: _Hlk150511167][bookmark: _Hlk123590086][bookmark: _Hlk135898405][bookmark: _Hlk123589178][bookmark: _Hlk123584231][bookmark: _Hlk150433864][bookmark: _Hlk123590095][bookmark: _Hlk133224532]Although there were no extraordinary differences in the inactivation efficiencies of the UVA/hematite/H2O2 (k = 0.068 ± 0.0034 min-1) and UVA/hematite/PMS systems (k = 0.06 min-1 ± 0.0077 min-1 ), as well as UVA/magnetite/H2O2 (k = 0.056 ± 0.0056 min-1) and UVA/magnetite/PMS (k = 0.051 min-1 ± 0.016 min-1) systems (Table S1), the synergistic factors (based on Eq. (23)) of the different systems followed the order: Shematite/H2O2/UVA = 6.18＞Smagnetite/H2O2/UVA= 4.44 > Shematite/PMS/UVA= 4.41 > Smagnetite/PMS/UVA = 3.4 > Shematite/PDS/UVA = 2.3 > Smagnetite/PDS/UVA = 1.22. Except for the H2O2-involved systems, the PMS-involved systems have higher synergy effects than PDS systems, and the synergy factors of hematite- and magnetite-mediated PMS systems were 2.06 and 2.69 times higher than those of PDS systems, indicating that PMS might be considered as a good alternative oxidant to be employed in the photo-Fenton-like process.  
                      (23)
The introduction of PDS did not improve the inactivation performance (Fig. 3b and e) in the hematite-mediated system, in which the inactivation efficiency of the system decreased when PDS was added. Previous studies have reported that compared to PMS, PDS is not easily activated by Fe, Zn, etc., and its activation efficiency is lower than that of PMS [53]. Notably, Fe3+ reduction by PDS (Eq. (12)) is an extremely slow process that leads to a low inactivation performance. 
[bookmark: _Hlk123593905][bookmark: _Hlk123593745][bookmark: _Hlk123593632][bookmark: _Hlk131582954][bookmark: _Hlk150931992] For hematite, the added oxidants did not significantly improve the inactivation performance of the photocatalytic system, with the kobs values of the UVA/hematite/H2O2 and UVA/hematite/PMS systems being only 1.4 and 1.3 times higher than that of the UVA/hematite system. The introduction of PDS also did not significantly improve the inactivation performance of UVA/magnetite system (Smagnetite/PDS/UVA = 1.2), however, when H2O2 and PMS were added to the UVA/magnetite system, an enhanced inactivation was observed, with the kobs of UVA/magnetite/H2O2 and UVA/magnetite/PMS systems 4.7 and 4.3 times higher than that of the UVA/magnetite system. Thus, based on above analysis, it can be concluded that a low concentration of hematite (1 mg/L) can be used alone as a semiconductor photocatalyst to inactivate bacteria without the addition of oxidants. This is meaningful because the omission of oxidants can significantly decrease treatment costs. As a provisional conclusion, we suggest that, since PDS did not play a positive role in the investigated photo-Fenton-like system, whereas PMS enhanced the inactivation performance of the UVA/magnetite system, the above results are expected to provide a reference for oxidants chosen in practical scenarios.
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[bookmark: _Hlk135316134]Fig. 3. E. coli inactivation by iron oxides in the presence or absence of UVA light and oxidants for (a-c) hematite and (d-f) magnetite. The experimental conditions were [iron oxides] = 1 mg/L, [oxidants] = 10 mg/L, and [pH] = 7.5. Experiments were conducted under UVA light and performed in triplicate (the standard error was found to be of ∼5%).
[bookmark: _Hlk27146424]3.4. Effect of pH on the inactivation performance of photo-Fenton-(like) systems
[bookmark: _Hlk131601814][bookmark: OLE_LINK25][bookmark: OLE_LINK28][bookmark: _Hlk131602214]The inactivation efficiencies and the corresponding reaction kinetic constants of different combined systems over a wide pH range were displayed in Fig. 4. As can be seen, at pH 5, both inactivation efficiencies and kinetic rates of the magnetite-containing systems were higher than those of the hematite groups. As mentioned previously, the IEP of magnetite is 6.6; therefore, the surface of magnetite at pH 5 is positively charged, whereas the bacterial membrane is negatively charged. Owing to electrostatic attraction, more bacteria attached to the magnetite surface, and, as previously demonstrated, the adsorption of microorganisms onto magnetite is a prerequisite for attaining significant inactivation [54]. In addition, over a wide pH range, PMS exists in the form of anions [55] (pKa1 = 0.4 and pKa2 = 9.3); thus, the chance of interaction between magnetite and PMS increases. It has been reported that the reaction rate of the PMS and the Fe2+ of magnetite is the highest (k = 3.0 × 104 M-1 s-1) among Fe2+/Fe3+ with the three investigated oxidants [10], resulting in the highest bacterial inactivation among the six systems. 
[bookmark: _Hlk131627213][bookmark: _Hlk134793830]As the pH increased, the inactivation efficiency of the hematite-mediated system increased. In addition to the PMS-involved system, the inactivation efficiencies of the magnetite-mediated PDS and H2O2 systems were lower than those of the hematite-mediated systems. At pH values of 6 and 7, significant agglomeration of magnetite, with consequent decrease of the surface area, may occur because the IEP of magnetite (6.6). Additionally, the magnetite surface was negatively charged at pH 8, leading to a more difficult adsorption process for E. coli and interaction of the oxidants with the magnetite surface. However, the inactivation efficiency of hematite-mediated systems gradually decreases as the pH value increases, which could be because the positive charge on the hematite surface gradually decreases, resulting in less opportunity for oxidants and bacteria to be adsorbed, thereby reducing the inactivation efficiency. 
[bookmark: _Hlk131667994][bookmark: _Hlk131669280]In conclusion, in the pH range of 5-7, the PMS-involved systems and UVA/hematite/H2O2 systems exhibited excellent E. coli inactivation. The inactivation performance of the PMS-involved systems decreased with the pH increase, whereas the performance of the UVA/hematite/H2O2 system was not affected within this pH range. The UVA/magnetite/H2O2 system and the PDS-containing system exhibited good inactivation only under acidic conditions (pH 5), while they showed poor inactivation at circumneutral pH (pH 6-8).  
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[bookmark: _Hlk135319230]






Fig. 4. E. coli inactivation in UVA/iron oxide/oxidant systems at pH values of (a) 5, (b) 6, (c) 7, (d) 8, and (e) corresponding kinetic rates. The experimental conditions were [iron oxides] = 1 mg/L, [oxidants] = 10 mg/L, and [pH] = 7.5. Experiments were conducted under UVA light and performed in triplicate (the standard error was found to be of ∼5%).
[bookmark: _Hlk132206641][bookmark: _Hlk145149908][bookmark: _Hlk131932891][bookmark: _Hlk131932088]3.5. The inactivation performance of humic acid incorporated iron oxide mediated photo-Fenton-(like) processes
[bookmark: _Hlk145755410] Humic acid (HA) is widely distributed in water bodies and sediment. Owing to its complex structure and composition, its adsorption, redox, and complexation characteristics have potential effects on the migration and transformation of environmental pollutants [56]. It has been reported that HA could complex soluble iron and iron oxides through different functional groups such as phenolic, carboxylic, and carbonyl groups [57], and promote [58] or inhibit [59] the degradation of organic pollutant. In previous studies, HA-coated magnetite particles were found to be highly efficient heterogeneous photo-Fenton materials for organic pollutant removal [29,60]. However, the photo-Fenton(-like) process, mediated by HA-modified iron oxides, for the removal of bacteria from water remains unclear. Hence, HA-coated hematite and magnetite-mediated photo-Fenton-(like) processes were used under these experimental conditions for E. coli inactivation.
[bookmark: _Hlk133265358][bookmark: _Hlk132029649][bookmark: _Hlk145877538][bookmark: _Hlk132033768][bookmark: _Hlk151711192][bookmark: _Hlk133309281]First, the role of HA in iron oxide semiconductor photocatalysis processes was evaluated. As shown in Fig. S3, with the incorporation of HA in different amounts, the inactivation performance of both iron oxide-mediated systems showed an inhibitory trend, indicating that HA did not produce a positive effect on E. coli inactivation. It has been reported that the photoreduction of Fe3+ complexes can give Fe2+ and ligand radicals (Eq. (24)), which can react with O2 to generate reactive species [61]. 
Fe3+—(L)n + hv → Fe2+—(L)n-1 + L+ox•                                     (24)
[bookmark: _Hlk131968755][bookmark: _Hlk145861985][bookmark: _Hlk151729856]However, this was not the case in the present study, and there was no significant difference in inactivation performance between the samples with 0.5% and 4% HA. This may be because, although more HA might induce more iron-organo-complex formation, the negative effects of HA (such as the quenching of reactive species and the shielding of UVA light towards iron oxide) were presumably greater than the positive effect (as in the process of Eq. (24)). 
[bookmark: _Hlk132059208][bookmark: _Hlk133314316][bookmark: _Hlk132362621][bookmark: _Hlk133313739][bookmark: _Hlk132102336][bookmark: OLE_LINK18]When oxidants were introduced into the iron oxide system, the inactivation performance of both the H2O2- and PDS-contained systems was delayed, and the degree of inhibition with PDS was much lower than with H2O2 (Fig. 5a and b). Similar to the photocatalytic processes, there were no significant differences in the inactivation performance between the samples with 0.5% and 4% HA, which could be ascribed to the same reason as previously discussed. However, the situation in the UVA/hematite/PMS system was different, the inactivation performance of both the 0.5% and 4% HA groups was remarkably improved; with 6 logU inactivation achieved within 90 min (Fig. 5c). As discussed in Section 3.7 (vide infra), 1O2 is the predominant reactive species in the UVA/hematite/PMS system, so the radical quenching effects brought by HA was avoid. The deactivation in the first 60 min could be attributed to the light shielding effect caused by HA, which make the generation of 1O2 ineffective in the system. With the reaction proceeded, Eq. (24) might occur and began to dominate the reaction system, the reaction constant of Fe2+ with PMS is 3.0 × 104 M-1 s-1, which has been reported to have the highest value among Fe2+/Fe3+ with H2O2, PDS, and PMS [10], thus achieved higher inactivation efficiency. Moreover, the excess HA is also possible to be excited by light and then activate PMS to generate a series of reactive species such as SO4•-, ·OH, and 1O2, where 1O2 plays a dominant role in the system [62]. Owing to the longer lifetime (3–5 μs) of 1O2 and the absence of antioxidant enzymes in bacterial cells [63], 1O2 is more selective and sensitive to bacterial moieties, such as proteins, lipids, and nucleic acids [64], thus leading to an enhanced inactivation efficiency of the UVA/hematite/PMS system. 
[bookmark: _Hlk151716157][bookmark: _Hlk151711471][bookmark: _Hlk151716295][bookmark: _Hlk151716865][bookmark: _Hlk151733252][bookmark: _Hlk151736047][bookmark: _Hlk151731458]After incorporating different amounts of HA into magnetite, for 0.5% HA involved system, the inactivation performance was severely inhibited (Fig. 5d), which could be because the formation of Fe-organo-complexes induced by 0.5%HA is too small, and the positive effect induced by it was much lower than the negative effect brought by HA. With the increase of HA incorporation (4%), the degree of inhibition decreased, probably because more HA induced more Fe-organo-complexes, as a result, more Fe2+ and ligand radicals were generated (Eq. (24)), the positive effects exert in this process could offset the negative effects brought by HA. For PDS, the inactivation efficiencies improved with the increment of HA load, which could be ascribed to the generated ligand radicals and Fe2+ from Fe-organo-complexes. The reaction rate of Fe3+ with PDS (unknown, but safely hypothesized to be slow) is lower than that of Fe2+ (12–27 M-1 s-1) [10], more HA would lead to more Fe-organo-complexes to generate ligand radicals and Fe2+, thus leading to higher inactivation efficiency. The inactivation performance of PMS system was slightly retarded, and the inhibitory effects of the two compounds were not very different. As disclosed in section 3.7, 1O2 is also the main reactive species in UVA/magnetite/PMS system, therefore, the radical quenching effect caused by HA did not work. In addition, magnetite is negatively charged under this experimental pH condition, HA was also negatively charged at this pH, therefore, compared with hematite group, fewer Fe-organo-complexes are formed due to the electrostatic repulsion effect, resulting in less Fe2+ reacting with PMS to produce reactive species. As discussed in hematite group, the slight inhibitory effect brought by HA could be considered as the result of positive and negative effects of HA in the system.  
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[bookmark: _Hlk135336978]Fig. 5. E. coli inactivation in the UVA/HA/iron oxide/oxidant systems. The experimental conditions were [iron oxide] = 1 mg/L, [oxidant] = 10 mg/L, [HA] = 1 mg/L, and [pH] = 7.5. Experiments were conducted under UVA light and performed in triplicate (the standard error was found to be of ∼5%). 
[bookmark: _Hlk146113777][bookmark: _Hlk146114702][bookmark: _Hlk146115466][bookmark: _Hlk150177689][bookmark: _Hlk151758622][bookmark: _Hlk146115559][bookmark: _Hlk146115734][bookmark: _Hlk146115431][bookmark: _Hlk151759169][bookmark: _Hlk151758063][bookmark: _Hlk146115784]The interaction mechanism among iron, organic complexes, and oxidants is really complicated, the data presented here can only be partially interpreted. Based on above results, it can be suggested that under the experimental conditions of this study, the introduction of HA to iron oxides was unfavorable for the inactivation capacity of H2O2. In the most negatively affected condition (UVA/magnetite 0.5% HA/H2O2), the kinetic constant was about 5.1 times (k = 0.011 ± 0.0021 min-1) lower than that of UVA/Magnetite/H2O2 (0.056 ± 0.0056 min-1) (Fig. S4). However, it had little negative effect on the inactivation performance of persulfate-containing systems (UVA/hematite/PDS and UVA/magnetite/PMS systems). In particular, it exerted an accelerative effect on the UVA/magnetite/PDS and UVA/hematite/PMS systems, as a matter of fact the kinetic constants of UVA/magnetite 0.5%HA/PDS (0.026 ± 0.0066 min-1) and UVA/magnetite 4%HA/PDS (0.038 ± 0.01 min-1) systems were 1.9 and 2.7 times higher than those of the UVA/magnetite/PDS system (0.014 ± 0.0026 min-1), respectively, and the kinetic constants of both the UVA/hematite 0.5%HA/PMS and UVA/hematite 4%HA/PMS systems were 2.4 times higher than those of the UVA/hematite/PMS system (0.06 ± 0.0077 min-1 ). 

[bookmark: _Hlk132360584][bookmark: _Hlk132225467][bookmark: _Hlk132228792]3.6. Effect of reactant concentration on E. coli inactivation
[bookmark: _Hlk132226504][bookmark: _Hlk132231479]To elucidate the effects of high reactant dosages on the inactivation efficiency of the photo-Fenton(-like) system, experiments were performed using 1 mM oxidants with 100 mg/L iron oxides in the absence or presence of HA. As shown in Fig. 6, under dark conditions, except for the PMS, the studied iron oxides did not yield inactivation in the presence of H2O2 and PDS, indicating that under the experimental conditions, heterogeneous Fenton(-like) processes could not achieve complete inactivation of E. coli. Under light irradiation, for hematite, when combined with H2O2 and PDS under light irradiation, 6 logU inactivation could be achieved within 60 min and 90 min for the UVA/hematite/H2O2 and UVA/hematite/PDS systems, respectively, which was in contrast to the low-dose system, indicating that the increment of the dose of reactants promoted the inactivation performance of the hematite-mediated H2O2/PDS system. Similar to low-dose tests, the high concentrations of HA also exhibited inhibitory effects on the inactivation efficiency in both H2O2- and PDS-involved systems. However, the magnetite-mediated H2O2- and PDS-involved systems exhibited an antagonistic effect when the loading of iron oxide was improved, in which the combined systems showed a lower inactivation efficiency than that of the direct photolysis of oxidants (Fig. 6d and e). Except for the reasons mentioned earlier (discussed in Section 3.3), the main reason for this result might be the high light-shielding effect caused by the high concentration of magnetite in the system, which inhibited both the semiconductor photocatalysis and the photo-Fenton-like processes. 
[bookmark: _Hlk132449600]When 1 mM PMS was used, all light-driven systems attained 6 logU inactivation within 10 min, and even the dark systems achieved complete inactivation within 15 min. This result was attributed to the strong oxidation of PMS at high concentrations, as shown in Fig. S5. Owing to the redox potential of PMS (2.01 V) and the bacterial membrane (0.7 V), the bacteria inactivation via direct oxidation of the membranes by PMS is thermodynamically permitted [65,66]. However, although a high concentration of oxidants in this system can achieve excellent disinfection results, their direct use is not recommended because of their prohibitive cost and probable secondary pollution in water, as their usage is inefficient and has high residual concentrations in the constructed systems (see Table S2). 
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[bookmark: _Hlk135387385][bookmark: _Hlk135341330][bookmark: _Hlk146662265]Fig. 6. E. coli inactivation in different systems in the presence or absence of HA. Experimental conditions: [iron oxides] / [iron oxides/HA] = 1 mM, [oxidants] = 100 mg/L, [pH] = 7.5. Experiments were conducted under UVA light and performed in triplicate (the standard error was found to be of ∼5%).

[bookmark: _Hlk132704207][bookmark: _Hlk132701977]3.7. Inactivation Mechanism of the two iron-oxide- mediate photo-Fenton-like systems 
3.7.1. EPR experiments
[bookmark: _Hlk132636232][bookmark: _Hlk132635490][bookmark: _Hlk132623738][bookmark: _Hlk132623199][bookmark: _Hlk132623754][bookmark: _Hlk132624600]EPR characterization was conducted to explore the reactive species in each combined system. For the H2O2-involved system, based on previous studies [67,68], it can be safely assumed that ·OH played a dominant role. The reactive species formed in the persulfate-involved systems were evaluated through EPR. As shown in Fig. 7, when 5, 5-dimethyl-1-pyrroline (DMPO) was employed as spin-trapping reagent for SO4•- and ·OH, the characteristic signals of the DMPO-SO4 and DMPO-OH adducts appeared in both the UVA/hematite/PDS and UVA/magnetite/PDS systems, where the ·OH mainly originated from the oxidation of water by SO4• − (Eq. (25)) 
[bookmark: _Hlk150247020]SO4•- + H2O → SO42− + ·OH + H+                                 (25)
[bookmark: _Hlk132636496][bookmark: _Hlk132635148][bookmark: _Hlk151761512][bookmark: _Hlk132635872][bookmark: _Hlk132640645]However, no characteristic peak of the DMPO-SO4 and DMPO-OH adducts were observed in the PMS system, and the characteristic peaks of the DMPOX adducts appeared in both the UVA/hematite/PMS and UVA/magnetite/PMS systems (Fig. 7c). Previous studies have reported that the oxidized derivative (DMPOX) can be formed by the reaction between carbon surface-bound oxidative complexes/1O2 and DMPO [69,70], Moreover, the formation of DMPOX has been also documented with PMS under both solar irradiation and in the dark, but in the presence of chloride [71]. In this study, 1O2 is the most likely source of DMPOX. To confirm this, EPR experiments employing TEMP as a spin-trapping reagent for 1O2 were conducted to provide further evidence. As shown in Fig. 7d, a noticeable 1:1:1 triplet signal corresponding to TEMP-1O2 adducts (TEMPO) appears in both the UVA/hematite/PMS and UVA/magnetite/PMS systems, indicating the presence of 1O2 in the PMS systems. 

[bookmark: _Hlk140259124][bookmark: _Hlk139224017][bookmark: OLE_LINK4]Fig. 7. EPR experiments in different combined systems. The experimental conditions were [iron oxide] = 1 mg/L and [oxidants] = 10 mg/L. Experiments were conducted under UVA light and performed in triplicate (the standard error was found to be of ∼ 5%).
3.7.2. Quenching experiments
[bookmark: _Hlk139229525][bookmark: _Hlk139229338][bookmark: _Hlk132447483][bookmark: _Hlk132572818][bookmark: _Hlk132449116][bookmark: _Hlk132449143][bookmark: _Hlk132449093][bookmark: _Hlk132449527][bookmark: _Hlk148343257][bookmark: _Hlk145275580]To further identify the reactive species, quenching experiments were performed using selective radical scavengers. Isopropanol (IPA) has been reported as a trapping agent for both ·OH and SO4•- (k·OH, IPA = 1.9 × 109 M-1s-1, kSO4•-, IPA = 8.6 × 107 M-1s-1), whereas t-butanol (TBA) is more selective for quenching ·OH (k·OH, TBA = 3.1 × 109 M-1s-1) than SO4•- (kSO4•-, TBA = 8.4 × 105 M-1s-1) [62]. When TBA was added to the H2O2 system, the inactivation efficiency was seriously inhibited, and as the concentration of TBA increased to 0.5 mM, the inactivation was almost completely blocked (Fig. 8a and d), confirming that ·OH was the main radical responsible for bacterial inactivation in H2O2-contained systems. 
[bookmark: _Hlk135853298][bookmark: _Hlk135856565][bookmark: _Hlk135853028][bookmark: _Hlk135852923][bookmark: _Hlk139787022][bookmark: OLE_LINK17][bookmark: OLE_LINK23][bookmark: OLE_LINK26]When IPA and TBA were added separately to the PDS-containing systems, the inactivation efficiencies of the UVA/hematite/PDS and UVA/magnetite/PDS systems were significantly inhibited. For the UVA/hematite/PDS system, the degree of inhibition was enhanced with the increment of their concentration, and the inactivation was completely inhibited at the concentration of 0.5 mM of the two scavengers. In the case of the UVA/magnetite/PDS system, the inactivation performance could be inhibited even with 0.1 mM scavengers, which could be due to the fewer radicals generated in the system because the inactivation efficiency was lower than that of the UVA/hematite/PDS system. Notably, IPA and TBA are toxic to bacteria beyond a certain level. However, when the concentration of the two scavengers was increased from 0.1 to 0.5 mM, E. coli inactivation showed a decreasing trend, indicating that the employed concentrations did not cause bacterial death. Combined with the EPR results, it can be concluded that both SO4•- and ·OH are responsible for E. coli inactivation in the PDS-involved systems, and ·OH plays a dominant role. 
[bookmark: _Hlk135857769][bookmark: _Hlk140244615][bookmark: _Hlk135899859][bookmark: _Hlk132641587][bookmark: _Hlk132641570][bookmark: OLE_LINK7][bookmark: OLE_LINK15][bookmark: _Hlk132661051][bookmark: _Hlk140253255]The inactivation performance of the PMS-involved systems was severely suppressed when IPA was added. Surprisingly, when TBA was introduced to the system, the inactivation efficiency of both systems was dramatically improved (Fig. 8c and f). EPR results have revealed that 1O2 was present in the PMS-involved systems, to further confirm this result, inactivation experiments were conducted in D2O, since 1O2 lives more than 10 times longer in D2O (20-30 μs) than in H2O (2 ms) [72]. Fig. S6 reveals that the inactivation efficiency of the PMS-involved system in D2O was higher than that in H2O, indicating the presence of 1O2 in the PMS system. The phenomenon after adding IPA and TBA might be ascribed to that PMS could directly oxidize IPA and prevent the sirect formation of 1O2 by PMS. For TBA, although it could also be oxidized by PMS directly and thus consume part of PMS (explained the inhibitory effect in the first 60 min), the intermediates (or reactive species) produced by TBA and PMS may have a synergistic effect with the 1O2.    
(a)
(b)
(c)
(f)
(e)
(d)

[bookmark: _Hlk135388478][bookmark: _Hlk140259528]Fig. 8. Quenching experiments in different combined systems. The experimental conditions were [iron oxides] = 1 mg/L, [oxidants] = 10 mg/L, and [pH] = 7.5. Experiments were conducted under UVA light and performed in triplicate (the standard error was found to be of ∼5%).

[bookmark: _Hlk139318816]3.8. Pathways to inactivation: an integrated proposal for the disinfection of E. coli by the UVA/Iron oxide/Oxidant system 
Based on the EPR/scavenging results, material characteristics, and relevant reports, it can be concluded that the integrated inactivation mechanisms of the proposed systems are shown in Fig. 9. The main inactivation pathways are as follows:
[bookmark: _Hlk148297349][bookmark: _Hlk148297390] (1) Iron oxide semiconductors produce electrons and holes when exposed to ultraviolet (UV) light. As electron acceptors, oxidants would react with the photogenerated electrons and form the corresponding reactive species (SO4•- and ·OH, this mainly occurred in PDS and H2O2 groups) (pathway 1). In addition, holes in iron oxides can directly attack bacteria, causing bacterial death (pathway 2).
[bookmark: _Hlk148298528][bookmark: _Hlk148298930][bookmark: _Hlk151018791][bookmark: OLE_LINK1][bookmark: _Hlk148426915](2) At pH 7.5, although iron oxides easily agglomerate and exist in insoluble forms, oxidants can induce the formation of surface complexes with iron oxides. Then the LMCT process would occur and induce the formation of reactive species for bacterial inactivation (pathway 3). The formed Fe-oxidant complexes also provide the possibility of a series of reactions between the three oxidants and the surface iron in different valence states (pathway 4). For PMS-involved systems, 1O2 was the main reactive species and was mainly derived form SO5•- (pathway 5), in addition, the dismutation of PMS may also induce the generation of 1O2 (pathway 6). 
[bookmark: _Hlk148298941][bookmark: _Hlk132751977][bookmark: OLE_LINK19](3) Iron oxide particles could attach to the bacterial wall and LMCT would occur in iron-bacterial cell wall complex under light irradiation, during this process, the cell wall acts as an electron donor, the integrity of the cell is impaired (pathway 7), the generated Fe2+ enhances the intracellular photo-Fenton process owing to Fe2+ diffusion, and in the case of H2O2, its transfer inside the cell (pathway 8). 
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[bookmark: _Hlk139318858]Fig. 9. Integrated mechanistic proposition for the inactivation of E. coli in the constructed photo-Fenton-like system.

4. Conclusions
In this study, the inactivation behavior of two common iron oxides (hematite and magnetite) mediated by three oxidants (H2O2, PDS, and PMS) in photo-Fenton-like systems at low doses under low-intensity UVA light irradiation was systematically investigated and compared. The results are summarized as follows:
(1) [bookmark: _Hlk132914173]Except for the PDS systems, the inactivation performance of the combined systems was enhanced compared to that of the iron oxide semiconductor photocatalytic system, and the outcome of hematite-mediated systems was always better than those based on magnetite. Moreover, in terms of practical applications, hematite alone as a semiconductor photocatalyst can achieve good disinfection performance without the assistance of oxidants, which is meaningful because the avoidance of oxidants could reduce the cost of the treatment and avoid secondary pollution.
(2) In the pH range of 5-7, PMS involving photo-Fenton-like systems exhibited a better inactivation capacity than other combined systems. The inactivation performance of the UVA/hematite/H2O2 system did not change a lot within this pH range. The UVA/magnetite/H2O2 system exhibited good inactivation only under acidic conditions (pH 5), and the outcome severely decreased as the pH increased.
(3) The introduction of HA severely inhibited the inactivation efficiency of H2O2 involved system, whereas the persulfate-containing systems were less affected, with the inhibitory effect being smaller in the UVA/hematite/PDS and UVA/magnetite/PMS systems. In particular, a remarkable promotion effect was observed for the UVA/hematite/PMS system. The inhibitory and promoting effects of HA on different systems were closely related to the reactive species generated in each combined system.
(4) [bookmark: _Hlk132914198][bookmark: _Hlk151021990][bookmark: OLE_LINK2]In the H2O2 and PDS systems, ·OH was the main radical responsible for the inactivation of E. coli. 1O2 is an important reactive species responsible for bacterial inactivation in PMS contained systems.
In conclusion, this work provides some insights into the photo-Fenton-like processes mediated by iron oxides, which can be applied in practice to effectively inactivate bacteria in drinking water. 
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