Insight into flower-like greigite-based peroxydisulfate activation for effective bisphenol A abatement: performance and electron transfer mechanism
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Abstract

This research offers insight into the activation of peroxydisulfate (PDS) by flower-like greigite (Fe3S4) (FLG) for bisphenol A (BPA) degradation in water. The as-prepared greigite was exclusively effective as a PDS activator in producing free radicals. FLG/PDS performed much better than Fe3O4/PDS and ZVI/PDS systems or some other earlier systems for BPA degradation. Only 0.02 g/L of FLG could remove more than 95% of BPA in 120 min. Cl- had little adverse impact on the BPA abatement, and 20 mg/L of NaHCO3 could decrease the BPA degradation rate to only 40%. FLG could be easily recycled by magnetic force, and it was reusable. Electron paramagnetic resonance and free radical scavenging tests demonstrated that sulfate radicals play a main role in the BPA degradation process. GC-MS and UHPLC-Q-TOF-MS were applied to detect the intermediates and the possible BPA degradation mechanism; three main pathways were proposed. The structure of nanosheets could effectively enhance the interaction between greigite and PDS and furthermore effectively produce radicals for BPA degradation. X-ray photoelectron experiments showed that the rate of Fe2+ decreased from approximately 37.0% to 19.5% and that typical peaks of S2- disappeared after PDS activation. This discovery indicated that S2- lost electrons to accelerate Fe2+/Fe3+ recycling when the Fe2+ species was changed to Fe3+. This research offered good insights into the Fe2+/Fe3+ species with sulfur elements effectively activating PDS for BPA degradation. Our study deepened the understanding of the electron transfer mechanism of sulfur-iron-based heterogeneous catalysis in environmental remediation.
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1. Introduction

Bisphenol A (BPA) is a main substance for producing consumer products, plastic bottles, plastic bags for food, medical materials, thermal paper and other products [1]. Due to its applications, BPA can be leached into the environment in different ways, leading to environmental risks [2]. There are many different methods for BPA removal, including phytoremediation, biological treatment and adsorption 


[3-5] ADDIN EN.CITE . Advanced oxidation processes (AOPs) have become major technical methods for the degradation of organic pollutants due to the rapid generation of free radicals 


[4, 6] ADDIN EN.CITE . Furthermore, AOPs based on sulfate radicals (SO4●-) have attracted more attention because of the high redox potential of SO4●- 
 ADDIN EN.CITE 
[7-11]
.
Peroxydisulfate (PDS) is one of the main generators of sulfate radicals. PDS can be activated by heat, ultra-voice, light and transition metals to produce sulfate radicals [12]. The redox potential of sulfate radicals is approximately 2.60 V, which is much more than the 1.7 V of PDS itself [13]. Methods based on transition metals have gained more attention because transition metals can activate PDS directly without additional energy 
 ADDIN EN.CITE 
[14, 15]
. Fe2+ was regarded as the most efficient, economical and environmentally friendly metal element for PDS activation [15]. However, the homogeneous Fe2+-based reaction system has some important drawbacks, such as strictly acidic conditions and easy loss of activity 
 ADDIN EN.CITE 
[16, 17]
. It is important to develop new methods for effective heterogeneous PDS activation. 

Sulfur elements have different valence states and potentials for fixing the iron species and exchanging electrons with iron elements for PDS activation. For example, FeS, based on S and Fe2+, was able to activate PDS for contaminant degradation in water 
 ADDIN EN.CITE 
[18-20]
. It was indicated that FeS could be transformed into Fe3S4, which was more stable [20]. However, there has been no further work on the Fe3S4/PDS system for pollutant removal. 

Fe3S4, also named greigite, was first found as one type of mineral. Fe3S4 includes not only Fe2+ but also Fe3+, which is similar to Fe3O4. Its crystal structure may be an array of S atoms with Fe3+ occupying one-eighth of the available tetrahedral voids and Fe2+ and Fe3+ randomly distributed over one-half of the available octahedral voids 
 ADDIN EN.CITE 
[21, 22]
. Fe3S4 has an advantage regarding magnetic properties compared with FeS 
 ADDIN EN.CITE 
[23, 24]
, which results in better recyclability of the material.
Herein, to reveal the performance and mechanism involved in the greigite-based persulfate activation, for the first time, flower-like greigite was used to activate PDS for BPA degradation. This research could directly deepen the understanding of the mechanism of Fe3+/Fe2+ species accompanied by sulfur elements for PDS activation. In addition, the possible degradation and transformation pathways of BPA were investigated thoroughly, and some intermediates were found for the first time. Considering the nanosheet characterization, the structure-activity relationship was investigated via a comparative test using microscale greigite. Furthermore, electron transfer mechanisms between S2-/Sn2- and Fe2+/Fe3+ in the greigite/PDS system were proposed for the first time.
2. Material and methods

2.1 Chemicals and sample preparation

The chemicals included persulfate (NaS2O8) (Damao, China), bisphenol A (Macklin, China), thiourea (C4H4S) (Kermel, China), iron (III) chloride hexahydrate (FeCl3·6H2O) (Macklin, China), methanol (CH3OH) (Anpel, China), ethylene glycol (EG) (Macklin, China), ethanol (EtOH, CH3CH2OH) (Anpel, China), tert-butanol (TBA, C4H10O) (Anpel, China), iron oxide (II, III) (Fe3O4, 200 nm) (Macklin, China), zero valence iron (ZVI, 100 mesh) (Macklin, China), potassium iodide (Macklin, China), 1,10-phenanthroline (Macklin, China), 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (Sigma Aldrich, USA), ferrous chloride (Macklin, China), sodium sulfide hydrate (Guangzhou Chemical, China), surfactant cetrimonium bromide (CTAB) (Macklin, China) and L-cysteine (Macklin, China) and were at least analytical grade and applied without further purification. Ultrapure water (Millipore, Molsheim France) was used in the experiments.

The flower-like greigite was prepared according to the previously published synthesis process[25] . Typically, 3.0 mmol FeCl3·6H2O and 6.0 mmol thiourea were dissolved in 60 mL EG with magnetic stirring until the solution was clear. Then, the solution was transferred to a 100-mL Teflon-lined stainless-steel autoclave. Finally, it was heated to 180 °C and remained at that temperature for 12 h. When the autoclave was cooled to room temperature, the solid was obtained by centrifugation, rinsed with water/methanol, and freeze dried. 
In addition, the microscale greigite was synthetized according to previous research [24]. Typically, a suitable amount of surfactant cetrimonium bromide (CTAB) (0.6 mmol) was dissolved into 35 mL of deoxygenated water. Then, L-cysteine (3 mmol) and FeCl2 (2 mmol) were added to the solution, followed by stirring for 10 min. Then, the solution was transformed to a 50 mL Teflon-sealed autoclave. The autoclave was heated at 165 °C for 40 hours and then cooled to room temperature. Finally, the samples were obtained by centrifugation, rinsed with water/methanol, and freeze dried.
2.2 Characterization

X-ray diffraction (XRD) (BRUKER D8 Advance, Germany) was applied to characterize the crystal structures. The surface characterization and element distribution were observed and photographed using scanning electron microscopy coupled to energy dispersive X-ray spectrometry (SEM-EDS) (Zeiss Sigma 500, Germany). The methods for sample pretreatment for SEM and EDS were slightly different. The materials were distributed in ethanol for SEM but not for EDS. The as-prepared sample was ground to break the so-called flowers to be separated into nanosheets for transmission electron microscopy (TEM) (FEI Tecnai G2 f203 s-twin 200Kv, USA) observation because TEM could not effectively observe microscale samples. The specific surface area and pore-size distribution of the material were analyzed using an N2 adsorption/desorption instrument (ASAP 2020, USA). X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific K-Alpha, USA) was used to analyze the valence state of the surface elements.
2.3 Experimental procedure

Batch tests were performed in a 100-mL reaction solution in 250-mL conical flasks, which were stirred at 150 rpm and 25 °C in a rotary shaker (ZHWY-20102C, Shanghai, China). Stock solutions of BPA (10 mg/L) and PDS (43.8 mM) were prepared with water. A certain amount of stock solution of BPA or PDS was added to obtain the reaction solution. Then, the as-prepared material was added to initiate the reaction. Solution samples were withdrawn from the reaction solution at fixed time intervals. Immediately, an equal volume of methanol was added to the sample solution to quench the reaction. Then, the concentration was analyzed by high-performance liquid chromatography (HPLC) after passing through a 0.22-μm membrane.
2.4 Analytical methods

2.4.1 Concentrations

The BPA concentration was measured by an HPLC (Agilent Technologies 1260 series, USA) system equipped with a UV detector and an HPLC column (InfinityLab Poroshell 120 EC-C18, 4.6*100 mm, 2.7 micron). The mobile phase consisted of methanol and water (7:3, V/V) at 40 °C and 280 nm at a flow rate of 0.5 mL/min. In addition, the PDS concentration was detected using the potassium iodide method at 352 nm using spectrophotometry [26]. The concentrations of total leached iron of the solutions were determined using atomic absorption spectroscopy (AAS, ZZEnit 650p, Analytik Jena, Germany), and the concentration of ferrous iron was measured using the 1,10-phenanthroline method at 510 nm using spectrophotometry [27]. The total organic carbon (TOC) was analyzed using a TOC analyzer (Vario TOC, Elementar, Germany).

2.4.2 Identification of intermediates 

The degradation or transformation intermediates were analyzed using gas chromatography–mass spectrometry (GC–MS) (7890A-5977B, Agilent, USA) and ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UHPLC-Q-TOF-MS) (6540 UHD, Agilent, USA). Their parameters were as follows:
GC-MS: Before GC-MS tests, 30 mL of CH2Cl2 was added into 100 mL of solution samples to extract the intermediates and was repeated 3 times. Then, all the extracted organic liquid was mixed together and concentrated to 1 mL using a rotatory evaporator (BUCHI Rotavapor R-100, Switzerland). The temperature program for the GC oven was as follows: The initial temperature of 40 °C was maintained for 3 min, after which it was increased to 120 °C at a rate of 5 °C min−1 and held for 2 min. The temperature was then increased to 240 °C at a rate of 10 °C min−1 and held for 2 min, after which it was finally increased to 270 °C at a rate of 20 °C min−1 and held for 5 min. The scan range for the mass spectrum was 50–500 m/z.

UHPLC-Q-TOF-MS: The aqueous phase of the reaction was extracted and concentrated using the Oasis HLB column (6 cc/500 mg, Waters, Milford, MA, USA), which involved conditioning of the cartridges with 6 mL of methanol, equilibrating with 6 mL of water, loading with 200 mL of the sample, washing with 6 mL of 5% v/v methanol in water, and eluting with 6 mL of methanol. Chromatographic separation was conducted at a flow rate of 0.4 mL/min. The mobile phase was composed of acetonitrile (A) and 0.2% formic acid in water (B) with the following linear gradient: 2 min, 10% A; 10 min, 90% A; 11 min, 10% A and 15 min, 10% A. The injection volume was 10 μL. Furthermore, mass spectrometric analysis was performed using a Q-TOF-MS operating in a negative ion mode and positive ion mode via an electrospray ionization (ESI) source at a mass range of 100 to 1100 m/z.

2.4.3 Electron paramagnetic resonance (EPR) tests

Electron paramagnetic resonance (EPR) spectroscopy (Bruker a300, Germany) was applied to identify free radicals using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the spin-trapping agent. A total of 0.2 mL of reaction liquid was withdrawn and mixed with 0.2 mL of DMPO solution (50 mM). Then, the mixed solution was injected into a capillary tube after a suitable reaction time. The capillary tube was immediately inserted into the EPR spectrometer to detect radical-DMPO adduct. The spectrometer parameters included a center field at 3510 G, a sweep width of 100 G, a microwave attenuator of 10 dB, a microwave frequency of 9.853 GHz, a microwave power of 10.8 MW, a modulation amplitude of 1.00 G, sweep time of 19.456 ms and a time constant of 1.250 ms.
3. Results and discussion 

3.1 Material characterizations

In Fig. 1a, the XRD pattern of Fe3S4 shows that peaks could be well indexed to the greigite phase (JCPD No. 16-0713), confirming that greigite (Fe3S4) was synthetized successfully. The SEM image in Fig. 1b shows that the as-prepared Fe3S4 consisted of abundant nanosheets and looked similar to flowers. The TEM image (Fig. 1c) further proved that the as-prepared material was composed of nanosheets. Herein, the as-prepared flower-like greigite was abbreviated as FLG for easier identification in this research.

Subsequently, as Fig. S1 shows, the results from the EDS analysis of FLG demonstrated that the S:Fe atom ratio was approximately 4:3. The Brunauer–Emmet–Teller (BET) of FLG (Fig. 1d) was approximately 35.0 m²/g. The inset of Fig. 1d shows that the mesoporous size was approximately 15 nm, as calculated by the Barrett-Joyner-Halenda method (BJH).

3.2 Catalytic activity of flower-like Fe3S4
3.2.1 Comparison study of BPA degradation with different materials
As Fig. 3a and Fig. S2 show, an increased amount of FLG could not effectively increase the adsorption amount of BPA, which indicated that FLG could not effectively adsorb BPA. As Fig. 3b shows, negligible BPA degradation was found in the solution containing PDS alone. This phenomenon showed that PDS itself had negligible BPA degradation ability. However, BPA could be effectively removed when FLG and PDS were both present. Only 0.02 mg/L of FLG could effectively activate PDS for BPA degradation (Fig. 2). This indicated that FLG could activate PDS to produce radicals for BPA degradation.
Because Fe3S4 is similar to Fe3O4 in some respect [28], Fe3O4 was selected to activate PDS in a comparison experiment. Negligible BPA removal was found when both Fe3O4 and PDS were present. In addition, zero valence iron was applied as the contrast material because it is a classic and highly effective PDS activator 
 ADDIN EN.CITE 
[29, 30]
. However, the ability of the ZVI/PDS system was worse than that of the FLG/PDS system in this research. Furthermore, many other previous heterogeneous materials 
 ADDIN EN.CITE 
[6, 31-38]
 were cited for comparison. The results are listed in Table. 1. It was found that FLG showed higher or similar activity for BPA removal in the presence of much lower material dose due to the high catalytic property of FLG. These comparisons indicated that FLG was a highly effective PDS activator for organic contaminant degradation. 

3.2.2 Effects of concentration parameters

The variation in BPA concentrations over time with different concentrations of FLG or PDS are shown in Fig. 3a and Fig. 3b, respectively. As Fig. 3a shows, the initial degradation rate before 15 min increased as the concentration of FLG increased. However, the curves of 0.05 to 0.20 g/L FLG all became lower, and less than 90% of the BPA was eliminated. When the FLG was 0.02 g/L, the curve was different, and approximately 95% BPA removal was achieved after 120 min. This phenomenon occurred because PDS was consumed so quickly that the excess amounts of radicals reacted with themselves when the concentration of FLG was more than 0.05 g/L [39]. As Fig. 3b shows, the rate of BPA degradation obviously increased when the initial PDS concentration increased from 0.00 to 0.440 mM because the increased PDS offered more opportunity for PDS activation by FLG. Due to the effects of the FLG and PDS concentrations, it was indicated that 0.02 g/L of FLG and 0.44 mM or 0.22 mM of PDS could be the suitable experimental parameters, and these parameters were used in the follow-up investigations. Further tests (Fig. S3) showed that approximately 0.20 mM PDS was consumed in the presence of 0.02 g/L FLG after 120 min, indicating that 0.44 or 0.22 mM PDS was sufficient for BPA removal.

3.2.3 Effects of water pH and dissolved chemicals 
The ability of traditional AOPs has always depended on pH [40], and thus, it is important to understand the effects of initial pH on the degradation rate of BPA. Fig. 4 shows that pH had negligible effects on BPA degradation when the initial pH was lower than 8.00. However, the rate of BPA degradation decreased rapidly when pH was more than 10.00, likely due to the acid properties of PDS [41]. As shown in the inset of Fig. 4, PDS decreased the solution pH to less than 4.00 when the initial pH was lower than 8.00. However, when the initial pH was more than 8.00, it was hard for PDS itself to decrease the solution pH; this could be due to reasons similar to our previous research [41]. pH is -lg [H+]. Thus, a small amount of H+ could induce a rapid decrease in pH when the pH is approximately neutral. However, the [H+] produced from PDS was not enough to neutralize the OH- in water at a high pH. This may be one of the reasons why PDS-based AOPs are applicable to a wide range of pH values [42].
Various dissolved chemicals in water could impact the processes of BPA degradation [43]. In particular, chloride is frequently found in natural and tap waters. Fig. 5a shows that the increasing concentration of Cl- did not affect the removal rate of BPA. Of note, when the NaCl concentration was more than 200 mg/L, the BPA removal rate was more than that of the control test. BPA could be effectively removed in 60 min with 200 mg/L of NaCl. This phenomenon may occur due to the quick production of other reactive species such as Cl2●-, leading to a high removal rate 
 ADDIN EN.CITE 
[6, 44]
. The chloride-sulfate radical reaction could be presented as follows [45]:
SO4●- + Cl-→ SO42-+ Cl●                                       (1)

●OH + Cl-→ ClOH●-                                         (2)

ClOH●- + H+ → Cl● + H2O                                     (3)

Cl● + Cl- → Cl2●-                                            (4)

Bicarbonate is another natural matter that can react with sulfate radicals and may reduce the BPA degradation. As shown in Fig. 5b, the degradation rates had little change when the dose of bicarbonate was approximately 5 mg/L. However, the BPA removal rate decreased rapidly when the bicarbonate concentration was increased to 20 mg/L. This phenomenon may be due to the reaction between bicarbonate and radicals. Another reason may be the alkaline nature of bicarbonate, which could increase the pH of a solution [46]. From Fig. S4, it was shown that 20 mg/L NaHCO3 improved the initial pH of the reaction solution to 7.50. Compared with Fig. 4, it was indicated that the pH increase from bicarbonate could decrease the removal rate.

3.3 Stability and reusability of flower-like greigite

The stability of the as-prepared material was investigated by analyzing the concentrations of leached Fe2+ and the total leached iron with time without pH control, which is shown in Fig. 6a. The concentration of leached Fe2+ was less than 0.1 mg/L due to its quick consumption by PDS. The final concentration of total leached iron was approximately 1.75 mg/L. The impact of the initial pH on the concentrations of leached iron was also investigated (Fig. S5a). A lower pH induced more leached iron because the acid could always accelerate the dissociation of iron-based materials [47]. However, leached iron from a pH of 8.00 to 12.00 could not be detected. At the same time, the homogeneous reaction of the leaching solution and PDS was also investigated to clarify whether the degradation process was promoted by the leached iron in the form of ions (Fig. S5b). As mentioned above, the acid solution could increase the dissolution of the as-prepared catalyst. The leaching solution could not activate PDS for BPA degradation when the pH was higher than 7.00. Although the leaching solutions prepared at acid solution (3.50< pH < 5.00) could make contributions to PDS activation for BPA degradation (Fig. S5b), the highest removal rates (at pH 3.50) were still less than 32%. These results indicated that although the increase in acidity could lead to the dissolution of the material in which the leaching solution promoted the degradation of BPA in the form of ions, the contributions of the homogeneous reaction were much less than that of the heterogeneous reaction. In addition, it should be noted that very few FLG nanosheets may pass through the filter and contribute to the leaching liquid/PDS activation. These results indicated that the heterogeneous reaction was the main reaction pathway for PDS activation.
Furthermore, characterization and recycle tests were conducted to investigate the stability of PDS activation. The used material could be recycled using magnetic force as Fig. S6 shows and then participate in characterization and recycle tests. The XRD pattern of used FLG (Fig. 6b) showed that the used material was composed mainly of the greigite structure. The SEM image of used FLG (Fig. 6c) indicated that the used material still maintained the flower-like appearance composed of nanosheets. The recycle tests (Fig. 6d) showed that the as-prepared material/PDS could still induce approximately 75% removal of BPA after three cycles, which indicated that the as-prepared material was reusable, although at a very low dose of only 0.02 g/L. 
3.4 A study of the mechanism and discussion
3.4.1 Identification of the main reactive species

The EPR technique was used to discover which radicals existed in the greigite/PDS system. In Fig. 7a, DMPO-SO4 was detected as six peaks (1:1:1:1:1:1), but DMPO-OH was shown as four peaks (1:2:2:1). The results indicated that the generation of SO4●- and ●OH were negligible when only PDS or greigite was added. However, the peaks of DMPO-SO4 and DMPO-OH were obtained when both PDS and greigite were added. These results demonstrated that SO4●- and ●OH were produced by the greigite/PDS system.

Furthermore, scavenging tests were used to determine which radicals mainly contribute to BPA degradation because it was difficult to directly detect them by EPR. EtOH and TBA were the main radical scavengers used to identify these two reactive species because of their different reactive activities. EtOH with α-H could react effectively with both SO4●- and ●OH ((kSO4·−/EtOH=1.6-7.7×108 M−1 s−1, kHO·/EtOH=1.2-2.8×109 M−1 s−1). However, TBA without α-H reacted much faster with ●OH than with SO4●- (kSO4·-/TBA = 4.0–9.1×105 M−1 s−1, kHO·/TBA=3.8–7.6×108 M−1 s−1) [39]. The degradation rate obviously decreased when EtOH was added, while the same amount of TBA induced a smaller decline in the BPA degradation rate (Fig. 7b). This phenomenon indicated that sulfate radicals were the main radical species.
3.4.2 Possible degradation pathways

Approximately 60% of the TOC could be removed in 120 min (Fig. S7), which demonstrated that the final product of BPA degradation should be CO2 and H2O. It is meaningful and necessary to detect the intermediates in the degradation process to know the degradation mechanism of BPA. In this research, GC-MS and UHPLC-Q-TOF-MS were both applied to detect the reaction intermediates because these two techniques are considered complementary for intermediate detection.
Approximately ten intermediates (G1 to G10) were found using GC-MS (Table 2). Eighteen intermediates (N1 to N18) and nineteen intermediates (P1 to P19) were detected in the negative ion mode (Table 3a) and positive ion mode (Table 3b), respectively, using UPLC-Q-TOF-MS. The possible structures corresponding to the formulas obtained from TOF-MS are listed in Table 3c. Nine couples of compounds (G1 and P10; G5 and P4; G6 and P3; G10 and N15; N5 and P8; N6 and P6; N7 and P1; N9 and P9; N13 and P17) were the same among the results obtained from GC-MS and UPLC-Q-TOF-MS. Therefore, a total of thirty-eight different possible intermediates were found in the BPA degradation process. The number of intermediates detected was much more than that cited in previous studies 
 ADDIN EN.CITE 
[6, 8, 48-50]
, which could considerably improve the insights into understanding the degradation pathways and mechanism of BPA. Particularly, some intermediates with sulfate were detected first, which helps indicate the degradation pathways under the sulfate-radical attacks.
According to intermediate compounds and related literature 
 ADDIN EN.CITE 
[14, 51]
, the degradation pathway was proposed in three ways (Fig. 8) as follows:

Pathway 1: The initial attack occurred on the rings of BPA by the sulfate radical and hydroxyl radial (Fig. 8a). For the first time, the intermediate with sulfate on the ring was detected. In addition, the intermediates with hydroxyl on the rings were detected. These results indicated that the radicals could attack the rings of BPA first and that the ring was opened under the attack by the radicals. For example, the compounds N5, N2, N4, P1 and N9 were the typical intermediates after the radicals attacked and opened the ring of BPA.
Pathway 2: Scission of the link of the two rings occurred first (Fig. 8b), and then the BPA molecule was broken into p-isopropenylphenol (G9 and P3) and phenol (G5 and P4). Furthermore, the rings of the two intermediates were attacked and opened forming ring-opened products, and finally, the intermediates were mineralized.
Pathway 3: BPA oligomers were produced because of the production of BPA-radical intermediates. Then, pathway 1 and pathway 2 occurred together for the degradation of the BPA oligomers. For example, intermediate G8 was detected due to the degradation of the BPA oligomers.
As the TOC degradation test (Fig. S7) showed, H2O and CO2 could be the final products of the three pathways after a suitable period of time was allowed for BPA degradation. In general, this research shed light on the mechanisms of BPA degradation by hydroxyl and sulfate radicals produced by the FLG/PDS system.
3.4.3 Structure-related and electron-transfer mechanisms
As mentioned above, sulfate radicals and hydroxyl radicals were produced by the FLG/PDS system, and sulfate radicals play a main role in BPA degradation. In addition, the mechanism and pathways involved in BPA degradation were proposed. However, how the radicals were quickly produced by the FLG-based PDS system was an important aim of our investigation. The structure-related and electron-transfer mechanisms will be concluded in this section.

The SEM and TEM images (Fig. 1) showed that FLG was composed of nanosheets. Nanoscale sheets could significantly shorten ion diffusion lengths [25] and provide more active sites for PDS transformation, which may considerably enhance the interactions between greigite and PDS. For comparison, microscale greigite was also applied to activate PDS for BPA removal (Fig. S8). It was found that the FLG/PDS system performed much better than the microscale greigite/PDS system. This result confirmed that the nanosheet appearance could significantly improve the interaction between greigite and PDS and further accelerate BPA degradation. 
In addition to the structure-related impact on PDS activation, the electron transfer from the elements of greigite was an essential reason for PDS activation. Greigite is composed of two elements, namely, sulfur (S2-) and iron (Fe2+/Fe3+). From Fig. S9, it is shown that the S2- elements could not directly activate PDS for the removal of pollutants. Therefore, the activation of PDS could only occur because of the iron elements. This phenomenon was in accordance with the fact that PDS activation always involves a change in the oxidation valence of transition metals. There were no investigations on the performance of Fe3S4 for PDS activation and the changes in valence states after PDS activation. XPS is sensitive to the sample surface and provides both compositional and chemical data; as such, XPS is a good technology for investigating the valance state of the material surface. The fresh and used forms of greigite were characterized by XPS, and the corresponding profiles are shown in Fig. 9. The ratio of Fe(II) and Fe(III) were obtained from the Fe 2p 3/2. The binding energies of 711.2 and 712.9 eV are typical for Fe2+ and Fe3+, respectively. The ratio of Fe2+ was approximately 37.0%, which was similar to the theoretical ratio of 33.4% for Fe2+ in fresh Fe3S4. However, the ratio of Fe2+ decreased to 19.5% after PDS activation by FLG. This result showed that the Fe2+ was transformed to Fe3+ in the PDS activation process. As shown above, the iron elements were an important factor for PDS activation; that is, Fe2+ offered electrons to the O3SO=OSO3 bonds of PDS and produced sulfate radicals as shown in the reaction equation (5). Furthermore, sulfate radicals could react with OH- or H2O to produce hydroxyl radicals, as shown in equation (6).
It was known from the above discussion (Fig. S9) that sulfur elements could not directly activate PDS for BPA degradation. However, it was interesting to find the valence changes in the sulfur elements. The S 2p spectrum of fresh greigite could be fitted by five peaks at binding energies of approximately 161.4, 162.6, 163.6, 164.8 and 168.4 eV. The peaks at 161.4 and 162.6 eV were assigned to the S2- ions. In addition, the peaks at 163.6 and 164.8 eV were assigned to Sn2-, and the peak at 168.4 eV to SO42-. However, the peaks at 161.4 and 162.6 eV disappeared after PDS activation. This phenomenon showed that the S2- lost electrons to become Sn2- in the process of PDS activation. Because the possibility of the S2-/PDS reaction was eliminated, S2- may transfer electrons to iron elements. This deduction was in accordance with the natural character of S2- and Fe2+/Fe3+ elements. Pure S2- and pure Fe3+ cannot exist together as (Fe3+)2(S2-)3, which was different from Fe2O3, because the reducing ability of S2- will make the Fe3+ ions transform to Fe2+ [52]. Therefore, as Fe2+ was transformed to Fe3+ after PDS activation, the S2- species reduced Fe3+ to Fe2+ simultaneously. The mechanism could be concluded as that seen in reaction equation (7). Due to the reaction chain of S2-/Sn2--Fe3+/Fe2+-PDS, SO4●- could be produced highly effectively for BPA degradation. As S2- and Sn2- species reduced on the surface, the ability of greigite for PDS activation could be weakened as the recycle tests showed. The total reaction mechanism could be depicted as shown in Fig. 10.
Fe2+-greigite + S2O82- → Fe3+-greigite + SO4●- + SO42-              (5)

SO4●- + H2O (or OH-) →●OH + SO42-                    (6)
nS2--greigite + Fe3+-greigite →Sn2--greigite + Fe2+-greigite             (7)

4. Conclusion

For the first time, the as-prepared flower-like Fe3S4 (FLG) was applied as a very highly effective PDS activator for BPA removal. Only 0.02 g/L Fe3S4 and 0.22 mM PDS were needed to induce rapid degradation of BPA, which was much better than the Fe3O4/PDS and ZVI/PDS systems or other previous achievements listed in Table. 1. Increasing the catalyst or PDS could accelerate the initial degradation rate, however excessive levels may scavenge radicals. Excessive Cl- ions could increase the removal rate of BPA, which is similar to some other investigations of BPA degradation due to the extra Cl radicals [44]. Characterizations of used FLG and recycle tests showed that the as-prepared material was reusable.
EPR tests showed that SO4●- and ●OH existed during the degradation processes, but quenching tests presented that sulfate radicals made primary contributions to BPA degradation. Approximately 38 transformation and degradation intermediates were detected, and accordingly, three main BPA degradation mechanisms and pathways were proposed. Comparison studies with a microscale greigite/PDS system demonstrated that greigite in the nanosheet form could obviously increase PDS activation and BPA degradation because the shortened ion diffusion lengths and more active sites of the nanoscale greigite sheet may considerably enhance interactions between greigite and PDS. The most important finding of this research was that the S2-/Sn2- species on the Fe3S4 surface contributed to Fe2+/Fe3+ cycles by transferring electrons to Fe(III). This indicated that the S2-/Sn2- species could accelerate the reactions between the Fe species and PDS to produce radicals. This study deepened the understanding of the electron transfer mechanism between Sn2- and Fe2+/Fe3+. Finally, this research offers a way to synthesize more highly effective PDS activators by adding active sulfur species to the traditional heterogeneous catalysts such as ZVI or Fe3O4.
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Fig. 1 (a) XRD pattern, (b) SEM, (c) TEM image and (d) Nitrogen absorption/desorption isotherms and pore size distribution curve (inset) of s of fresh FLG
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Fig. 2 Effect of different materials on BPA degradation. Conditions: [BPA]0 = 5 mg/L, 

[PDS]0 = 0.22 mM, [Materials] = 0.02 g/L
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Fig. 3 Effect of (a) Fe3S4 concentration (b) PDS concentration degradation.

 Conditions: [BPA]0 = 5 mg/L, (A) [PDS]0 = 0.22 mM, (B) [FLG] = 0.02 g/L

Table. 1 The comparison of BPA degradation by different catalysts/PDS systems.

	Material
	Materials concentration(g/L)
	PDS/BPA (mole/mole)
	Degradation rate (%)
	References

	Flower-like greigite
	0.02
	10
	95
	This research

	
	
	20
	100
	

	NiFe0.7Co1.3O4-RGO1
	0.4
	14
	100
	[31]

	Fe-Chitoal
	1.0
	23
	99.5
	[32]

	ferrocene–MIL-101(Fe)
	0.2
	38
	100
	[33]

	CX/CoFe
	0.075
	840
	99
	[6]

	Coal fly ash
	2.0
	100
	77
	[34]

	200-HCFO
	0.1
	23
	99
	[35]

	Cu-hemin MOFs
	0.5
	12
	50
	[36]

	g-C3N4/Fe2O3
	0.5
	20
	20
	[37]

	reduced graphene oxide
	0.02
	29
	100
	[38]
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Fig. 4 Effect of pH concentration on BPA degradation (inset: pH change before and after PDS addition). Conditions: [PDS]0 = 0.44 mM, [FLG] = 0.02 g/L, [BPA]0 = 5 mg/L
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Fig. 5 Effect of (a) NaCl and (b) NaHCO3 concentration on BPA degradation. Conditions: [PDS]0 = 0.44 mM, [FLG] = 0.02 g/L, [BPA]0 = 5 mg/L
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Fig. 6 Stability and recycle tests: (a) Leaching concentration of Fe2+ and total iron without pH control, (b) XRD and (c) SEM image of used FLG, (d) recycle tests. Conditions: [PDS]0 = 0.22 mM, [FLG] = 0.02 g/L, [BPA]0 = 5 mg/L
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Fig. 7 (a) EPR spectra (b) Quenching experiment. Conditions: [PDS]0 = 0.22 mM,

[FLG] = 0.02 g/L, [BPA]0 = 5 mg/L

Table. 2 GC/MS intermediates obtained during BPA degradation

	Label
	Rt (min)
	Compound
	Molecular weight (g/mol)
	Tentative structure

	G1
	6.284
	Ethylbenrene
	106
	[image: image17.png]




	G2
	6.446
	p-Xylene
	106
	[image: image18.png]




	G3
	6.915
	p-Xylene
	106
	[image: image19.png]




	G4
	11.006
	1,2,3,4-tetramethyl-5-methylene
	134
	
[image: image20.emf]

	G5
	11.242
	phenol
	94
	
[image: image21.emf]HO



	G6
	13.161
	Benzenenethalo
	136
	
[image: image22.emf]OH



	G7
	13.856
	acetophenone
	120
	
[image: image23.emf]O



	G8
	17.099
	2,4-Di-tert-butylphenol
	206
	
[image: image24.emf]HO



	G9
	20.736


	p-isopropenylphenol
	134
	
[image: image25.emf]HO



	G10
	23.523
	Bisphenol A
	228
	
[image: image26.emf]HO OH




Table. 3 UPLC-Q-TOF-MS intermediates obtained during BPA degradation (a) Negative ion mode, (b) Positive ion mode, (c) Possible structures corresponding to formulas obtained from the negative mode and positive mode of UPLC-Q-TOF-MS.

(a) Negative ion mode

	Label
	Rt(min)
	Pseudo-molecular formula
	m/z [M-H]-
	∆ (ppm)
	MS2 fragments (m/z, formula)
	∆ (ppm)

	N1
	4.718
	C9H10O5S
	229.0176
	0.2
	93.0345, C6H5O
	1.3

	N2
	4.803
	C11H12O5
	223.0613
	0.4
	163.0402, C9H7O3
	-0.8

	
	
	
	
	
	149.0240,C8H5O3
	3.1

	
	
	
	
	
	93.0345,C6H5O
	0.9

	N3
	5.993
	C15H16O6S
	323.0595
	-0.1
	243.1026,C15H15O3
	0.3

	
	
	
	
	
	255.0561, C12H15O4S
	-1.7

	
	
	
	
	
	308.0354, C14H12O6S
	2.0

	
	
	
	
	
	227.0700,C14H11O3
	4.9

	N4
	6.111
	C10H12O3
	179.0715
	-0.7
	108.0220, C6H4O2
	-2.7

	
	
	
	
	
	93.0345, C6H5O
	0.3

	
	
	
	
	
	135.0447, C8H7O2
	3.1

	
	
	
	
	
	107.0499, C7H7O
	3.6

	
	
	
	
	
	119.0499, C8H7O
	3.7

	N5
	6.468
	C14H16O4
	247.0976
	-0.2
	93.0347, C6H5O
	-0.8

	N6
	6.624
	C14H14O5
	261.0777
	-3.1
	133.0665, C9H9O
	-4.8

	N7
	6.792
	C9H10O2
	149.0608
	0.0
	106.0428, C7H6O
	-3.6

	
	
	
	
	
	107.0500, C7H7O
	2.2

	N8
	6.816
	C13H10O3
	213.0558
	-0.4
	_
	_

	N9
	6.92
	C15H16O5
	275.0924
	0.3
	135.0456, C15H13O3
	-3.3

	
	
	
	
	
	241.0875, C15H13O3
	-2

	
	
	
	
	
	197.0607, C13H9O2
	0.5

	N10
	7.061
	C9H8O3
	163.0403
	-1.4
	119.0502, C8H7O
	0.3

	
	
	
	
	
	147.0444, C9H7O2
	4.9

	N11
	7.287
	C13H12O5
	247.0612
	0.0
	203.0712, C12H11O3
	0.8

	N12
	7.868
	C15H14O4
	257.0822
	-1.1
	-----
	------

	N13
	8.182
	C14H14O4
	245.0818
	0.5
	179.0718, C10H11O3
	-2.4

	N14
	8.234
	C8H8O3
	151.0403
	-1.5
	107.0506, C7H7O
	-3.4

	N15
	8.515
	C15H16O2
	227.1078
	-0.1
	133.0662, C9H9O
	-2.6

	
	
	
	
	
	93.0345, C6H5O
	0.6

	
	
	
	
	
	211.0762, C14H11O2
	1.0

	N16
	8.606
	C15H16O3
	243.1027
	-0.2
	-----
	-----

	N17
	8.952
	C24H26O4
	377.1755
	1.0
	359.1655, C24H23O3
	-0.6

	
	
	
	
	
	301.1233, C21H17O2
	0.3

	N18
	9.857
	C30H30O4
	453.2073
	-0.4
	359.1658, C24H23O3
	-1.5

	
	
	
	
	
	423.1587, C28H23O4
	3.5


(b) Positive ion mode

	Label
	Rt(min)
	Pseudo-molecular formula
	m/z [M+H]+
	∆ (ppm)
	MS2 fragments (m/z, formula)
	∆ (ppm)

	P1
	2.587
	C9H10O2
	151.0753
	0.4
	-----
	-----

	P2
	4.927
	C7H8O4
	157.0498
	-1.7
	85.0282, C4H5O2
	3.0

	P3
	5.47
	C9H10O
	135.0808
	-2.7
	107.0494, C7H7O
	-2.1

	
	
	
	
	
	95.0494, C6H7O
	-2.4

	
	
	
	
	
	91.0545, C7H7
	-3.0

	P4
	5.619
	C6H6O
	95.0494
	-2.8
	77.0389, C6H5
	-4.2

	P5
	5.742
	C8H8O2
	137.0598
	-0.7
	94.0414, C6H6O
	-0.9

	P6
	6.408
	C14H14O5
	263.0913
	0.3
	135.0812, C9H11O
	-4.6

	
	
	
	
	
	107.0497, C7H7O
	-4.8

	
	
	
	
	
	185.0969, C13H13O
	-4.4

	
	
	
	
	
	213.0908, C14H13O2
	1.0

	
	
	
	
	
	231.1010, C14H15O3
	2.5

	
	
	
	
	
	95.0489, C6H7O
	2.5

	
	
	
	
	
	199.0746, C13H11O2
	3.8

	P7
	6.486
	C8H8O4
	169.0495
	0.2
	69.0699, C5H9
	-0.3

	P8
	6.79
	C14H16O4
	249.1125
	-1.5
	125.0967, C8H13O
	-4.9

	
	
	
	
	
	149.0966， C10H130
	-3.4

	
	
	
	
	
	59.0491, C3H7O
	0.7

	P9
	6.902
	C15H16O5
	277.1072
	-0.6
	-----
	-----

	P10
	7.098
	C8H10
	107.0855
	0.3
	77.0387, C6H5
	-1.2

	P11
	7.169
	C5H6O
	83.0492
	-0.7
	69.0331, C4H5O
	4.7

	P12
	7.201
	C6H6O2
	111.0441
	-0.4
	55.0544, C4H7
	-2.2

	P13
	7.284
	C10H14O
	151.1119
	-1.1
	107.0497, C7H7O
	-4.2

	
	
	
	
	
	79.0539, C6H7
	4.1

	P14
	7.355
	C9H8O
	133.0646
	1.4
	77.0551, C6H5
	-4.2

	P15
	7.561
	C10H12
	133.1013
	-0.9
	107.0853, C8H11
	2.6

	
	
	
	
	
	91.0543, C7H7
	-0.3

	
	
	
	
	
	77.0383
	4.2

	P16
	7.574
	C7H8
	93.07
	-1.3
	-----
	-----

	P17
	7.722
	C14H14O4
	247.0965
	-0.1
	189.0911, C12H13O2
	-0.5

	P18
	8.198
	C14H14O2
	215.1063
	1.7
	-----
	-----

	P19
	9.988
	C9H10
	119.0856
	-0.6
	77.0389, C6H5
	-4.2

	
	
	
	
	
	103.0544, C8H7
	-1.2


(c) Possible structures corresponding to formulas obtained from the negative ion mode and positive ion mode of UPLC-Q-TOF-MS

	Negative ion mode

	Label
	Possible structure
	Label
	Possible structure
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	Positive ion mode:

	Label
	Possible structure
	Label
	Possible structure
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(a) Initial attacks on the rings of BPA by radicals    
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(b) Initial attack on the link between two rings of BPA by radicals
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(c) Possible pathways for the formation and degradation of BPA oligomers
Fig. 8 Possible degradation pathways of BPA, (a) initial attacks on the rings of BPA by radicals, (b) initial attack on the link between two rings of BPA by radicals, (c) possible pathways for the formation and degradation of BPA oligomers
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Fig. 9 XPS results for FLG before and after reaction: (a) Fe 2p and (b) S 2p
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Fig. 10 Proposed mechanisms of persulfate activation for BPA degradation on FLG surface
a College of Natural Resources and Environment, Joint Institute for Environmental Research & Education, South China Agricultural University, Guangzhou 510642, PR China

b Department of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, PR China
*Corresponding author: yongtao@scau.edu.cn (Yongtao Li); kshih@hku.hk (Kaimin Shih).
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