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[bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK30][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK69]Abstract: Fe-based metal organic framework (Fe-MOFs) was used as Fenton-like catalyst in dielectric barrier discharge (DBD) plasma/Fenton-like technology to treat wastewater, which solved the iron solubility problem. It was known that the valence state of iron will affect the catalytic performance, so the Fe-source precursor of FeSO4∙7H2O was added to regulate the valence state to adjust the catalytic performance to improve the active site. The influences of discharge voltage, catalyst addition amount, H2O2 addition amount and pH on the degradation efficiency of methyl orange (MO) were systematically examined. Through free radical capture experiments, the reaction mechanism of the plasma/Fenton-like catalytic degradation process was deduced mainly as the coordinated oxidation process of hydroxyl radicals, photo-generated electron holes and superoxide radicals. The reusability experiments proved that the catalyst was stable and reusable. The possible degradation pathways were proposed based on the identification of intermediate products generated in the degradation process by LC-MS analyses.
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1 Introduction
[bookmark: OLE_LINK4]Fenton oxidation technology has been considered as a promising method for the treatment of toxic organic pollutants in wastewater because of its advantages such as strong oxidation potential, mild reaction conditions, and easy operation 1,2. However, Fenton process shows the disadvantages of narrow pH range, low H2O2 utilization rate, and sludge production, which limits its large-scale application 3,4.
[bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK44]Plasma, as a novel technology, has attracted wide attention in recent years 5,6. In order to degrade wastewater more effectively and rapidly, researchers have studied the synergy of plasma technology and Fenton technology. During the process of plasma degradation of wastewater, active substances such as H2O2 and ∙OH will be generated 7. When an appropriate amount of Fe2+ containing substance is added, a Fenton system is formed, and a large amount of ∙OH is generated after the reaction, which increases the active substance, thereby accelerates the degradation of organic matter 8. Plasma technologies applied for plasma/Fenton include glow discharge (GDP) plasma 9,10, high voltage pulsed discharge plasma (PDP) 11, gliding arc discharge (GAP) plasma 12,13 and DBD plasma 14. Hu et al. 9 studied the synergistic effect of GDP/Fenton system and found that GDP can be significantly enhanced by the addition of iron ions as both Fenton catalyst and flocculants. Dai et al. 11 studied a high voltage PDP combined with Fenton reaction with both ferrous ion (Fe2+) salts and a carbon steel grounded electrode as iron sources for degradation of Bisphenol A (BPA). Plasma/Fenton treatment induced an increasing rate of BPA removal. Slamani et al. 12 initiated the Fenton process by GAD plasma for degradation of paracetamol (PCM) in water. Combing Fenton with GAD discharge induced a rapid degradation of PCM and gave a high degree of mineralization. Marković et al. 14 studied the treatment of ibuprofen with homogeneous catalyst FeSO4 in DBD/Fenton system, the degradation efficiency was improved. The above results showed that the degradation efficiency was promoted under the plasma/Fenton system, but the degradation efficiency was improved at the expense of electrode loss or iron ion erosion 15. DBD, with features of high safety, uniform discharge and long electrode life 16, has not been combined with Fenton technology using heterogeneous catalysts to treat wastewater. Therefore, it is of great significance to developing new heterogeneous catalysts with low cost, high activity, good stability and environmental protection.
[bookmark: OLE_LINK3][bookmark: OLE_LINK13]Fe-MOFs, with less iron ion lost in the solution, have received increasing attention as Fenton-like catalysts. Fe-MOFs can provide iron active sites useful for heterogeneous Fenton reaction with different iron environments, enabling the advantages of homogeneous iron complexes in a broader range of pH 17-19. More interesting, Fe-MOFs prepared with DBD plasma showed improved adsorption properties 20 and Fenton properties 21 as we have studied before. Also, the valence of an iron ion in Fe-MOFs would affect the catalytic performance. Li et al. 22 synthesized a series of Fe-MOFs by controlling the composition of mixed valence Fe2+ and Fe3+ precursors with dual functions, namely, high adsorption capacity for toluene and good photocatalytic degradation performance. In addition, Fe-MOFs could be recycled and reused several times for the transformation without a significant degradation in catalytic activity 23.
In this work, DBD plasma was applied for combination with Fenton process, and Fe-MOFs using FeSO4∙7H2O as iron source precursor prepared with DBD plasma was used as heterogeneous catalysts. The effects of different preparation conditions and degradation conditions on methyl orange (MO) degradation were studied. Through XRD, SEM, EDS, TEM, XPS and BET characterization, capture agent experiments and recyclability and reusability experiments, the reaction mechanism of the preparation process and degradation process were deduced.
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]2 Material and methods
2.1 Preparation of Fe-MOFs by DBD plasma
[bookmark: OLE_LINK14][bookmark: OLE_LINK23]The DBD plasma reaction device for preparing Fe-MOFs was shown in Fig. 1. Briefly, a certain amount of FeSO4∙7H2O and trimesic acid (TA) were added into 150 mL of N, N-dimethylformamide (DMF) and 150 mL of absolute ethanol, and stirred until completely dissolved. Then, the mixed solution was pumped into the DBD reactor and discharged for a certain time. After cooling naturally to room temperature, the supernatant liquid was poured out and the dark orange solid product was washed with DMF and ethanol several times for each. Then, it was dried at 160 °C for 4 h to obtain the product, which was recorded as Fe-MOFs.
[image: ]
Fig. 1. Fe-MOFs preparation device diagram
As shown in Fig. 1, a stainless steel mesh served as high voltage electrode while a stainless steel rod served as low voltage electrode. A voltage generator (CTP-2000K, Nanjing Suman Electronics Co, Ltd) was used to generate non-thermal plasma. The voltage was measured by oscilloscope (UTD2012CEX, UNI-T Co, Ltd). The solution was first driven into the inner tube of the reactor through a peristaltic pump; after filling the inner tube, the solution formed a wall-mounted liquid film on the outer surface of the inner tube and overflowed to the outer tube. After discharging for a certain time, Fe-MOFs were synthesized.
2.2 Materials characterization
[bookmark: OLE_LINK22][bookmark: OLE_LINK28]X-ray diffraction (XRD) was carried out by a Japanese Rigaku D/max-rA type X-ray diffractometer with Cu kα radiation operated at 40 kV and 150 mA. XRD patterns were scanned in the 2θ range of 3°-80° at a scan rate of 10°/min (step size 0.02°/s). Scanning electron microscope (SEM) was conducted with JSM-6700F to characterize the surface morphology of the samples. Energy dispersive spectroscopy (EDS) was used for qualitative detection of Fe, and O elements in the Fe-MOFs. The transmission electron microscopy (TEM) images were acquired using a JEOL (JEM-2100, Japan) operating at 200 kV. The BET specific surface areas were measured by N2 adsorption at 196 °C using an ASAP 2020 apparatus. The X-ray photoelectron spectra (XPS) was measured with an ESCALAB 250xi spectrometer, monochromatic radiation from the Al Kα radiation (150 W), and the Al Kα monochromatic line (1486.6 eV) was adopted for the high-resolution analysis. The Liquid Chromatography-Mass Spectrometry (LC-MS) (WATWES-e2695 A0360F, America) for detection conditions were as follows: Sample Cone: 30-60 V; Extraction Cone: 30-60 V; Source temperature: 100 °C; Desolvation temperature: 400 °C; Cone Gas: 50 L/h; Desolvation Gas: 800 L/h.
2.3 Plasma/Fenton-like process
[bookmark: OLE_LINK34][bookmark: OLE_LINK35]Plasma/Fenton-like experimental device was shown in Fig. S1. The reactor was the similar as that for preparing Fe-MOFs. Typically, MO and H2O2 were dissolved in water at room temperature. A certain amount of Fe-MOFs and H2O2 was added to 200 mL of MO solution (200 mg/L) in a beaker. The air pump played a role in preventing catalyst precipitation and participating effectively in the reaction. Magnetic stirring was set at 500 rpm. Samples were taken at set intervals using a 1 mL pipette, then diluted and centrifuged at 3000 rpm for 5 min. Then, the absorbance of the supernatant was measured with a UV-visible spectrophotometer at 463 nm. The degradation rate of the MO solution was defined as equation (1-1).
Degradation rate (%)=(1-C/C0) ×100%				(1-1)
Where, C0 and C were the initial and concentration at a certain time of MO at 463 nm, respectively. Each degradation experiment was run in triplicate. The data were expressed as the means ± SD from three replicates.
Finally, in order to compare the synergistic degradation effect, DBD alone and Fenton alone reactions were conducted under the same conditions.
3 Results and discussion
3.1 Characterization analysis of Fe-MOFs
3.1.1 XRD results
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Fig. 2 showed the XRD patterns of Fe-MOFs samples with different TA/Fe molar ratios. The main diffraction peaks in XRD analysis were 2θ = 10.3°, 14.1°, 18.8° and 24.1°. The characteristic peak positions were basically consistent with those reported in the literature 24,25, and proved that MOFs were successfully synthesized. By observing the XRD patterns, it can be seen that the characteristics of the peaks were sharp, narrow and symmetrical, and the baseline was stable. The sample with TA/Fe molar ratio of 1: 1 had a small number of impurity peaks, which might be caused by underutilization in the case of excessive acid. With the increase of TA/Fe molar ratio, the amount of acid was relatively reduced, which could be effectively utilized and thus be more stable.


[bookmark: OLE_LINK24]Fig. 2. XRD of Fe-MOFs with different TA/Fe molar ratios
According to the XRD patterns, the average particle diameters of Fe-MOFs with different TA/Fe molar ratios were calculated. As shown in Table S1, the estimation error of the average particle diameter was usually ± 0.5nm 26. It can be seen that the particle size of the Fe-MOFs with TA/Fe molar ratio of 1: 3 was the smallest. The smaller the particle size of the catalyst, the larger its specific surface area may be, the more active sites may be exposed, and the corresponding catalytic activity may be higher.
3.1.2 SEM results
SEM images of Fe-MOFs with different TA/Fe molar ratios were shown in Fig. 3. By observing pictures with different magnification, the overall and local morphology of the samples can be observed at a suitable distance. It can be seen that the surface morphology of Fe-MOFs with different TA/Fe molar ratios was significantly different. When the TA/Fe molar ratio was 1: 1, it showed a large area of aggregation with irregular shapes and different particle sizes. With the increase of TA/Fe molar ratio, its morphology appeared spherical and became more and more regular, and the particle size also tended to be uniform. When the TA/Fe molar ratio was 1: 3, the morphology showed flower-like, and the ratio of width to length was small, which provided a larger surface area and increased active sites. SEM analyses revealed that TA/Fe molar ratio had a noticeable eﬀect on the morphology of the as-synthesized products 25.
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Fig. 3. SEM images of Fe-MOFs with different TA/Fe molar ratios
(a, b, c, d) 1: 1; (e, f, g, h) 1: 2; (i, j, k, l) 1: 3; (m, n, o, p) 1: 4
3.1.3 EDS results
EDS elemental analysis of Fe-MOFs with different TA/Fe molar ratios was shown in Table S2. The data showed that with the increase of TA/Fe molar ratio, the Fe content was relatively increased and the iron active sites was increased, so as to accelerate the progress of Fenton reaction. Furthermore, it was found that Fe-MOFs with TA/Fe molar ratio of 1: 3 contained the most Fe. However, when the TA/Fe molar ratio was 1: 4, the percentage of Fe decreased. The possible reason was that although the TA/Fe molar ratio was increased, the Fe source effectively participating in the reaction was relatively reduced and the activity was reduced, which was consistent with the law when studying the preparation conditions.
3.1.4 TEM results
[bookmark: OLE_LINK38]TEM images of Fe-MOFs with different TA/Fe molar ratios were shown in Fig. 4. It can be seen that the typical particle size of Fe-MOFs was mainly in the range of 20-50 nm, and there were many irregular particles 24,27, which were consistent with XRD results. When the TA/Fe molar ratio was 1: 3, the width to length ratio of the sample was small, which was consistent with SEM results.
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Fig. 4. TEM images of Fe-MOFs with different TA/Fe molar ratios
(a) 1: 1; (b) 1: 2; (c) 1: 3; (d) 1: 4
3.1.5 BET results
Nitrogen physical adsorption was the method of choice to obtain information of porous materials. This method gave data on the speciﬁc surface area and the pore diameters. BJH method was based on the pore condensation phenomena which was applicable only for the mesoporous or microporous region 28. Fig. 5 showed nitrogen adsorption-desorption isotherms and pore size distribution diagrams of Fe-MOFs with different TA/Fe molar ratios. According to the classification of the International Union of Pure and Applied Chemistry (IUPAC), the isotherms of all samples were type IV. At a relatively high pressure of 0.7 to 1.0, there was a hysteresis loop in the isotherm and the type was H3 type 29. In addition, it can be seen from the pore size distribution diagram that Fe-MOFs were mainly mesoporous materials with a size of 2-50 nm, which indicated the similar pore structures of Fe-MOFs and the predominance of the mesoporous 25.



Fig. 5 Nitrogen adsorption-desorption isotherms curves and pore size distribution of Fe-MOFs with different TA/Fe molar ratios
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]Table S3 showed the surface and pore properties of Fe-MOFs. With the increase of TA/Fe molar ratio, the values of specific surface area, average pore diameter, and pore volume of Fe-MOFs increased. When the TA/Fe molar ratio was 1: 3, the maximum specific surface area can be obtained, which was 32.021 m2/g. Due to the particularity of the structure, the amount of MO molecules adsorbed on the inner surface increased, which was convenient for adsorption and thus the catalytic reaction was accelerated. Furthermore, a large specific surface area could not only bring more active sites, but also increase the contact area of the reaction, thereby accelerate the reaction rate. When the TA/Fe molar ratio was 1: 4, the specific surface area, average pore size and pore volume of Fe-MOFs decreased, which may be caused by the differences in morphology and structure. This was consistent with SEM analysis results.
3.1.6 XPS results
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK7][bookmark: OLE_LINK8]X-ray photoelectron spectroscopy (XPS) analysis was performed to investigate the surface composition and chemical states of as-synthesized samples 30, as shown in Fig. 6. The XPS survey spectrum demonstrated that C, O, and Fe elements existed in Fe-MOFs (Fig. 6(a)). The O peaks included O KL1 and O1s peaks, the C peaks were C1s peaks, and the Fe peaks were Fe2p. The binding energy of the peaks was shown in Table S4. In Fig. 6 (b), four peaks at around 711 eV, 712 eV, 724 eV and 726 eV assigned to Fe2+ 2p3/2, Fe3+ 2p3/2, Fe2+ 2p1/2 and Fe3+ 2p1/2, respectively, indicating that the catalyst was composed of Fe2+ and Fe3+ species. The peak at around 716 eV was a satellite peak of the transition metal element iron, indicating that Fe-MOFs samples contained Fe2+ and Fe3+ 25,31. The results from XPS further confirmed successful synthesis of Fe-MOFs. The C 1s spectrum in Fig. 6(c) could be deconvolved into three peaks centered at around 284 eV, 285 eV, and 288 eV. The peaks at around 284 eV and 288 e V corresponded to electron binding energies in the phenyl and carboxyl groups, respectively. The peak at around 285 eV was attributed to carbon on the surface of the sample 32,33. The spectrum of the O1s could be ﬁtted by two peaks at binding energies of around 531 and 532 eV, which were attributed to surface oxygen O2– bond and O2– in the O-Fe bond, respectively 34. The results of XPS analysis further confirmed the chemical bond morphology presented in the structure.






Fig. 6. XPS spectra of Fe-MOFs with different TA/Fe molar ratios
(a) survey spectrum; (b) Fe 2p; (c) C1s; (d) O1s
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK27]Table S5 presented the proportions of different valence iron elements in Fe-MOFs. The ratio of Fe2+/Fe3+ and the relative proportion of oxygen vacancies in Fe-MOFs were estimated from the relative area of the deconvolution peak. When the TA/Fe molar ratio was 1: 3, the ratio of Fe2+/Fe3+ and [O]s was significantly higher than that of other samples, which presented higher oxygen vacancies content and was very beneficial to the Fenton catalytic degradation process. Fe-MOFs can lead more ∙OH formation based on the equation: Fe2+ +H2O2 → Fe3+ + OH- + ∙OH. Then, MO will be degraded by the abundant ∙OH. The Fe3+ can be easily reduced to Fe2+ by absorbing e-, which provided the continuous formation of ∙OH 22. In addition, surface oxygen vacancies were generated during the reduction of Fe3+ to Fe2+, which would also affect the catalytic performance. Fe-MOFs with TA/Fe molar ratio of 1: 3 had the highest content of Fe2+/Fe3+ and oxygen vacancy. Furthermore, Fe2+ and Fe3+ in Fe-MOFs with TA/Fe molar ratio of 1: 1 were higher, because the area formed by the satellite peak was small and the proportion was relatively small, so the proportion of Fe2+ and Fe3+ was relatively large. This was consistent with XRD and XPS results.
3.2 Plasma/Fenton-like process of Fe-MOFs
Fig. S2 showed a comparison of the performance of plasma alone, Fenton alone, and plasma/Fenton-like system. When the discharge voltage was 14.5 kV, the addition amount of Fe-MOFs with TA/Fe molar ratio of 1: 3 was 1 g/L and the addition amount of H2O2 was 2.5 mL/L, it can be found that plasma/Fenton-like catalysis was better than plasma and Fenton alone.
Fig. S3 showed the effect of different reaction conditions on performance of Fe-MOFs. From Fig. S3 (a), it can be seen that 200 mg/L MO was completely degraded within 8 min, and 350 mg/L MO can reach 96% degradation within 12 min. With the increase of MO concentration, the degradation rate was correspondingly slower. It can be seen that Fe-MOFs could not only process low-concentration MO solution, but also have a beneficial effect on MO with higher concentration. Solutions with higher initial organics concentration needed longer treatment time to achieve a given degradation degree 35. Fig. S3 (b) showed that the degradation rate increased with the increase of discharge voltage. Nevertheless, energy consumption needed to be considered. It can be seen from Fig. S3 (c) that when the most suitable amount was added, the degradation efficiency was the fastest 36. Concentration of H2O2 played a crucial role in deciding the overall efﬁciency of the degradation process. However, care should be taken while selecting the operating oxidant dosage. The presence of H2O2 was harmful to many of the organisms and would affect the overall degradation efﬁciency signiﬁcantly, hence the excess amount was not recommended. Moreover, negative effect of H2O2 was the scavenging of generated ∙OH, which occurred at large quantities of H2O2 35. Therefore, the amount of H2O2 can be reduced as much as possible while ensuring efficiency. According to Fig. S3 (e), the pH of 3 was beneficial for the Fenton reaction because pH significantly affected the solubility and oxidation state of Fe 37.
Fig. S4 showed the recycling experiments results of Fe-MOFs prepared in the conditions of the discharge voltage 14.5 kV, reactant concentration 12 g/L, TA/Fe molar ratio 1: 3 and discharge time 100 min, which showed the best performance. The samples still maintained more than 89% degradation efficiency for MO after six times cycles.
3.3 Reaction mechanism of plasma/Fenton-like process
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]In order to figure out the role of various active specials on MO degradation in plasma/Fenton-like process and to discuss the reaction mechanism, tert-butanol (TBA), ammonium oxalate (AO) and KI were used as the capture agents of ∙OH, photo-generated holes (h+) and superoxide radical (∙O2-), respectively 38. As shown in Fig. S5, after the addition of the capture agents, the reaction efficiency was reduced because the capture agents consumed the active species in the reaction system that contributed to the degradation of MO. It proved that active species including ∙OH, h+ and ∙O2- were generated during the reaction and played a vital role in the degradation process of MO.
For the Fenton process, the Fe2+ catalyzed the decomposition of H2O2, which resulted in the generation of ∙OH radicals 17. The generated Fe3+ could be reduced by reaction with excess H2O2 to form again Fe2+ and more radicals such as ∙O2-, it could also attack organic contaminants 36. For the plasma process, there existed energetic electrons that collided with other molecules such as O2 and H2O to produce various active species including ∙OH and ∙O2-, in addition to some active molecules such as O3 and H2O2. Furthermore, photo-generated holes (h+) and photo-generated electrons (e-) were generated on the surface of Fe-MOFs and catalytic redox reaction occurred to produce H2O2 and dissolved oxygen. And this part of residual H2O2 could be utilized through Fenton reaction to produce more ∙OH 38, which further enhanced the degradation of MO. When the plasma reaction was combined with the Fenton reaction, the active substances would be increased, thus the degradation of organic matter was accelerated. The degradation of MO was finally achieved by redox reactions of the active species.
[bookmark: OLE_LINK61][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK29][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54]To detail the reaction intermediates of MO in plasma/Fenton-like formed during the 8 min were analyzed by LC-MS. The obtained mass spectra were provided in Fig. S6. The detected intermediates with different mass-to-charge (m/z) ratios and molecular structures were summarized in Table S6. Degradation mechanism (Scheme 1) was proposed based on the species detected in this study and previous literature. Before degradation, the peak of m/z = 304.07 was the parent molecule of MO after losing Na+ due to dissolution in aqueous solution. The intermediate with m/z of 290.06 was formed due to the demethylation, followed by deamination to generate azobenzesulfonic acid (m/z = 261.03). Then, it was decomposed into sulfanilic acid (m/z = 172.00) and aniline (m/z = 93.05) (Path 1). sulfanilic acid was methylated and deaminated to form phenylmethylamine (m/z = 107.07) and then converted to aniline. Azobenzesulfonic acid can also be decomposed to 4-diazenyl-benzene (m/z = 106.05) and P-hydroxy-benzenesulfonic acid (m/z = 172.99) (Path 2). P-hydroxybenzenesulfonic acid was oxidized to benzenesulfonic acid (m/z = 156.99) and nitrobenzene (m/z = 138.0197), which was then oxidized to phenol (m/z = 110.03), while 4-diazenyl benzene was converted to aniline. The further oxidation of hydroquinone and aniline resulted in the aromatic ring opening, formation of short-linear aliphatic carboxylicacids. Finally, the aliphatic carboxylic acids can directly convert into CO2 and H2O.
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[bookmark: OLE_LINK57][bookmark: OLE_LINK58]Scheme 1. Proposed degradation pathways of MO in the plasma/Fenton-like system
4 Conclusions
Fe-MOFs using FeSO4∙7H2O as iron source, were successfully synthesized by DBD plasma, and applied for Plasma/Fenton-like technology as heterogeneous catalysts. The synergy of DBD plasma and Fenton induced an increasing rate of MO removal. The results showed that Fe-MOFs had a stable crystal structure, increased specific surface area and pore size, and thus increased iron-based active sites. In addition, the valence of iron in the synthesized Fe-MOFs affected the catalytic performance. At catalyst addition amount of 1 g/L, H2O2 addition amount of 2.5 mL/L, discharge voltage of 13.7 kV, and pH of 3, the degradation rate of 200 mL (200 mg/L) MO reached 96% at 8 min. Through free radical capture experiments, the reaction mechanism of the plasma/Fenton-like catalytic degradation process was deduced mainly as the coordinated oxidation process of hydroxyl radicals, photo-generated holes and superoxide radicals. Collaborative technology improved the efficiency of wastewater treatment, and also provided new ideas for the study of pollutant degradation. More importantly, as Fenton-like catalyst, Fe-MOFs exhibited excellent durability in six cycles of degradation, which proved that the catalyst was stable and reusable. In addition, degradation intermediates of MO were identified using LC-MS, and possible transformation pathways were proposed.
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