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Abstract

:

The photo-induced peroxymonosulfate (photo-PMS) reaction is a promising route to eliminate antibiotics from waste water. To achieve excellent photo-PMS activity in Mg–Fe layered double hydroxides (LDHs) for tetracycline hydrochloride (TCH) degradation under simulative solar-light irradiation, Mg–Fe LDHs-loaded polyacrylonitrile (Mg–Fe/PAN) nanofibers were in-situ prepared via the hydrothermal route. For comparison to the photocatalysis and photo-PMS process, the Mg–Fe/PAN-assisted photo-PMS process exhibited a better elimination activity for TCH elimination. In addition, the photo-PMS activities of Mg–Fe/PAN composites were greatly affected by Mg–Fe LDHs content, TCH concentration, pH, and inorganic salts. Among these Mg–Fe/PAN composites, the optimal MgFe2/PAN with a Mg/Fe molar ratio of 1:2 and a nominal Mg–Fe LDHs content of 2.0 wt. % removed 81.31% TCH solution of 80 mg L−1 TCH within 120 min. This enhanced photo-PMS capacity of MgFe2/PAN was ascribed to the abundant active sites formed by functional groups and oxygen defects for efficient TCH species adsorption and photon capturing, and the tight interface between Mg–Fe LDHs nanoparticles and PAN nanofibers for the rapid separation and transfer of photoinduced e−/h+ pairs. SO4•− and •O2− radicals were vital for the MgFe2/PAN-assisted photo-PMS reaction.
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1. Introduction


As common pharmaceuticals used against the numerous disease-causing bacteria in animals and humans, tetracyclines (TCs) are the second-most intensively used antibiotics due to their specific capacities, such as anticancer, proteolysis, angiogenesis, anti-inflammation, bone-metabolism, anti-apoptosis, and metal ions chelation [1,2,3]. TCs are composed of phenolic hydroxyl groups, acylamino groups, dimethylamino moieties, and ketone-enol double bonds. The low Henry constants varied from 3.45 × 10−24 to 3.91 × 10−26 atm3 mol−1, inducing stable and high resistance to oxidation. Due to the high consumption rate and the low metabolism, 60~90% TCs and their metabolized forms are not used in living organisms, and are further released into environment via feces and urine, causing the serious scarcity of water sources [4,5]. What is worse, the long-term exposure to TCs induces chronic and even acute disease, endangering humans and the ecosystem [6]. To overcome the harmful impacts of TCs in water, various strategies have been explored in previous works, including adsorption [7,8], advanced oxidation [9,10], biodegradation [11,12], electrocatalysis [13,14], photocatalysis [15,16], filtration [17], and flocculation [18]. Among these approaches, photocatalysis is the most promising route to eliminate TCs through the conversion of solar light to chemical and thermal energies. The key issue met in using this technology is fabricating novel photocatalysts with excellent photo-activity and easy recyclability.



To date, inorganic and organic semiconductors have been explored to enhance the conversion efficiency of solar light in photocatalytic system [19]. Among the reported photocatalysts, metal oxides and metal sulfides are intensively investigated due to their ideal band-gap structure for charge separation and migration. Different from metal oxides and metal sulfides, layered double hydroxide (LDH) is a typical ionic layer composite consisting of metal cations and hydroxyl groups [20]. LDH is defined as [M2+1−xM3+x(OH)2]x+Am−x/m·nH2O, of which M and A are the metal cation in the terrace and the compensative anion in the interlayer, respectively. Owing to the oxo bridge and semiconductor metal element in the layered structure used for the efficient electron transfer, LDHs with charge neutrality and a stabilized structure have drawn great attention in relation to adsorption and photocatalysis [21,22]. Considering that LDHs exhibit weak visible light absorption and serious recombinations of photo-induced e−/h+ pairs, LDHs coupled with semiconductors such as CuFe LDH/Bi2WO6 [23], CuFe-LDH/TiO2 [24], FeNi-LDH/Ti3C2 [25], CuMgFe-B(OH)4 LDH [26], Bi2WO6/CoAl-LDH [27], and MoO2@CoFe LDH [28] have been confirmed as the most efficient catalysts in photo-Fenton reactions. This is ascribed to the strong Fe(III)/Fe(II) redox cycles for efficient electron scavengers and the internal electric field of the heterojunction structure for rapid e−/h+ separation and conversion into •OH radicals. For comparison to the reported Fe-based LDHs, the higher surface reactivity and iron redox cycling of Mg–Fe LDH are much more favorable for generating •OH and •O2− [29]. In the Fenton system, Fe2+ ions react with H2O2 to form Fe3+, •OH and OH−, and then H2O2 reacts with •OH to generate H2O and •OOH, and further, Fe3+ reacts with •OOH to obtain Fe2+, H2 and O2 [30]. Meanwhile, the dissolved O2 is efficiently consumed by e− to form •O2−. The surface -OH groups of Mg–Fe LDHs favor the adsorption of organic pollutants via the hydrogen-bonding force, meanwhile facilitating the formation of active radicals via efficient photon capture, leading to their excellent photo-Fenton activity. However, the pristine LDHs suffer from poor compatibility between the super redox ability and efficient visible light absorption.



Although massive efforts have focused on the enhancement of active sites, radical generation, and electron transfer rates to address the above disadvantage and to enlarge the photocatalytic efficiency of LDHs via structure tuning, heteroatoms doping, heterojunction constructing, and oxygen defects, how to recycle LDH bulks from wastewater is scarcely discussed in previous works [31,32]. In recent years, nanoparticle pollution has become a serious and dangerous form of pollution due to its small size, which easily penetrates animal and plant cells. Nanoparticles can easily migrate from water to soil and float into air, and further accumulate from plants and animals into humans to cause deleterious effects [33]. In addition, their high surface energy leads to the aggregation of photocatalyst nanoparticles in aqueous solution, and inferior separation efficiency after photocatalytic reaction. Therefore, the excellent dispersion of nanosized photocatalysts on the appropriate carriers is a promising route to address the above matters. Owing to their super hydrophobicity and micropore structure that contribute to the efficient separation of nanomaterials, their large surface-to-volume ratios for abundant loading sites, and their small density for sufficient exposure to light, polyacrylonitrile (PAN) nanofibers have drawn intensive attention as supporters of photocatalysts [34]. PAN nanofibers-based photocatalysts are fabricated to enhance the amounts of photon-capturing sites, and to form tight junction interfaces for the rapid separation and transfer of e−/h+ pars, including CdS-BiOCl/PAN [35], g-C3N4/PAN/PANI@LaFeO3 [36], PAN/TiO2 [37], Bi2O2CO3/g-C3N4@PAN [38], PAN/BiInOCl [39], PAN-Bi2O2CO3–BiOI [40], SrTiO3/PAN/FLG [41], and Bi2MoO6/S-C3N4/PAN [42]. To the best of our knowledge, Mg–Fe LDH combined with PAN has been not fabricated to boost photocatalytic activity and durability via TCs elimination. There are no works on the charge transfer mechanisms of photoinduced e−/h+ pairs between Mg–Fe LDH and PAN nanofibers for the photo-PMS degradation of pollutants from wastewater.



Herein, Mg–Fe LDH nanoparticles were in-situ loaded onto the surface of PAN (Mg–Fe/PAN) nanofibers via the hydrothermal route for evaluating the solar-light activated persulfate oxidation of TCH. In comparison to the •OH and •O2− radicals formed in a photocatalytic or Fenton system, the sulfate radical (SO4•−) generated in persulfate-based oxidation reactions has a higher redox potential, better selectivity, and longer half-life, thus gaining greater destructiveness in the internal structure of TCH molecules [43]. Differently from the addition of Mg–Fe LDH into a PAN solution to electrospin Mg–Fe/PAN nanofibers, Mg–Fe LDH nanoparticles were in-situ grown on the skeleton of PAN nanofibers to avoid the coverage of the active surface and the reduction in mechanical stability. In addition, Mg–Fe/PAN nanofibers were used as the three-dimensional porous membrane photocatalyst with high specific surface area, superior light absorption ability, and excellent hydrophily [44]. The syngenetic effects of bimetallic Mg–Fe LDH in the orderly laminar and spatial structure are favorable for the solar-light induced activation of peroxymonosulfate (PMS). In addition, PAN nanofibers were likely to restrain the agglomeration of Mg–Fe LDH, enlarging the photo-PMS activity and stability for TCH elimination.




2. Experimental


2.1. Preparation of Mg–Fe/PAN Nanofibers


Mg–Fe/PAN nanofibers were fabricated via the hydrothermal route. Firstly, 1.00 g polyacrylonitrile ((C3H3N)n, Mw = 150,000) was dissolved into 20 mL N,N-Dimethylformamide HCON(CH3)2 under intensive stirring for 1.0 h at 353 K. Then, the above solution was transferred to a spinning reactor operated at 22 kV, and the spinning rate of 2.0 × 10−6 m s−1 was set to obtain PAN nanofibers. Mg–Fe/PAN with a Mg/Fe molar ratio of 1:2 and a nominal Mg–Fe LDH content of 2.0 wt. % was prepared as follows: 0.085 g FeCl3·6H2O, 0.074 g Mg(NO3)2·6H2O, 0.10 g PAN nanofibers, and 1.50 g urea (CO(NH2)2) were added to 30 mL deionized water, stirred at room temperature for 30 min, poured into a 50 mL reactor, treated at 433 K for 16 h, washed with deionized water three times, and dried at 353 K to obtain MgFe2/PAN. Based on the above process, MgFe/PAN, MgFe3/PAN and Mg2Fe/PAN were prepared with Mg/Fe molar ratios of 1:1, 1:3, and 2:1, respectively. These Mg–Fe/PAN samples had a nominal Mg–Fe LDHs content of 2.0 wt. %. Mg(OH)2/PAN with a Mg(OH)2 content of 2.0 wt. % and Fe(OH)3/PAN with an Fe(OH)3 content of 2.0 wt. % were also fabricated using NH3·H2O for the comparative investigation. These samples were evaluated via the various characterization methods (Supported Information S1).




2.2. Photo-PMSTesting


Photo-PMS performances of Mg–Fe/PAN nanofibers in TCH elimination were assessed with a Xe lamp with a power intensity of 300 mW cm−2, an irradiated distance of 20 cm, and a 420 nm cutoff filter. Briefly, 40 mg MgFe/PAN bulks were dispersed into 150 mL TCH solution of 80 mg L−1, and stirred in the dark at room temperature for 60 min. After attaching the adsorption–desorption balance, 0.1 g potassium peroxymonosulfate (KHSO5) bulks were added to the above solution with intensive stirring. Then, 2 mL solution was sampled, filtered, and analyzed by high-performance liquid chromatography (Agilent 1260II, Tokyo, Japan) at a specific interval of 10 min. The effects of TCH concentration, Mg/Fe molar ratio, inorganic salts, pH, and quenchers on the photo-PMS performances of Mg–Fe/PAN hybrids on TCH removal were well investigated. The used samples were washed with 50 mL deionized water three times under an intensive ultrasound treatment, and dried at 353 K for 6 h for the next cycle of testing. The reproducibility of photo-PMS testing was assessed three times, with an error range of ±3%.





3. Results and Discussion


3.1. Characterization


Electrostatic spinning was a promising route to fabricate PAN nanofibers with a diameter of around 100 nm (Figure 1A,B). PAN nanofibers easily formed into a PAN mat in the electrostatic spinning process, and further served as the support for nanoparticles. Owing to the sufficient N–H bonds of PAN nanofibers, 100 nm Fe(OH)3 nanoparticles (Figure 1C,D) were efficiently bonded on the surfaces of PAN nanofibers via the H-bond effect, which was also confirmed by Mg(OH)2/PAN with around 50 nm Mg(OH)2 nanoparticles (Figure 1E,F) and Mg–Fe/PAN composites with about 50 nm Mg–Fe LDHs nanoparticles. For comparison, Mg–Fe/PAN with various Mg/Fe molar ratios had smaller Mg–Fe nanoparticles loaded on the PAN surface (Figure S1); 40 nm Mg-Al LDHs nanoparticles were loaded onto the surface of PAN nanofibers to form MgFe2/PAN (Figure 1G,H), which had more Mg–Al nanoparticles than MgFe3/PAN (Figure S1E,F). Elemental mapping images (Figure S2) suggest that Mg, Fe, O, C, and N elements appeared on the MgFe2/PAN, which was further confirmed by the EDX pattern.



The Mg/Fe molar ratio slightly changed the mass contents of Mg and Fe in Mg–Fe/PAN composites (Table S1), while it affected the valence states of surface compositions. For MgFe2/PAN, the (010) plane of the PAN phase (JCPDS, 48-2119) and (004) facet of the Mg–Fe LDH phase (JCPDS, 14-0365) appeared at 16.69° and 21.16°, respectively (Figure 2A). Due to the small Mg–Fe LDHs content and poor lattice structure, the diffraction peaks of Mg–Fe LDHs phases were not obviously detectable in the XRD pattern. Mg, Fe, C, N, and O elements were well detected in the MgFe2/PAN composite. The Mg 1s peak was located at 1305.83 eV (Figure 2B). The divided Fe 2p peaks at 721.34 and 708.24 eV were assigned to Fe 2p1/2 and Fe 2p3/2, and the peaks at 723.18 and 712.93 eV were indexed as the corresponding shake-up satellites, respectively (Figure 2C). Considering the binding energy of additional carbon located at 283.95 ± 0.5 eV, the C 1s peaks at 285.11, 283.66, and 282.31 eV (Figure 2D) were indexed as C≡N, C–C, and C–H bonds of the PAN compound, respectively [45,46]. The split N 1s peaks at 397.76 and 396.44 eV (Figure 2E) were indexed as C≡N and N–H bonds, respectively. Considering that Mg–Fe LDH consisted of Mg1−xFex(OH)2CO3)x/2·nH2O, O 1s peaks at 530.22, 528.85, and 527.54 eV (Figure 2F) were indexed as oxygen vacancies/defects, oxygen lattices of Mg–O/Fe–O bonds, and oxygen species of the CO32− group, respectively [47]. These functional groups of MgFe2/PAN as well as oxygen vacancies served as the vacant sites of TCH adsorption and photon capture, especially the junction sites formed between Mg–Fe LDH and PAN nanofibers for boosting the charge transfer and separation.



The UV-Vis DRS curves (Figure 3A) suggest that PAN nanofibers and Mg(OH)2/PAN only had a UV light absorption capacity, while Fe(OH)3/PAN and MgFe2/PAN extended the light absorption edge to the visible light region. Mg–Fe/PAN composites with various Mg/Fe molar ratios (Figure S3A) also had a strong visible light response, meaning better solar light utilization. Based on the plots of (αhv)1/2 vs. (hv) (Figure 3B), the estimated band-gap energy (Eg) values of PAN nanofiber, and Mg(OH)2/PAN, Fe(OH)3/PAN, and MgFe2/PAN samples (Table S1), were 3.84, 2.83, 1.75, and 1.67 eV, respectively. For comparison, MgFe2/PAN has a narrower band-gap structure. Of course, Mg/Fe molar ratios affected the Eg values of Mg–Fe/PAN samples (Figure S3B) due to the changes in oxygen vacancies in the surroundings of Fe–O and Mg–O bonds. Considering that the tangent slopes of Mott–Schottky plots (Figure 3C and Figure S3C) were positive, Mg(OH)2/PAN, Fe(OH)3/PAN, and Mg–Fe/PAN composites were n-type materials. The flat band potential (EFB) of MgFe2/PAN (Table S1) was −1.03 V, and its conduction band energy (ECB) was −0.83 eV. Hence, the valance band energy (EVB) of MgFe2/PAN was 0.84 eV. The electrochemical impedance spectra and PL were indicators for the separation and recombination of photo-excited e−/h+ pairs. Among these PAN-based composites, MgFe2/PAN had the smallest circular arc radius of electrochemical impedance spectra (Figure 3D) and the weakest PL intensity (Figure 3F). It is indicated that the combined effects of Mg–Fe LDH and PAN nanofibers were favorable for the separation and transfer of charge carriers. This was further confirmed by Mg–Fe/PAN composites with the various molar ratios of Mg/Fe in LDHs (Figure S3D). In contrast with PAN nanofibers, Mg(OH)2/PAN, and Fe(OH)3/PAN and MgFe2/PAN composites (Figure 3E), had stronger photocurrents, while the photocurrent intensity was not stable because of the lattice defects formed in MgFe2/PAN composites, such as oxygen vacancies. It is indicated that MgFe2/PAN had the stronger solar light utilization capacity, while its separation efficiency of photo-excited h+/e− pairs in each “on–off” cycle was not satisfactory. When the light was turned on, MgFe2/PAN rapidly absorbed the light to form a photocurrent, and further increased with the increasing irradiation time. When the light was turned off, the generated electron–holes pairs were not efficiently quenched, decreasing the photocurrent. The declining photocurrent intensity induced a weak photocatalytic activity of Mg–Fe/PAN in the photocatalytic system. Of course, the adsorption activity of Mg–Fe/PAN greatly affected the photo-PMS activity. The adsorption capacities of the obtained samples were related to the functional groups and surface discharge. As shown in the FT-IR spectrum (Figure S4), PAN nanofibers exhibited functional groups such as C≡N and C=C bonds, which were favorable for connecting Mg–Fe LDHs to generate much more groups, such as N–H, O–H, and Mg–O–Fe. The Zeta potential curve (Figure S5) suggests that the isopotential point of MgFe2/PAN was pH = 3.92. In other words, MgFe2/PAN exhibited a surface positive charge at pH < 3.92, while the surface negative charge was pH > 3.92. This special surface charge nature of MgFe2/PAN was responsible for its photo-PMS performance in TCH removal.




3.2. Photo-PMS Performance


The catalytic activities of PAN-based samples were analyzed by the photo-PMS elimination of TCH solution, which consisted of adsorption and photo-PMS efficiencies. The intermediate types generated in the photo-PMS system were greatly affected by the conditions and photocatalyst types. It is difficult to check the possible intermediates in a photo-PMS system, and the most efficient route is to analyze the removal efficiency of TCH in aqueous solution. As plotted in Figure 4A, the removal efficiency as well as adsorption and photo-PMS efficiencies of MgFe2/PAN were higher than those of PAN, Mg(OH)2/PAN, and Fe(OH)3/PAN. It is indicated that the elimination efficiency of TCH over PAN could be enhanced by Mg(OH)2, Fe(OH)3, and Mg–Fe LDH due to the functional groups, such as N–H and O–H bonds, as well as oxygen vaccines acting as the adsorption and photocatalysis sites. The removal efficiency of MgFe/PAN with a Mg/Fe molar ratio of 1:1 was higher than that of Mg2Fe/PAN with a Mg/Fe molar ratio of 2:1, while it was lower than MgFe2/PAN with a Mg/Fe molar ratio of 1:2 for the photo-PMS elimination of TCH. The best removal efficiency over optimal MgFe2/PAN was 81.31% after 120 min. To further explain the merit of photo-PMS reaction over MgFe2/PAN, a comparative investigation was carried out for the degradation of 80 mg L−1 TCH solution. As shown in Figure 4B, the photo-PMS efficiency without MgFe2/PAN was 47.24%, the photocatalytic efficiency over MgFe2/PAN was 23.65%, while the photo-PMS efficiency over MgFe2/PAN was 81.31%. It is confirmed that the combined effect of photo-PMS over MgFe2/PAN was better than the sum of photocatalysis and PMS. The separated electrons and holes over MgFe2/PAN favored the formation of radicals, and these radicals were further likely to excite the Fe(II)/Fe(III) couple and PMS species to convert TCH species into harmless products. In comparison to the previous works on the photocatalysis, photo-Fenton, and photo-persulfate degradation of TCH solution (Table S2), here, the photo-PMS reaction had a better removal capacity than MgFe2/PAN. It is indicated that MgFe2/PAN was the potential catalyst for the photo-PMS elimination of antibiotics from wastewater. Of course, the photo-PMS reaction was intensively affected by TCH concentration, pH, and inorganic salts.



When the TCH solution ranged from 60 to 100 mg L−1 (Figure 4C), the adsorption and photo-PMS activity over MgFe2/PAN declined from 93.24% to 61.63% under the same conditions. The main reason was the limitation of active sites for adsorption and photon conversion. Based on the plots of -In(Ct/C0) versus t, the kinetic constant of MgFe2/PAN decreased with the increasing TCH concentration (Figure S6), meaning the fast conversion of TCH over MgFe2/PAN at the low TCH concentration. Although the high TCH concentration provided mass transfer for TCH adsorption at vacant sites, it also served to induce mass transfer resistance that hindered the escape of photo-PMS products from active sites [48,49]. In addition, the high TCH content in the aqueous solution was not favorable for the photon capture over active sites and the transfer and separation of photo-excited e−/h+ pairs at the junction interface [47,50]. There were abundant OH− and CO32− ions formed in MgFe2 LDH, which favored the adsorption of cationic and zwitterionic TCH species. Due to the various TCH species that emerged under different pH conditions, we can infer that pH greatly affected the adsorption and photo-PMS activities of MgFe2/PAN. When pH increased from 3.07 to 8.24, the adsorption and photo-PMS efficiencies of MgFe2/PAN climbed and then declined, and the best removal efficiency of TCH was observed at a pH of 4.28 (Figure 4D). A similar result was obtained in the kinetic constant of MgFe2/PAN in the pH range of 3.07~8.24. The increasing pH induced the increase and then decline in the kinetic constant of MgFe2/PAN (Figure S7). Of course, inorganic ions also affected the pH of the TCH solution, and could be competitively adsorbed at the vacant sites instead of TCH species, hindering the adsorption and photo-PMS capacities of MgFe2/PAN. For example, NaNO3 and NaCl slightly suppressed, while Na2CO3, Na2SO3, and Na3PO4 seriously restrained, the removal efficiency of TCH (Figure 4E). FeCl3 seriously restrained the adsorption capacity, while it enhanced the photo-PMS efficiency because of the redox of the Fe(II)/Fe(III) couple. Considering the complex composition of real wastewater, the obtained MgFe2/PAN was not applied in a scaled-up photocatalytic system for TCH elimination. Future work will focus on the industrial application of Mg–Fe/PAN composites in real wastewater.




3.3. Photo-PMS Durability


For the durability testing, the used MgFe2/PAN sample was washed with deionized water three times, and then used for the photo-PMS degradation of 70 mg L−1 TCH solution. The removal efficiency of TCH over MgFe2/PAN (Figure 4F) decreased from 87.23% to 83.39% after five cycles. This deactivation of MgFe2/PAN was ascribed to the photo-corrosion under long-term irradiation, changing the valance states of compositions (Figure S4). In comparison to the fresh MgFe2/PAN, the Mg 1s peak of the sample used changed to 1304.12 eV (Figure S8A). The binding energies of Fe 2p1/2, Fe 2p3/2, and their corresponding satellite speaks shifted to 721.53, 708.23, 723.52, and 710.94 eV, respectively (Figure S8B). In contrast with fresh sample (13.10 eV), the larger spacing distances between the Fe 2p peaks in the used sample indicate the weaker electron intensity, which is thus not favorable for the redox reaction of Fe(II)/Fe(III) couples. The C 1s peaks of used sample belonging to C≡N, C–C, and C–H bonds of PAN (Figure S8C) changed to 285.11, 283.56, and 282.55 eV, respectively. The split O 1s peaks indexed as oxygen vacancies/defects, oxygen lattices of Mg–O/Fe–O bonds, and oxygen species of the CO32− group (Figure S8D), respectively, migrated to 530.65, 529.16, and 527.93 eV. Compared with fresh sample (397.76 eV, 396.44 eV), the N 1s peaks of the used sample, assigned to C≡N and N–H bonds (Figure S8E), shifted to 397.66 and 397.65 eV, respectively. However, the SEM images (Figure S9) confirm that the texture structure of the used MgFe2/PAN was not changed, implying the excellent textural stability of MgFe2/PAN.




3.4. Photo-PMS Mechanism


The photo-excited radicals of MgFe2/PAN in photo-PMS system were checked by the quenching test, including MeOH (SO4•− and •OH), p-BQ (•O2−), t-BuOH (•OH), L-Histidine (1O2), KBrO3 (e−), and EDTA-2Na (h+). As plotted in Figure 5, MeOH and p-BQ seriously restrained the photo-PMS activity of MgFe2/PAN. The photo-PMS efficiencies of TCH over MgFe2/PAN with the addition of EDTA-2Na and t-BuOH were higher than those with the presence of MeOH, p-BQ, L-Histidine, and KBrO3. It is suggested that SO4•− and •O2− were vital, while •OH and h+ were less important for MgFe2/PAN-assisted photo-PMS reaction. The possible photo-PMS mechanism of MgFe2/PAN was proposed in Figure 6. Mg–Fe LDHs nanoparticles were well loaded on the surface of PAN mats, of which the Mg–Fe LDH layers with oxygen vacancies were in good contact with CO32− ions. Considering that the ECB and EVB values of MgFe2/PAN were, respectively, −0.83 and 0.84 eV, we can infer that the photogenerated electrons migrated from the valance band to the conduction band, achieving the rapid separation and transfer of e−/h+ pairs at the junction interface. Due to the more negative value of ECB than the potential value of O2/·O2− (−0.33 eV), e− was efficiently consumed by dissolved O2 to produce •O2−, and reacted with Fe(III) to form Fe(II). Meanwhile, Fe(II) reacted with HSO5− to generate Fe(III) and SO4•−. In addition, •O2− reacted with H+ ions in TCH solution to form •OOH, and then to produce H2O2. H2O2 was further converted to ·OH and OH−, of which OH− reacted with h+ to form ·OH. SO4•− could react with H2O to produce •OH and SO42−. •OH reacted with •O2− to form 1O2 and OH−. Considering that SO4•− radicals easily formed S2O82−, S2O82− reacted with Fe(III) to form Fe(II) and •S2O82−, and reacted with Fe(II) to form Fe(III), SO4•−, and SO42− [50]. For comparison to the potential value of OH−/•OH (1.99 eV), the less positive EVB value was not suitable for the reaction between H2O and h+ to generate ·OH. These formed SO4•−, •OH, •O2−, and 1O2 efficiently attacked the functional groups of TCH species to form intermediates, and even harmless products such as H2O and CO2.





4. Conclusions


Mg–Fe/PAN nanofibers were fabricated via the hydrothermal route to improve the photo-PMS performance in TCH elimination. In comparison with PAN, Mg(OH)2/PAN and Fe(OH)3/PAN, MgFe2/PAN had the best photo-PMS activity. MgFe2/PAN could degrade an 81.31% TCH solution of 80 mg L−1 within 120 min. On the one hand, the sufficient vacant sites generated from functional groups and lattice defects favored TCH adsorption and photon capture. On the other hand, the photogenerated e−/h+ pairs were efficiently separated and migrated at the tight junction interface between Mg–Fe LDH and PAN nanofibers. Notably, SO4•−, •OH, •O2−, and 1O2 played important roles in the photo-PMS process. However, the long-term irradiation induced serious photo-corrosion, changing the valence states of surface compositions. The removal efficiency of MgFe2/PAN for 70 mg L−1 TCH solution declined from 87.23% to 83.39% after five cycles. Hence, future work should focus on the enhancement of the photo-PMS durability of Mg–Fe/PAN composites for wastewater treatment.
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Figure 1. SEM images of PAN nanofibers (A,B), Fe(OH)3/PAN (C,D), Mg(OH)2/PAN (E,F), and MgFe2/PAN (G,H). 
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Figure 2. XRD pattern (A), XPS spectra of Mg 1s (B), Fe 2p (C), C 1s (D), N 1s (E), and O 1s (F) of MgFe2/PAN. 
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Figure 3. UV-Vis DRS curves (A), plots of (hv) versus (αhv)1/2 (B), Mott–Schottky curves (C), electrochemical impedance spectra (D), photocurrent curves (E), and PL spectra (F) of PAN-based samples. 
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Figure 4. Photo-PMS performances of PAN-based samples in TCH removal (A), comparative investigation of photo-PMS behaviors in different conditions (B), effects of TCH concentration (C), pH (D), and inorganic salts (E) on the photo-PMS activity of MgFe2/PAN and the photo-PMS durability of MgFe2/PAN (F). 
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Figure 5. Quenching tests of MgFe2/PAN for photo-PMS elimination of TCH. 
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Figure 6. Photo-PMS mechanism of MgFe2/PAN composites for TCH elimination. 
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