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Abstract

:

The dispersion of para-nitroaniline (p-NA) in water poses a threat to the environment and human health. Therefore, the development of functional adsorbents to remove this harmful compound is crucial to the implementation of wastewater purification strategies, and electrospun mats represent a versatile and cost-effective class of materials that are useful for this application. In the present study, we tested the ability of some polyethersulfone (PES) nanofibers containing adsorbed porphyrin molecules to remove p-NA from water. The functional mats in this study were obtained by two different approaches based on fiber impregnation or doping. In particular, meso-tetraphenyl porphyrin (H2TPP) or zinc(II) meso-tetraphenyl porphyrin (ZnTPP) were immobilized on the surface of PES fiber mats by dip-coating or added to the PES electrospun solution to obtain porphyrin-doped PES mats. The presence of porphyrins on the fiber surfaces was confirmed by UV–Vis spectroscopy, fluorescence measurements, and XPS analysis. p-NA removal from water solutions was spectrophotometrically detected and evaluated.
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1. Introduction


Amines are used for many applications, but their release in the environment needs to be carefully monitored and controlled. Para-nitroaniline (p-NA) is a harmful compound due to its hematoxicity, splenotoxicity, hepatoxicity, and nephrotoxicity: accordingly, its dispersion in water strongly affects human health and represents a huge threat to the environment [1,2,3]. p-NA is resistant to chemical and biological oxidation degradation due to the presence of a nitro group linked to the aromatic ring. Therefore, the development of cost-effective membranes able to adsorb p-NA from aqueous solutions represents an alternative strategy to other treatments for wastewater purification (e.g., advanced oxidation processes, extraction, or biodegradation), and from this perspective, different types of adsorbents have been investigated and utilized to remove p-NA [4,5,6,7,8,9]. Recently, electrospun fibrous mats composed of a wide variety of polymers have been successfully applied in various fields, such as nanocatalysis [10,11,12], filtration [13,14,15,16], healthcare [17,18,19], biotechnology [20,21,22], security, and environmental control [23,24,25,26]. Polyethersulfone (PES) mats are largely used in membrane technology for water treatment due to their insolubility in water as well as their good mechanical and thermal properties [27,28,29]. Moreover, functionalized PES fibers have proved to be effective for applications in photocatalysis [24,30] and heavy metal removal [23,31,32,33], and electrospun fibers functionalized with porphyrins are suitable for the detection and removal of unwanted pollutants in air and water. In fact, porphyrins and metallo-porphyrins are widely used for developing sensing systems due to their coordination sites for axial ligation and significant optical modifications which provide evidence of successful core complexation [34]. In particular, zinc(II) meso-tetraphenyl porphyrin (ZnTPP) and meso-tetraphenyl porphyrin (H2TPP) have been used to optically detect NH3 and gaseous amines [35,36]. Therefore, the immobilization of these versatile macrocycles on surfaces is fundamental to obtain active layers devoted to molecular recognition in gas or liquid phase, and various techniques have been proposed to obtain porphyrin layers on substrates [37,38].



In this general panorama, the aim of our work was to test the ability of porphyrin-modified PES nanofibers to remove p-NA from water. To our knowledge, little data reporting the use of electrospun mats as adsorbents to remove p-NA from water is available. In particular, herein we functionalized PES fibers with meso-tetraphenyl porphyrin (H2TPP) or zinc(II) meso-tetraphenyl porphyrin (ZnTPP) to exploit the ability of these porphyrins to coordinate amino and/or nitro groups of p-NA (Figure 1).



Porphyrin-loaded fibers were prepared using two different approaches: H2TPP or ZnTPP were immobilized on the surface of PES mats by i) dip-coating in porphyrin solutions (impregnation); or ii) by adding H2TPP or ZnTPP to the PES electrospinning solution to obtain porphyrin-doped PES mats. The presence of porphyrins on the fiber was confirmed by UV–Vis spectroscopy, fluorescence measurements, and XPS analysis, and p-NA removal from water solutions was spectrophotometrically detected and evaluated.




2. Results and Discussion


Fiber impregnation was achieved by dip-coating PES electrospun mats in 5 μM H2TPP or ZnTPP toluene solutions. In this case, porphyrin adsorption was promoted by non-covalent interactions, which depend on several factors, including the specific surface area and mobility of dye molecules both in the liquid phase and in the interior of the polymeric scaffold. ZnTPP and H2TPP are readily soluble in toluene whilst PES mats are only moderately soluble. SEM analysis (Figure 2) demonstrated how the mats’ integrity was maintained after 2 h dipping in toluene-porphyrin solutions.



Moreover, impregnated mats were also extensively washed and sonicated in water after dip-coating, and UV–Vis measurements of the washing solution ruled out any porphyrin release in water, thus confirming the robustness of this non-covalent grafting.



To control the amount of adsorbed porphyrin, the fibers were dissolved in a toluene:DMF (50:50 v:v) solution and the UV–Vis spectrum (Figure 3) for H2TPP showed an intense Soret band at 417 nm and four Q-bands at 513, 548, 590, and 647 nm, while for ZnTPP the Soret band was at 425 nm and the two expected Q-bands were at 558 and 598 nm [39].



The porphyrin concentration on mats (having 2 × 2 cm2 surface area and 2.4 mg weight, dissolved in 2.5 mL of toluene:DMF 50:50 v:v) was spectrophotometrically estimated to be 0.32 μM and 0.30 μM for H2TPP and ZnTPP, respectively (~0.02% w/w for both H2TPP and ZnTPP).



The presence of p-NA in water can be spectrophotometrically estimated using the band at 381 nm (Figure S1) and, accordingly, the ability of porphyrin-impregnated PES mats to interact with p-NA can be spectrophotometrically studied by measuring the absorbance decrease at λ = 381 nm after the dipping of untreated and porphyrin-treated PES mats (Figure S2). Figure 4 shows the trend of normalized absorbance upon increasing the mats’ dipping time in the p-NA solution: untreated PES fibers showed negligible p-NA removal (less than 10% after 2 h), whilst a signal reduction up to 60% in the presence of H2TPP PES mats and 70% for ZnTPP PES mats was observed (corresponding to an average p-NA residual concentration of p-NA in solution of about 2 μM).



To explain this behavior, we can invoke the ability of H2TPP and ZnTPP to coordinate nitro and amino groups [40,41]. However, it is important to note that the nitro group reduces the NH2 basicity in p-NA and, accordingly, a preferential coordination of Zn2+ with the –NO2 oxygen atoms, rather than with –NH2 nitrogen, can be hypothesized. Note that the use of polar solvent has an important effect on the Lewis acid–base interaction between Zn2+ and the donor atoms, and the presence of water can contribute to enhance π−π interactions between aromatic groups [42]. The presence of p-NA on the fiber surface was further supported by XPS analyses, which indicated an approximate increase of 65% in the nitrogen concentration upon p-NA (data not showed).



The reported data demonstrate the importance of H2TPP and ZnTPP in promoting p-NA adsorption on PES fibers, but the dip-coating procedure remains time-expensive and suffers from a lack of reproducibility in terms of the homogeneity of distribution of porphyrin on PES surfaces, as demonstrated by the fluorescence response (Figure 5).



The second strategy we used to fabricate hybrid porphyrin/PES mats was based on the electrospinning of porphyrin and PES solutions, thus leading to porphyrin-doped mats. This approach guarantees a better control of the amount of porphyrin in the PES matrix as well as a high fabrication yield (a 20 × 40 cm2 foil can be prepared in less than 1 h). Porphyrin/PES electrospun mats and impregnated fibers could be easily distinguished by their different coloration (Figure 5a–c), and were all characterized by strong fluorescence emissions under UV irradiation (see inset).



The amount of porphyrin in electrospun prepared mats (Figure 5a,b) higher than that obtained for impregnated mats (Figure 5c) was responsible for the different coloration of the fibers.



The photoluminescence spectra (λex = 422 nm) of electrospun H2TPP/PES or ZnTPP/PES dissolved in toluene:DMF (50:50 v:v) solutions showed two emissions at 650 and 715 nm for H2TPP/PES mats and at 600 and 650 nm for ZnTPP/PES mats (Figure S3).



UV–Vis analysis of an aqueous 5 µM p-NA solution after fiber immersion (Figure 6) indicated that p-NA preferentially absorbed on H2TPP/PES fibers.



Note that ZnTPP usually adopts a five-coordinate structure by the axial complexation of a solvent molecule containing electron donors such as N, O, and S [43,44]. Accordingly, it is reasonable to assume changes in the electrospun solution properties (i.e., surface tension, viscosity, conductivity) arising from different interactions of H2TPP or ZnTPP with the DMF solvent and PES sulfonic groups, and these effects might be responsible for the different geometrical arrangement and surface availability of porphyrins on the polymeric matrix. As a result, the Zn2+ in the electrospun fiber is probably less available to axially coordinate with p-NA.



The XPS analysis performed on electrospun H2TPP/PES and ZnTPP/PES confirmed the presence of p-NA on the fiber surfaces. In particular, Figure 7 shows the XPS spectrum of the H2TPP/PES before and after sensing of the p-NA, in the N 1s binding energy region. As already reported in a large number of studies, XPS ionizations of the four pyrrole nitrogen atoms in porphyrins, for symmetry restrictions, show two N 1s signals having a 1:3 intensity ratio [45,46,47,48,49,50,51]. This behavior is well documented by literature data, and finds a counterpart in the present spectrum consisting of the convolution of two components at 399.3 and 400.8 eV, with a 1:3 intensity ratio [45]. After p-NA sensing, this spectrum showed major changes, mainly due to the intensity increase of the low binding energy component now at about 399.6 eV. Moreover, there is also evidence of a very small feature at about 407 eV, in tune with the presence of the –NO2 group of the p-nitroaniline [45]. In this context, it has already been reported that –NO2 groups reduce to –NH2 during XPS measurements because of the X-ray irradiation, and this observation is in strong agreement with both the observed intensity increase of the low binding energy component at about 399.6 eV, and with the very low intensity of the feature at 407 eV [52]. In addition, we noted a 100% atomic concentration increase of the N 1s signal, confirming the increase of nitrogen-containing species on the PES mats upon interaction with the p-NA.



Figure 8 shows the XPS spectra of the ZnTPP/PES mats before and after sensing of the p-NA in the N 1s binding energy region. The increased symmetry of this porphyrin (group D4h) is evident in the XPS of the N 1s states that now show a unique band at 401.1 eV [45]. Upon contact with the p-NA, we noted a lower binding energy shift of the whole spectrum that now peaked at 400.6 eV [52]. Again, we also noted a 100% atomic concentration increase of the overall N 1s signal. These results strongly confirm that the present porphyrin-doped PES mats are well-suited to sense p-NA.




3. Materials and Methods


Polyethersulfone was purchased from Sigma Aldrich and used without purification. 5,10,15,20-tetrakisphenyl-21H,23H-porphyrin (H2TPP; MW = 614.74 g/mol) and 5,10,15,20-tetrakisphenyl-zinc (II) (ZnTPP; MW = 678.1 g/mol) porphyrin were purchased from Sigma Aldrich. Anhydrous N,N-dimethylformamide (DMF) and toluene were purchased from Sigma Aldrich and used as received.



3.1. Porphyrin Impregnation of PES Mats by Dip-Coating


The H2TPP extinction (ε) coefficient at 418 nm (in toluene) is 525,000 M−1cm−1, while for ZnTPP (in toluene) at 422 nm ε is 537,000 M−1cm−1 [29]. Samples of PES fibers having a 2 × 2 cm2 dimension were dipped for times ranging from 30 min up to 2 h in 10 mL of 5 μM H2TPP or ZnTPP toluene solutions. No stirring was applied. The absorbance of these porphyrin solutions was checked every 15 min. After dipping, mats were washed in water and dried in air. There was no release of porphyrins in water, even after 1 h sonication, as confirmed by UV–Vis spectra.




3.2. Porphyrin/PES Electrospinning


Briefly, 2.5 g of PES and appropriate aliquots of ZnTPP or H2TPP, corresponding to 6% w/w, were dissolved in 5 mL of toluene and 5 mL of DMF, respectively, under vigorous stirring at 40 °C to obtain the electrospinning solutions. Each spinning solution was placed in a syringe and pumped with a rate of 30 μL/min. A high-voltage power supply was used to generate a potential difference of 24 kV between the spinneret and an aluminum-foil-covered grounded metallic drum, rotating at 200 rpm, placed at a working distance (WD) of 15 cm. All the experiments were carried out at 25° C. After electrospinning, fibers were dried in air for 24 h.




3.3. Para-Nitroaniline (p-NA) Absorption Measurements


Dipping solutions of p-NA [5 μM] were prepared in ultrapure water and checked by UV–Vis absorption spectra (ε = 13,500 M−1cm−1). The absorption measurements were performed by dipping porphyrin functionalized mats (electrospun or impregnated) of dimensions 2 × 2 cm2 into 10 mL of this aqueous p-NA solution (pH = 7). Absorption spectra of treated p-NA solutions were recorded every 15 min after mats’ dipping.




3.4. Measurements


Nanofiber morphologies and diameters were evaluated using a field emission scanning electron microscope (Zeiss Supra 55-VP FEGSEM). To spectroscopically evaluate the presence of porphyrins on impregnated or electrospun mats, samples were dissolved in 1:1 toluene:DMF solutions. Absorbance intensities of the 3.6 μM solutions of ZnTPP in the presence and absence of PES were compared (Figure S4) to determine the role of PES in the porphyrin absorbance. A Jasco V-560 UV–Vis spectrophotometer equipped with a 1 cm path-length cell was used for the UV–Vis measurements. For fluorescence measurements a Fluorolog FL-11 Jobin-Yvon Horiba was used. Each experiment was carried out at 25 °C. X-ray photoelectron spectra (XPS) were measured with a PHI 5600 Multi Technique System (base pressure of the main chamber 3 × 10−8 Pa) [45,53]. Samples were excited with Al Kα X-ray radiation using a pass energy of 5.85 eV. The instrumental energy resolution was ≤0.5 eV. XPS peak intensities were obtained after a Shirley background removal [45,53]. Spectral calibration was achieved by fixing the main C 1s peak at 285.0 eV [45,53]. Structures due to the Al-Kα X-ray satellites were subtracted prior to data processing. The atomic concentration analysis was performed by taking into account the relevant atomic sensitivity factors. The samples were repetitively sonicated/washed in water before XPS analyses.





4. Conclusions


The combination of H2TPP or ZnTPP with PES electrospun mats resulted in the effective removal of p-NA from water. Both adopted fabrication approaches confirmed the role of porphyrins in p-NA immobilization on PES surfaces with respect to bare PES mats, but further investigations are required to improve the adsorption capacity in order to have a reliable comparison with other adsorbents [4,5,6,7,8,9,54]. XPS analysis confirmed the presence of p-NA on the fiber surfaces: due to the sampling depth of this technique (limited to a few nanometers), no significant differences between the surface compositions of H2TPP/PES and ZnTPP/PES mats were detected. Nevertheless, UV–Vis analysis pointed out the role of porphyrin organization on the removal efficiency. In particular, ZnTPP-impregnated mats showed better performances than their H2TPP-treated counterparts. In contrast, H2TPP/PES electrospun mats were remarkably more efficient than ZnTPP/PES mats. These results indicate a limited availability of Zn2+ ions for the axial coordination of N donor atoms in electrospun mats. Note that the p-NA absorption efficiency of both impregnated and electrospun H2TPP containing mats was comparable, despite the different amounts of incorporated porphyrins. Accordingly, we suppose that the interaction of p-NA with H2TPP depends only on the amount of porphyrin located on the surface, which should be similar in both types of fiber. The study of the spatial organization of porphyrin during electrospinning, and on the influence of the working parameters on mats’ response to the detection and removal of p-NA, is an ongoing work.
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Author Contributions


M.E.F. conceived and designed the experiments; C.M.A.G., M.I., R.R., M.G. and M.E.F. performed the experiments; L.S. and A.G. performed XPS measurements. C.M.A.G., M.I., R.R., M.G., A.D. and R.P. analyzed Fluorescence and UV data; M.E.F. and A.G. wrote the paper.




Funding


This research was funded by University of Catania, Department of Chemical Sciences (Piano per la Ricerca 2016-2018–Linea Intervento 2) and by Ministero della Istruzione, dell’ Università e della Ricerca (MIUR) PRIN Prot. 2017YJMPZN.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Chung, K.T.; Chen, S.C.; Zhu, Y.Y.; Wong, T.Y.; Stevens, S.E. Toxic effects of some benzamines on the growth of Azotobacter vinelandii and other bacteria. Environ. Toxicol. Chem. 1997, 16, 1366–1369. [Google Scholar] [CrossRef]

	



Saha, N.C.; Kaviraj, A.; Bhunia, F. Effects of Aniline—An Aromatic Amine to Some Freshwater Organisms. Ecotoxicology 2003, 12, 397–404. [Google Scholar]

	



Nair, R.S.; Auletta, C.S.; Schroeder, R.E.; Johannsen, F.R. Chronic toxicity, oncogenic potential, and reproductive toxicity of p-nitroaniline in rats. Toxicol. Sci. 1990, 15, 607–621. [Google Scholar] [CrossRef]

	



Huang, J.; Wang, X.; Huang, K. Adsorption of p-nitroaniline by phenolic hydroxyl groups modified hyper-cross-linked polymeric adsorbent and XAD-4: A comparative study. Chem. Eng. J. 2009, 155, 722–727. [Google Scholar] [CrossRef]

	



Zheng, K.; Pan, B.; Zhang, Q.; Zhang, W.; Pan, B.; Han, Y.; Zhang, Q.; Wei, D.; Xu, Z.; Zhang, Q. Enhanced adsorption of p-nitroaniline from water by a carboxylated polymeric adsorbent. Sep. Purif. Technol. 2007, 57, 250–256. [Google Scholar] [CrossRef]

	



Wu, G.; Wu, G.; Zhang, Q. Adsorptive removal of p-nitroaniline from aqueous solution by bamboo charcoal: Kinetics, isotherms, thermodynamics, and mechanisms. Desalin. Water Treat. 2016, 57, 26448–26460. [Google Scholar] [CrossRef]

	



Jianguo, C.; Aimin, L.; Hongyan, S.; Zhenghao, F.; Chao, L.; Quanxinget, Z. Equilibrium and kinetic studies on the adsorption of aniline compounds from aqueous phase onto bifunctional polymeric adsorbent with sulfonic groups. Chemosphere 2005, 6, 502–509. [Google Scholar] [CrossRef]

	



He, C.; Huang, K.; Huang, J. Surface modification on a hyper-cross-linked polymeric adsorbent by multiple phenolic hydroxyl groups to be used as a specific adsorbent for adsorptive removal of p-nitroaniline from aqueous solution. J. Colloid Interf. Sci. 2010, 342, 462–466. [Google Scholar] [CrossRef]

	



Xiao, G.; Wen, R.; Wei, D.; Wu, D. Effects of the steric hindrance of micropores in the hyper-cross-linked polymeric adsorbent on the adsorption of p-nitroaniline in aqueous solution. J. Hazard. Mater. 2014, 280, 97–103. [Google Scholar] [CrossRef]

	



Hu, D.; Xiao, Y.; Liu, H.; Wang, H.; Li, J.; Zhou, B.; Liu, P.; Shen, M.; Shi, X. Loading of Au/Ag bimetallic nanoparticles within electrospun PVA/PEI nanofibers for catalytic applications. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 552, 9–15. [Google Scholar] [CrossRef]

	



Fang, X.; Ma, H.; Xiao, S.; Shen, M.; Guo, R.; Cao, X.; Shi, X. Facile immobilization of gold nanoparticles into electrospun polyethyleneimine/polyvinyl alcohol nanofibers for catalytic applications. J. Mater. Chem. 2011, 21, 4493–4501. [Google Scholar] [CrossRef]

	



Jin, W.J.; Lee, H.K.; Jeong, R.H.; Park, W.H.; Youk, J.H. Preparation of polymer nanofibers containing silver nanoparticles by using poly(N-vinylpyrrolidone). Macromol. Rapid Commun. 2005, 26, 1903–1907. [Google Scholar] [CrossRef]

	



Yun, K.M.; Hogan, C.J., Jr.; Matsubayashi, Y.; Kawabe, M.; Iskandar, F.; Okuyama, K. Nanoparticle filtration by electrospun polymer fibers. Chem. Eng. Sci. 2007, 62, 4751–4759. [Google Scholar] [CrossRef]

	



Qin, X.; Wang, S. Electrospun nanofibers from crosslinked poly (vinyl alcohol) and its filtration efficiency. J. Appl. Polym. Sci. 2008, 109, 951–956. [Google Scholar] [CrossRef]

	



Strain, I.N.; Wu, Q.; Pourrahimi, A.M.; Hedenqvist, M.S.; Olsson, R.T.; Andersson, R.L. Electrospinning of recycled PET to generate tough mesomorphic fibre membranes for smoke filtration. J. Mater. Chem. A 2015, 3, 1632–1640. [Google Scholar] [CrossRef]

	



Jiang, S.; Hou, H.; Agarwal, S.; Greiner, A. Polyimide nanofibers by “Green” electrospinning via aqueous solution for filtration applications. ACS Sustain. Chem. Eng. 2016, 4, 4797–4804. [Google Scholar] [CrossRef]

	



Nasr-Esfahani, M.-H.; Morshed, M.; Ghasemi-Mobarakeh, L.; Ramakrishna, S.; Prabhakaran, M.P. Electrospun poly(ɛ-caprolactone)/gelatin nanofibrous scaffolds for nerve tissue engineering. Biomaterials 2008, 29, 4532–4539. [Google Scholar]

	



Jun, I.; Han, H.S.; Edwards, J.R.; Jeon, H. Electrospun fibrous scaffolds for tissue engineering: Viewpoints on architecture and fabrication. Int. J. Mol. Sci. 2018, 19, 745. [Google Scholar] [CrossRef]

	



Feng, X.; Li, J.; Zhang, X.; Liu, T.; Ding, J.; Chen, X. Electrospun polymer micro/nanofibers as pharmaceutical repositories for healthcare. J. Control. Release 2019, 302, 19–41. [Google Scholar] [CrossRef]

	



Pinto, S.C.; Rodrigues, A.R.; Saraiva, J.A.; Lopes-da-Silva, J.A. Catalytic activity of trypsin entrapped in electrospun poly(ϵ-caprolactone) nanofibers. Enzyme Microb. Technol. 2015, 79, 8–18. [Google Scholar] [CrossRef]

	



Kabay, G.; Kaleli, G.; Sultanova, Z.; Ölmez, T.T.; Şeker, U.Ö.Ş.; Mutlu, M. Biocatalytic protein membranes fabricated by electrospinning. React. Funct. Polym. 2016, 103, 26–32. [Google Scholar] [CrossRef]

	



Huang, X.J.; Yu, A.G.; Xu, Z.K. Covalent immobilization of lipase from Candida rugosa onto poly(acrylonitrile-co-2-hydroxyethyl methacrylate) electrospun fibrous membranes for potential bioreactor application. Bioresour. Technol. 2008, 99, 5459–5465. [Google Scholar] [CrossRef] [PubMed]

	



Ognibene, G.; Gangemi, C.M.A.; D’Urso, A.; Purrello, R.; Cicala, G.; Fragalà, M.E. Combined Approach to Remove and Fast Detect Heavy Metals in Water Based on PES-TiO2 Electrospun Mats and Porphyrin Chemosensors. ACS Omega 2018, 3, 7182–7190. [Google Scholar] [CrossRef] [PubMed]

	



Neubert, S.; Pliszka, D.; Thavasi, V.; Wintermantel, E.; Ramakrishna, S. Conductive electrospun PANi-PEO/TiO2 fibrous membrane for photo catalysis. Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 2011, 176, 640–646. [Google Scholar] [CrossRef]

	



Sarbatly, R.; Krishnaiah, D.; Kamin, Z. A review of polymer nanofibres by electrospinning and their application in oil-water separation for cleaning up marine oil spills. Mar. Pollut. Bull. 2016, 106, 8–16. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.J.; Zhou, Y.N.; Jiang, Z.D.; Luo, Z.H. Electrospun Fibrous Mat with pH-Switchable Superwettability That Can Separate Layered Oil/Water Mixtures. Langmuir 2016, 32, 13358–13366. [Google Scholar] [CrossRef]

	



Celik, E.; Park, H.; Choi, H.; Choi, H. Carbon nanotube blended polyethersulfone membranes for fouling control in water treatment. Water Res. 2011, 45, 274–282. [Google Scholar] [CrossRef]

	



Lin, J.; Ye, W.; Zhong, K.; Shen, J.; Jullok, N.; Sotto, A.; Van der Bruggen, B. Enhancement of polyethersulfone (PES) membrane doped by monodisperse Stöber silica for water treatment. Chem. Eng. Process. Process Intensif. 2016, 107, 194–205. [Google Scholar] [CrossRef]

	



Pendergast, M.M.; Hoek, E.M.V. A review of water treatment membrane nanotechnologies. Energy Environ. Sci. 2011, 4, 1946–1971. [Google Scholar] [CrossRef]

	



Ognibene, G.; Cristaldi, D.A.; Fiorenza, R.; Blanco, I.; Cicala, G.; Scirè, S.; Fragalà, M.E. Photoactivity of hierarchically nanostructured ZnO-PES fibre mats for water treatments. RSC Adv. 2016, 6, 42778–42785. [Google Scholar] [CrossRef]

	



Ognibene, G.; Gangemi, C.M.A.; Spitaleri, L.; Gulino, A.; Purrello, R.; Cicala, G.; Fragalà, M.E. Role of the surface composition of the polyethersulfone–TiiP–H2T4 fibers on lead removal: From electrostatic to coordinative binding. J. Mater. Sci. 2019, 54, 8023–8033. [Google Scholar] [CrossRef]

	



Zhu, W.P.; Sun, S.P.; Gao, J.; Fu, F.J.; Chung, T.S. Dual-layer polybenzimidazole/polyethersulfone (PBI/PES) nanofiltration (NF) hollow fiber membranes for heavy metals removal from wastewater. J. Membr. Sci. 2014, 456, 117–127. [Google Scholar] [CrossRef]

	



Daraei, P.; Madaeni, S.S.; Ghaemi, N.; Salehi, E.; Khadivi, M.A.; Moradian, R.; Astinchap, B. Novel polyethersulfone nanocomposite membrane prepared by PANI/Fe3O4 nanoparticles with enhanced performance for Cu(II) removal from water. J. Membr. Sci. 2012, 415–416, 250–259. [Google Scholar] [CrossRef]

	



Paolesse, R.; Nardis, S.; Monti, D.; Stefanelli, M.; Di Natale, C. Porphyrinoids for Chemical Sensor Applications. Chem. Rev. 2017, 117, 2517–2583. [Google Scholar] [CrossRef] [PubMed]

	



Nwachukwu, F.A.; Baron, M.G. Polymeric matrices for immobilising zinc tetraphenylporphyrin in absorbance based gas sensors. Sens. Actuators B Chem. 2003, 90, 276–285. [Google Scholar] [CrossRef]

	



Castillero, P.; Roales, J.; Lopes-Costa, T.; Sánchez-Valencia, J.R.; Barranco, A.; González-Elipe, A.R.; Pedrosa, J.M. Optical gas sensing of ammonia and amines based on protonated porphyrin/TiO2 composite thin films. Sensors 2017, 17, 24. [Google Scholar] [CrossRef] [PubMed]

	



Gangemi, C.M.A.; Ognibene, G.; Randazzo, R.; D’Urso, A.; Purrello, R.; Fragalà, M.E. Easy sensing of lead and zinc in water using smart glass based on cationic porphyrin layers. New J. Chem. 2018, 42, 8717–8723. [Google Scholar] [CrossRef]

	



Itagaki, Y.; Nakashima, S.; Sadaoka, Y. Optical humidity sensor using porphyrin immobilized Nafion composite films. Sens. Actuators B Chem. 2009, 142, 44–48. [Google Scholar] [CrossRef]

	



Topal, S.Z.; Onal, E.; Gürek, A.G.; Hirel, C.; Ertekin, K.; Oter, O. Significant sensitivity and stability enhancement of tetraphenylporphyrin- based optical oxygen sensing material in presence of perfluorochemicals. J. Porphyr. Phthalocyanines 2013, 17, 431–439. [Google Scholar] [CrossRef]

	



Adilov, S.; Thalladi, V.R. Layered porphyrin coordination polymers based on zinc⋯nitro recognition: Reversible intercalation of nitrobenzene. Cryst. Growth Des. 2007, 7, 481–484. [Google Scholar] [CrossRef]

	



Vogel, G.C.; Searby, L.A. Lewis acid-base interactions of zinc alpha, beta, gamma, delta -tetraphenylporphine with several neutral donors. Inorg. Chem. 1973, 12, 936–939. [Google Scholar] [CrossRef]

	



Mizutani, T.; Wada, K.; Kitagawa, S. Molecular recognition of amines and amino esters by zinc porphyrin receptors: Binding mechanisms and solvent effects. J. Org. Chem. 2000, 65, 6097–6106. [Google Scholar] [CrossRef] [PubMed]

	



Shanmugam, S.; Xu, J.; Boyer, C. Exploiting Metalloporphyrins for Selective Living Radical Polymerization Tunable over Visible Wavelengths. J. Am. Chem. Soc. 2015, 137, 9174–9185. [Google Scholar] [CrossRef] [PubMed]

	



Nappa, M.; Valentine, J.S. The Influence of Axial Ligands on Metalloporphyrin Visible Absorption Spectra. Complexes of Tetraphenylporphinatozinc. J. Am. Chem. Soc. 1978, 100, 5075–5080. [Google Scholar] [CrossRef]

	



Gulino, A. Structural and Electronic Characterization of Self-assembled Molecular Nanoarchitectures by X-ray Photoelectron Spectroscopy. Anal. Bioanal. Chem. 2013, 405, 1479–1495. [Google Scholar] [CrossRef]

	



Gulino, A.; Bazzano, S.; Mineo, P.; Scamporrino, E.; Vitalini, D.; Fragalà, I. Characterization, optical recognition behavior, sensitivity and selectivity of silica surfaces functionalized with a porphyrin monolayer. Chem. Mater. 2005, 17, 521–526. [Google Scholar] [CrossRef]

	



Zhang, Z.; Hu, R.; Liu, Z. Formation of a Porphyrin Monolayer Film by Axial Ligation of Protoporphyrin IX Zinc to an Amino-Terminated Silanized Glass Surface. Langmuir 2000, 16, 1158–1162. [Google Scholar] [CrossRef]

	



Sarno, D.M.; Matienzo, L.J.; Jones, W.E. X-ray Photoelectron Spectroscopy as a Probe of Intermolecular Interactions in Porphyrin Polymer Thin Films. Inorg. Chem. 2001, 40, 6308–6315. [Google Scholar] [CrossRef]

	



Offord, D.A.; Sachs, S.B.; Ennis, M.S.; Eberspacher, T.A.; Griffin, J.H.; Chidsey, C.E.D.; Collman, J.P. Synthesis and Properties of Metalloporphyrin Monolayers and Stacked Multilayers Bound to an Electrode via Site Specific Axial Ligation to a Self-Assembled Monolayer. J. Am. Chem. Soc. 1998, 120, 4478–4487. [Google Scholar] [CrossRef]

	



Yamashige, H.; Matsuo, S.; Kurisaki, T.; Perera, R.C.C.; Wakita, H. Local structure of nitrogen atoms in a porphine ring of meso-phenyl substituted porphyrin with an electron-withdrawing group using X-ray photoelectron spectroscopy and X-ray absorption spectroscopy. Anal. Sci. 2005, 21, 635–639. [Google Scholar] [CrossRef]

	



Chen, M.; Feng, X.; Zhang, L.; Ju, H.; Xu, Q.; Zhu, J.; Gottfried, J.M.; Ibrahim, K.; Qian, H.; Wang, J. Direct Synthesis of Nickel(II) Tetraphenylporphyrin and Its Interaction with a Au(111) Surface: A Comprehensive Study. J. Phys. Chem. C 2010, 114, 9908–9916. [Google Scholar] [CrossRef]

	



Bekyarova, E.; Itkis, M.E.; Ramesh, P.; Berger, C.; Sprinkle, M.; de Heer, W.A.; Haddon, R.C. Chemical Modification of Epitaxial Graphene: Spontaneous Grafting of Aryl Groups. J. Am. Chem. Soc. 2009, 131, 1336–1337. [Google Scholar] [CrossRef]

	



Briggs, D.; Grant, J.T. Surface Analysis by Auger and X-Ray Photoelectron Spectroscopy; IMPublications: Chichester, UK, 2003. [Google Scholar]

	



Li, K.; Zheng, Z.; Feng, J.; Zhang, J.; Luo, X.; Zhao, G.; Huang, X. Adsorption of p-nitroaniline from aqueous solutions onto activated carbon fiber prepared from cotton stalk. J. Hazard. Mater. 2009, 166, 1180–1185. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds H2TPP/PES and ZnTPP/PES are available from the authors.












[image: Molecules 24 03344 g001 550] 





Figure 1. (a) Structure of meso-tetraphenyl porphyrin; (b) Structure of zinc(II) meso-tetraphenyl porphyrin. 






Figure 1. (a) Structure of meso-tetraphenyl porphyrin; (b) Structure of zinc(II) meso-tetraphenyl porphyrin.



[image: Molecules 24 03344 g001]







[image: Molecules 24 03344 g002 550] 





Figure 2. SEM images of polyethersulfone (PES) mats (a) before and (b) after dipping in a 5 μM H2TPP solution in toluene. 
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Figure 3. UV–Vis spectra of toluene:DMF (50:50 v:v) solutions in which PES mats impregnated with H2TPP (black line) or ZnTPP (red line) were dissolved. The inset shows the Q-bands region in detail. 
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Figure 4. Normalized absorbance variation at λ = 381 nm of a 5 µM para-nitroaniline (p-NA) water solution upon increasing the dipping time of untreated (black squares) and H2TPP- (black triangles) and ZnTPP-treated (black circles) PES mats. 
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Figure 5. Pictures of (a) electrospun ZnTPP/PES, (b) electrospun H2TPP/PES, and (c) impregnated H2TPP/PES mats. Images under UV lamp irradiation are shown in the inset. 
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Figure 6. Normalized absorbance decrease of p-NA solution (λ = 381 nm) upon increasing the dipping of the time of untreated and porphyrin/PES electrospun mats. The initial concentration of p-NA was 5 µM. Squares, circles, and triangles refer to untreated PES, ZnTPP/PES, and H2TPP/PES fibers, respectively. 
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Figure 7. Al Kα excited XPS of a representative PES electrospun mat with H2TPP before (black line) and after sensing of the p-NA (red line) in the N 1s binding energy region. The signal intensities have been normalized to results of the atomic concentration analysis. 
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Figure 8. Al Kα excited XPS of a representative PES electrospun mat with ZnTPP before (black line) and after sensing of the p-NA (red line) in the N 1s binding energy region. The signal intensities have been normalized to results of the atomic concentration analysis. 
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