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Abstract 


 The crosslinked polyvinyl alcohol (PVA) with glutaraldehyde nanofibers was modified by the esterification of hydroxyl group on PVA with the carboxyl group of 3-mercaptopropionic acid under hydrochloric acid in aqueous environment. The thiol-modified nanofiber mat can absorb the silver ions dissolved in water Surface morphology of prepared nanofiber mats were observed by scanning electron microscopy. The cross linking between PVA and glutaraldehyde and the thiol groups on the nanofibers after esterification reaction were confirmed by Fourier Transform Infrared Spectroscopy. The quantitative estimation of silver particle adsorbed onto the resultant nanofiber mat was performed by UV-Vis spectroscopy and inductively coupled plasma optical emission spectrometer (ICP-OES). The maximum adsorption volume was found to be 26.2mgg-1.
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Introduction


 The increase in water pollution caused by metallic elements is of great concern because of their threat to the global ecosystem due to its persistence in the environment and bio accumulating tendency in living species [1,2]. There are many metals commonly found in the environment. They might not be harmful for human health when human exposed in small amount, but they can pose a danger when a large amount of metal accumulated in human body. Prolonged accumulation of toxic metals can damage the function of the brain, lungs, kidney, liver and other organs. Long term exposure can lead to gradually progress a physical, muscular, and neurological degenerative processes, initiating diseases such as Parkinson, Alzheimer and even cancer [3,4]. Silver is one of the most studied materials due to their broad spectrum of applications in various fields, including food, healthcare, medical and industrial purposes [5]. Among the commercially available nanomaterials, silver nanoparticles are the most utilized nanomaterial owing to its attractive properties, such as catalytic effects, antibacterial activity, optical response, and electrochemical properties [6-10].

 Although the unique physical and chemical properties of silver, silver implication on human health and environment is not still considered completely [11,12]. It was reported that silver nanoparticles can cause adverse effects on humans and environment due to its toxicity [13,14]. Moreover, silver also has toxicity on organisms including viruses, bacteria or human cells [15-18]. Therefore, a great interest regarded the removal of metal ions from wastewater including silver ions has been grown. Conventional methods for heavy metal removal from wastewater include reduction, precipitation, ion exchange, filtration, electrochemical treatment, membrane technology and evaporation technology, but they are generally ineffective or expensive [19,20]. Nanofiber is a promising material for removing target material due to its high specific surface area, a large number of surface functional groups, and stability, making them promising adsorbent materials [21,22]. It is expected to be a good adsorbent for pollutants due to it physical or chemical adsorption abilities. The most widely utilized method for manufacturing nanofiber is electro spinning due to the effective and facile fabrication process [23,24].


 In this study, we introduce the fabrication of crosslinked nanofiber mat using the electro spinning for the removal of silver ions from the aqueous solution. We choose the PVA for adsorption matrix due to is a simple structure with hydroxyl group which can be further chemically modified with thiol groups via esterification. First, PVA nanofiber was chemically crosslinked with glutaraldehyde to give an in solubility in aqueous solution. And then, the crosslinked PVA nanofiber was further modified with 3-mercaptopropionic acid to incorporated thiol which can act as strong ligating groups for metal ions. We successfully introduced the thiol functionality on crosslinked PVA nanofiber, and investigated the adsorption activity of the resultant nanofiber toward silver ions. This work can provide an effective way for adsorbing silver ions, which can make a promising candidate for metal adsorbing material.


Materials and methods 

Materials


 PVA with average molecular weight of 85000-124000g mol- 1 was provided by the Sigma Aldrich. Silver nitrate (AgNO3, purity is 99.8%), 3-Mercaptopropionic acid (MPA, purity is 99%), hydrochloric acid (HCl, 35~37 wt%), glutaraldehyde solution (GA, 25 wt%) were purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Distilled water was used for preparation of solutions. All chemicals were used as received without further purification.

Nanofiber fabrication
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Figure 1:     Reaction scheme for (a) cross linking reaction and (b) surface modification of crosslinked PVA nanofibers with MPA.




 PVA was fully dissolved in distilled water with the concentration of 8wt% under vigorous stirring at 50 °C temperature for 12 hrs, and then GA solution was added into the prepared PVA solutions with weight ratio of 1:4 GA: PVA at room temperature for 12 hrs under vigorous stirring. The prepared solution was filled in a 20mL plastic syringe fitted with a needle and set up in the electro spinning apparatus. The collector was located 15cm apart from the capillary tip. A syringe pump was used to feed the prepared PVA solution with a flow rate of 0.2mLh-1. It was observed that stable jets formed when an applied voltage of 13kV was applied and at room temperature with humidity of 40%. The resultant PVA nanofiber mat was placed in a transparent glass container where HCl solution (2mL, 8M) located for cross linking reaction. The container was sealed, and a stirring hot plate placed at 60 °C. The cross linking reaction between hydroxyl groups of PVA and aldehydes groups of GA to form acetal bond occurred for 1 min (Figure 1a).


 The crosslinked PVA nanofiber was further modified with MPA for introducing thiol functionality to nanofiber through the esterification (Figure 1b). The crosslinked PVA nanofiber mat (0.5g) was kept at 80 °C in 50ml distilled water, and then a mixture of MPA (10mL) and HCl (0.4mL, 1M) was dropped in over a period of 20 min. The temperature was sustained at 80 °C for 8h, and then cooled at room temperature. The nanofiber mat was washed with distilled water several times to remove excessive amount of acid until reaching neutral pH and dried.


Characterization


 The morphology and diameter characteristic of PVA nanofiber, crosslinked PVA nanofiber, the crosslinked thiol-PVA(TPVA) nanofiber before and after adsorption were confirmed by scanning electron microscopy (JSM-6010LAJEOL, Japan) with an accelerating voltage of 10kV. All samples were coated with platinum for electric currents to run over the surfaces of nanofibers before the observation. Fourier Transform Infrared spectrophotometer (IR Prestige-21, Shimadzu, Japan) was employed to determine the types of functional groups presenting in the nanofiber mat. The absorption spectra were recorded at room temperature over a wavelength range of 700 to 4000cm-1.The quantitative measurement of nanoparticles was carried out by UV-Vis absorption spectra recorded on a UV-visible spectrophotometer (UV-2700, Shimadzu, Japan) and inductively coupled plasma optical emission spectrometry on SPS 3100 ICP-OES (Hitachi High-Tech Science Corporation, Tokyo, Japan).

 To evaluate the adsorption ability using batch adsorption method at room temperature, the TPVA (150 mg) nanofiber mat was immersed to 10mL of AgNO3 solution (0.01 M) in a 20mL glass vial with a screw cap. The whole mixture was kept for constant shaking of 24h. And then, the nanofiber mat was removed from vial, and the percentage of the extracted Ag ions was calculated from the remained solution. The quantification of Ag ions was analyzed by UV-Vis spectroscopy and ICP-OES with AgNO3 solutions before and after adsorption.


Results & Discussion


 The morphology of the PVA nanofibers, the crosslinked PVA nanofiber, and TPVA nanofiber before and after adsorption of silver ion were examined by SEM, as shown in Figure 2. The PVA nanofibers are randomly oriented without any bead formation, and the surfaces are smooth and uniform with average diameters 380±12nm. PVA nanofiber mat is a hydrophilic, therefore, cross linking reaction is necessary to perform the adsorption of silver in an aqueous medium. The presence of hydrogen chloride gas facilitates the formation of crosslinked network inside PVA nanofibers. The entangled fibers were observed in the crosslinked PVA nanofiber mat as a result of the cross linking reaction as presented in Figure 2b.
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Figure 2:      Morphology studies of (a) PVA nanofibers, (b) crosslinked PVA nanofibers, (c) TPVA nanofibers and (d) TPVA nanofibers after silver adsorption.




 It is plausible that the adsorption capacity of metal ions greatly depends on functional groups presented on the surface of the nanofibers [25]. In order to increase the adsorption efficacy, the hydroxyl groups on PVA nanofiber were modified with MPA. The carboxyl group of the MPA reacts with hydroxyl group on the PVA backbone to form ester link ages as illustrated in Figure 1b. It is worth noting that the TPVA nanofiber are slightly shrunk in comparison with the crosslinked PVA nanofiber as a result of the formation of disulfide cross links between the sulfur groups of TPVA nanofiber (Figure 2c).
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Figure 3:    Representative FT-IR spectra for TPVA NFs, crosslinked PVA NFs and PVA NFs.




 The surface modification with MPA was characterized by FT-IR spectroscopy (Figure 3a). FT-IR spectrum of the TPVA nanofiber exhibited a characteristic absorption associated with the stretching mode of the SH group at 2552cm-1 [26]. The broad adsorption at 3000-3600cm-1 corresponds to the -OH stretching vibrations [27]. We observed a relative decrease in the amount of hydroxyl groups after the cross linking reaction and further reduction after the esterification with MPA, which indicated that the -OH was consumed in both chemical reactions.
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Figure 4:    Representative UV-Vis spectra of the AgNO3 original solution and after extraction.



 The silver ion adsorption capacity of TPVA nanofiber mat was investigated with AgNO3. For this, 150mg of nanofiber mat was immersed in AgNO3 solution (0.01molL-1) for 24 hrs. The quantification of silver ions solutions before and after adsorption was carried out using an ICP-OES and UV-VIS spectrum at room temperature. Figure 4 represents the UV-Vis spectra of silver ions before and after adsorption on TPVA nanofiber. The maximum adsorption value was found equal to 26.2mg g’1 by ICP-OES. The result indicates that the silver ions are absorbed by thiol functional groups of TPVA nanofiber. The adsorption of metal ions on the surface of the adsorbents was confirmed with SEM images. Figure 2d displays the SEM image of TPVA nanofiber after the extraction of silver ions on the surface of the nanofiber. It is strongly suggested that the silver ions were adsorbed on the nanofibers surface with agglomeration and aggregation and distributed throughout the nanofiber mat.

Conclusion


 An approach for the chemical modification of PVA nanofibers for the water remediation was investigated. The resultant nanofibers were successfully prepared by electro spinning PVA nanofibers and subsequent following two reactions; cross linking with GA in gaseous HCl, and esterification with MPA under the presence of HCl acid. The fabricated TPVA nanofiber mat was analyzed by SEM and FT-IR. FT-IR spectra demonstrated that thiol groups were modified successfully onto the surface of the nanofibers. These nanofibers were used for the silver ions adsorption from the aqueous solution and showed the affinity towards silver ions.
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