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Enhanced Photocatalytic Activity of WS 2 /TiO 2 Nanofibers for Degradation of Phenol under Visible Light Irradiation
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Binary composite WS 2 /TiO 2 nanofibers (WTN) were elaborated by electrospinning technique. The photocatalytic efficiency of the binary nanofibers was changed via different ratios between WS 2 and TiO 2 . The structural, morphological and optical properties of the prepared nanofibers were evaluated by Raman spectroscopy, Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM) and UV-Vis diffuse reflectance spectroscopy (UV-vis/DRS), respectively. The prepared nanofibers showed a remarkable performance in photocatalytic efficiency of phenol compound degradation under visible light. WTN nanofibers showed superior photocatalytic activity (83%) and high stability of several cycles under visible light. Therefore, WS 2 /TiO 2 nanofibers have great prospects for the treatment of wastewater from toxic organic contamination due to their excellent photocatalytic performance reusability and recyclability.

Introduction

The development of industries throughout the world has led to increase water contamination which implies a serious threat to humans and environment [START_REF] Wang | Preparation of a novel sonocatalyst, Au/NiGa 2 O 4 -Au-Bi 2 O 3 nanocomposite, and application in sonocatalytic degradation of organic pollutants[END_REF][START_REF] Manavi | The development of aerobic granules from conventional activated sludge under anaerobic-aerobic cycles and their adaptation for treatment of dyeing wastewater[END_REF]. Water pollution is a matter of concern worldwide. Wastewater is caused by synthetic chemicals being released from a variety of anthropogenic industry sources. In particular, the petroleum refinery waste, which is one of the harmful sources for water, along with phenol compound which is one of these mischievous sources [START_REF] El-Maghrabi | Photocorrosion resistant Ag 2 CO 3 @Fe 2 O 3 /TiO 2 -NT nanocomposite for efficient visible light photocatalytic degradation activities[END_REF]. The different technologies for water treatment and purification have been extensively discussed in the literature as the design and the operation of affordable methods remains a challenge. The treatment methods include membrane separation, electrochemical method, chemical precipitation, adsorption, photocatalysis, etc. [START_REF] Pant | Synthesis and Characterization of ZnO-TiO 2 /Carbon Fiber Composite with Enhanced Photocatalytic Properties[END_REF]. It is pertinent to highlight that all treatment methods have their own technical and economic limitations for real-life applications. However, photocatalysis technique is one important method as it prevents to form the secondary pollutants [START_REF] Chandrabose | Removal and degradation of mixed dye pollutants by integrated adsorption-photocatalysis technique using 2-D MoS 2 /TiO 2 nanocomposite[END_REF].

Titanium dioxide (TiO 2 ) is one of the most significant photocatalysts, which is extensively utilized in various fields, such as electrochemistry and photocatalysis due to its several benefits such as low cost, nontoxicity, good chemical stability and excellent oxidizing power [START_REF] El-Maghrabi | Photocorrosion resistant Ag 2 CO 3 @Fe 2 O 3 /TiO 2 -NT nanocomposite for efficient visible light photocatalytic degradation activities[END_REF]. However, it has some drawbacks such as lack of activity in the abundant visible light energy because TiO 2 generally exhibits good photocatalytic activity in near ultraviolet (UV), due to its large bandgap energy (3.2 eV) [START_REF] Boningari | Novel one-step synthesis of nitrogen-doped TiO 2 by flame aerosol technique for visible-light photocatalysis: Effect of synthesis parameters and secondary nitrogen (N) source[END_REF]. To address these issues, it has been combined with other nanomaterials to enhance its photo-adsorption capacity under visible light such as CdS, NiO, ZnFe 2 O 4 , Ag 2 CO 3 , Fe 2 O 3 and Fe 3 O 4 [START_REF] Chen | BiSnSbO 6 -TiO 2 composites enhance LED light-driven photocatalytic antibacterial activity[END_REF][START_REF] Nur | A review on the development of elemental and codoped TiO 2 photocatalysts for enhanced dye degradation under UV-vis irradiation[END_REF]. The photocatalytic efficiency of TiO 2 -NFs can be improved by metals, non-metals and semiconductors [START_REF] Nada | Highly textured boron/nitrogen co-doped TiO 2 with honeycomb structure showing enhanced visible-light photoelectrocatalytic activity[END_REF][START_REF] Kawrani | Segregation of copper oxide on calcium copper titanate surface induced by Graphene Oxide for Water splitting applications[END_REF]. In addition, titanium dioxide is extensively utilized for environmental purification applications [START_REF] Nada | Functionalization of MCM-41 with titanium oxynitride deposited via PECVD for enhanced removal of methylene blue[END_REF] and tungsten disulfide (WS 2 ) is one of the important materials for TiO 2 enhancement.

Tungsten disulfide (WS 2 ) is one of the transition-metal dichalcogenide compounds which have inherent excellent photoactivity. The bandgap of WS 2 is approximately 1.9 eV when the thickness is reduced down to monolayers, which access the absorption from visible light and utilize solar energy sufficiently [START_REF] Yuan | Photoluminescence quenching and charge transfer in artificial heterostacks of monolayer transition metal dichalcogenides and few-layer black phosphorus[END_REF].

In this contribution, WS 2 /TiO 2 nanofibers were elaborated by combined 1D and 2D structures by electrospinning. The morphology, structure and optical properties of the nanocomposites were evaluated. The photocatalytic efficiency of WS 2 /TiO 2 nanofibers for the degradation of phenol, as an organic pollutant, was estimated under the visible light illumination.

Results and Discussion

Characterization of TWx Nanofibers

XRD spectra of the prepared WS 2 /TiO 2 nanofibers are shown in Figure 1. It is clear that the diffraction peaks of 25.5 004), (100), (100), ( 103) and (008), respectively (JCPDS No. 01-084-1285) of WS 2 [START_REF] Zhao | Enhanced catalytic activities of surfactant-assisted exfoliated WS2 nanodots for hydrogen evolution[END_REF]. The narrow and sharp peaks suggest that the product is highly crystalline. Where, the different weight ratios of TiO 2 to WS 2 (1:0, 0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4 and 0.5:0.5) to obtain (TW0, TW10, TW20, TW30, TW40 and TW50, respectively). The WS 2 /TiO 2 nanofibers with different ratio between tungsten disulfide and titanium dioxide were observed with the use of Raman measurements. Moreover, Raman spectra of the prepared nanofibers are presented in Figure 2. In W sample, the bands at 126.28, 255.03, 320.11, 409.71, 701.09 and 799.35 cm -1 can be ascribed to the vibration bands of WS 2 nanosheets [START_REF] Voiry | Enhanced catalytic activity in strained chemically exfoliated WS 2 nanosheets for hydrogen evolution[END_REF][START_REF] Elías | Controlled synthesis and transfer of large-area WS 2 sheets: From single layer to few layers[END_REF]. For pure TiO 2 sample, the bands observed at 147.41, 198.17, 389.58, 502.31 and 626.37 cm -1 in the Raman spectrum can be assigned to E 1 g , E 2 g , B 1g (1), B 1g (2) + A 1g and E 3 g modes of anatase, respectively [START_REF] Xiang | Synergetic effect of MoS 2 and graphene as cocatalysts for enhanced photocatalytic H 2 production activity of TiO 2 nanoparticles[END_REF]. The combination of WS 2 with TiO 2 (in TW10, TW20, TW30, TW40 and TW50) resulted in a slight change in the anatase bands. In TW40 and TW50, the main band of anatase at 150 cm -1 is significantly changed due to the overlapping between the bands of TiO 2 and WS 2 and it means that there is a high conjugation between TiO 2 and WS 2 . The conjugation between WS 2 and TiO 2 can also be detected by the FTIR transmission spectra presented in Figure 2b. The band located around 3450 cm -1 is attributed to the O-H bonds for all nanofibers [START_REF] Golovnev | Calcium and strontium thiobarbiturates with discrete and polymeric structures[END_REF][START_REF] Smitha | Sol-gel route to synthesize titania-silica nano precursors for photoactive particulates and coatings[END_REF][START_REF] Golovnev | Hydrated and anhydrous cobalt (II) barbiturates: Crystal structures, spectroscopic and thermal properties[END_REF]. The overlap between the peaks of Ti-O and W-S was presented for all nanocomposite samples of TWx which confirmed the successful conjugation between TiO 2 and WS 2 .

The surface area results showed that S BET of TW0, TW10, TW20, TW30, TW40 and TW50 are 17, 25, 42, 61, 73 and 78 m 2 /g. The surface area of (1D) TiO 2 was enhanced by interacting with the (2D) structure of WS 2 . It is well known that TiO 2 with large surface area has excellent photocatalytic activity as a result of providing more active adsorption sites and speed transport channels for large organic molecules which were detected in TiO 2 with WS 2 .

The morphology of fabricated nanofibers was observed using scanning electron microscope as presented in Figure 3a-f. The T, TW10, TW20, TW30, TW40 and TW50 nanofibers have 97 ± 8, 120 ± 5, 188 ± 4, 210 ± 8, 240 ± 7 and 290 ± 9 nm average diameter, respectively. The increase in the diameter of the WS 2 -enriched nanofibers was attributed to the viscosity of electro-spun solution coming from WS 2 , which contributed to the successful incorporation between WS 2 and TiO 2 nanofibers. These findings are consistent with those of Raman measurements. EDX mappings for TW40 are presented in Figure 3g-l. The distribution of WS 2 is uniform with TiO 2 nanofibers. AAS demonstrated that the total Ti:W atomic ratios were approximately 0.902:0.098, 0.801:0.199, 0.704:0.296, 0.602:0.398 and 0.505:0.495 in TW10, TW20, TW30, TW40 and TW50, respectively. Indicating that TiO 2 and WS 2 were uniformly distributed throughout the network structure according to the preparation designed. Their uniform distribution should contribute to their photocatalytic activity as presented. The optical characteristics of the fabricated nanofibers were determined using UV-Vis diffuse reflectance (UVDR), as presented in Figure 4. The UVDR-spectra of the nanofibers were examined in the range of 200-800 nm using UV-Vis optical spectroscopy. The optical band gaps (Eg) were obtained by the following equation:

αhv = A(hv -Eg) (n/2) ( 1 
)
where α is the absorption coefficient, v is the frequency of light and n is the constant of proportionality (n equals 4 for the indirect transition in the prepared nanofibers) [START_REF] Atuchin | Exploration on anion ordering, optical properties and electronic structure in K 3 WO 3 F 3 elpasolite[END_REF][START_REF] Ji | Comparative investigations of the crystal structure and photoluminescence property of eulytite-type Ba 3 Eu(PO 4 ) 3 and Sr 3 Eu(PO 4 ) 3[END_REF][START_REF] Atuchin | Exploration of structural, thermal, vibrational and spectroscopic properties of new noncentrosymmetric double borate Rb 3 NdB 6 O 12[END_REF]. The prepared nanofibers had a red shift due to joining of WS 2 with TiO 2 . As per the following sequence: 3.18, 2.87, 2.72, 2.68, 2.57 and 2.45 eV for TW0, TW10, TW20, TW30, TW40 and TW50, respectively. This recorded shift was due to the conjugation between WS 2 and TiO 2 , also this conjugation was detected in the Raman and FTIR [START_REF] Voiry | Enhanced catalytic activity in strained chemically exfoliated WS 2 nanosheets for hydrogen evolution[END_REF]. The TW40 sample has reflectance lower than other nanofibers due to the high absorption of light. In contrast, TW50 had a greater amount of WS 2 , which led to the aggregation of WS 2 and reduced light absorbed, as seen in the SEM image.

Photocatalytic Degradation of Phenol under Visible Light by TWx Nanofibers

The adsorption test was evaluated in the dark for 1 h before illumination. Then the photocatalytic activity of phenol degradation was detected every hour during 4 h. The photodegradation of phenol reached 13, 47, 57, 74, 83 and 66% for TW0, TW10, TW20, TW30, TW40 and TW50, respectively, as presented in Figure 5a. The TW0 sample (TiO 2 nanofibers) provided low activity for photodegradation of phenol ~13% due to large band gap of 3.18 eV. In contrast, the combination of WS 2 with TiO 2 enhanced the catalytic activity of phenol degradation, reaching 83% for TW40. This can be attributed to the band gap decrease followed by active absorption of visible light, as obtained by UV-Vis diffuse reflectance spectra. In addition, the photocatalytic active sites were increased by the incorporation of 1D WS 2 with 2D TiO 2 nanofibers. The kinetic of phenol photodegradation by prepared nanofibers is presented in Figure 5b. The phenol degradation follows the first-order kinetics model of Langmuir-Hinshelwood which is presented in Equation ( 3) [START_REF] Elshypany | Magnetic ZnO Crystal Nanoparticle Growth on Reduced Graphene Oxide for Enhanced Photocatalytic Performance under Visible Light Irradiation[END_REF]. The apparent order rate constant (k) for TW0, TW10, TW20, TW30, TW40 and TW50 is 2.235 × 10 -4 , 0.0017, 0.0024, 0.0043, 0.0057 and 0.0028 min -1 , respectively. Rate constants grow in this order: TW40 > TW30 > TW50 > TW20 > TW10 > TW0. The TW40 sample has the maximum rate constant (0.0057) that is attributed to the high interaction between WS 2 and TiO 2 , as presented in SEM and Raman, besides the synergistic effect between WS 2 and TiO 2 nanofibers. In order to determine the role of hydroxyl radicals ( • OH), holes (h + ) and superoxide anions ( • O 2-) in the efficiency of photodegradation of phenol, we used different free radical trapping agents with TW40 nanofibers, as presented in Figure 5c. The scavengers were Tert-butyl alcohol (TBA), disodium ethylenediaminetetraacetic acid (Na 2 -EDTA) and p-benzoquinone (BQ) to trap free radicals of hydroxyl radicals ( • OH), holes (h + ) and superoxide radicals ( • O 2-), respectively [START_REF] Elshypany | Elaboration of Fe 3 O 4 /ZnO nanocomposite with highly performance photocatalytic activity for degradation methylene blue under visible light irradiation[END_REF][START_REF] Nada | Photoelectrocatalysis of paracetamol on Pd-ZnO/N-doped carbon nanofibers electrode[END_REF]. The photodegradation of phenol varied according to different sacrificial agents. Predominantly, the photocatalytic degradation in presence of the TBA (5 mM) reduced to 36%. Therefore, the photogenerated • OH radical is the important free radical component during the phenol photodegradation process [START_REF] Elshypany | Elaboration of Fe 3 O 4 /ZnO nanocomposite with highly performance photocatalytic activity for degradation methylene blue under visible light irradiation[END_REF][START_REF] Nada | Photoelectrocatalysis of paracetamol on Pd-ZnO/N-doped carbon nanofibers electrode[END_REF]. Moreover, TW40 has high photodegradation stability up to five cycles, as presented in Figure 5d. The phenol photodegradation remained at the level of 80% after 5 cycles. The results obtained for the TW40 sample indicate a high photocatalytic degradation of phenol with a narrow bandgap, as well as an excellent stability of photocatalytic activity. We can note also that the crystallinity of TW40 nanofibers (Figure S1) and the morphology (Figure S2) were stable after five cycles as confirmed by XRD and SEM, respectively. 

Materials and Methods

Chemical

Titanium (IV) isopropoxide 97%, WS2 powder, n-butyl lithium solution, hexane, absolute ethanol (99%), acetic acid (98%), polyvinylpyrrolidone (PVP; Mw = 1,300,000 g/mol) and phenol were purchased from Sigma Aldrich (St. Louis, MO, USA). All purchased compounds were used as received, without further purification.

Preparation of WS 2 /TiO 2 Nanofibers

Tungsten disulfide (WS 2 ) with TiO 2 nanofibers was prepared using the electrospinning technique by different ratio between WS 2 and TiO 2 . First, the solution (a) was prepared by 0.3 g of PVP dissolved in 3 mL of ethanol and 2 mL of acetic acid while stirring for 30 min, then 1.5 mL of TTIP was added with stirring for 30 min. The solution (b) was prepared with different weight ratios of WS 2 in 2 mL of ethanol and sonicated for 2 h to obtain (TW0, TW10, TW20, TW30, TW40 and TW50 for TiO 2 : WS 2 is 1:0, 0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4 and 0.5:0.5, respectively). After that, solution (b) was mixed to solution (a) with stirring for 30 min. The solution was added in syringe with a stainless-steel nozzle with a diameter of 0.7 mm under flow rate 1 mL/h and voltage power (1.5 kV/cm) between the nozzle and the rotating collector. The collected nanofibers were calcined at 400 • C for 3 h.

Characterization

The nanofiber vibrational properties were observed using a dispersive Raman microscope with a laser wavelength of 532 nm and a power of 10 mW (Senterra, Bruker, Bremen, Germany). The functional groups of the prepared composite nanofibers were recognized using FTIR spectrometer (Perkin Elmer, Waltham, MA, USA) with the use of standard KBr pellet technique. The surface area of the nanofibers was detected from nitrogen adsorption-desorption isotherms at liquid nitrogen temperature using Micromeritics ASAP 2010 equipment (degassing conditions: 200 • C/12 h). The titanium and tungsten elemental concentrations in the as-prepared nanofibers were determined using atomic absorption spectroscopy (AAS) (Analyst 400, PerkinElmer, Bremen, Germany). The morphology of nanofibers was detected by SEM (Quanta-250 FEG, FEI, Netherlands) methods. The UV-Vis-DR spectra were measured by a Jasco V-570 (Jasco Inc., Easton, MD, USA).

Photocatalytic Activity Measurement

The photocatalytic activity of the WS 2 /TiO 2 nanofibers was detected by tracing the photodegradation of phenol. The photocatalyst efficiency was detected by analyzing the decrease of phenol concentration during exposure to visible light radiation. The reaction temperature was fixed at 25 ± 0.2 • C by circulating water over the photoreactor. The photocatalytic performance was detected by using 10 mg of photocatalyst in 200 mL of phenol solution (50 ppm) under a 500 W linear halogen lamp (visible light radiation). The solution mixture was stirred in the dark for 1 h to obtain the adsorption/desorption equilibrium of phenol [START_REF] Nasr | Enhanced visible-light photocatalytic performance of electrospun rGO/TiO 2 composite nanofibers[END_REF]. Then, the mixture was exposed to visible light for 4 h. Following, the sample was collected from reactor every 1 h and the catalyst was eliminated by a centrifuge to detect the organic pollutants' concentration in the solution by high-performance liquid chromatography (HPLC) equipped with a photodiode array detector (Agilent 1200 series, Agilent, Colorado Springs, CO, USA).

The degradation efficiency was measured by the following equation:

degradation efficiency % = (((C 0 -C))/(C 0 )) * 100 [START_REF] Manavi | The development of aerobic granules from conventional activated sludge under anaerobic-aerobic cycles and their adaptation for treatment of dyeing wastewater[END_REF] where C 0 and C are the initial and final phenol concentration, respectively [START_REF] Sugi | Photocatalytic Degradation efficiency of CuXZn1-XO Composite[END_REF].

The kinetics of phenol photocatalytic degradation were calculated as follows (where k (min -1 ) is the apparent rate constant): ln (C t /C 0 ) = -kt

(3)

Conclusions

In brief, we have successfully prepared WS 2 /TiO 2 nanofibers with different ratios between WS 2 (1D) and TiO 2 (2D). Structural and morphological analyses of the prepared nanofibers confirmed the incorporation between WS 2 and TiO 2 . Significantly, the photocatalytic efficiency of TW40 for phenol degradation was as high as 83%. The remarkable photocatalytic performance of TW40 (1D/2D structure) was attributed to the synergism effect between WS 2 and TiO 2 to improve electron transfer. In addition, the linkage between WS 2 and TiO 2 enhanced the photocatalytic stability of the nanofibers. The trapping test for the photogenerated free radicals and holes of TW40 demonstrated that the photogenerated hydroxyl radicals ( • OH) have a significant role in the photodegradation of phenol as an organic pollutant. Therefore, WS 2 /TiO 2 nanofibers act as promising materials for photo-degradation of organic pollutants in water.
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 1 Figure1. XRD for W, TW0, TW10, TW20, TW30, TW40 and TW50 nanofibers of TiO 2 :WS 2 (0:1, 1:0, 0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4 and 0.5:0.5, respectively).
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 2 Figure 2. (a) Raman spectra and (b) FTIR for TW0, TW10, TW20, TW30, TW40 and TW50 nanofibers.
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 3 Figure 3. SEM images for (a) TW0, (b) TW10, (c) TW20, (d) TW30, (e) TW40 and (f) TW50 nanofibers

Figure 3 .

 3 Figure 3. SEM images for (a) TW0, (b) TW10, (c) TW20, (d) TW30, (e) TW40 and (f) TW50 nanofibers; (g,h) Images of SEM/EDX elemental mapping of TW40 (i) oxygen, (j) titanium, (k) tungsten and (l) sulfur in TW40.
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 5 Figure 5. (a) Photocatalytic degradation of phenol for prepared nanofibers under visible light irradiation; (b) the ln(C/C0) changing versus time during visible light irradiation for prepared nanofibers; (c) Trapping test of the photogenerated free radicals and holes with TW40 nanofibers; (d) The stability cycles of phenol photodegradation using TW40 nanofibers under visible light irradiation for 4 h.

  • , 38.1 • , 48.1 • , 54.1 • , 55.3 • and 62.9 • are correspondent to the standard characteristic peaks position of (101), (004), (200), (105), (211) and (204) crystal planes of anatase TiO 2 , respectively (JCPDS No. 01-084-1285). In addition, the peaks at 28.98 • , 32.81 • , 33.64 • , 39.64 • and 58.48 • can be well indexed to the (002), (
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