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Abstract

:

Some tungsten catalysts of interest that are synthesized are bismuth tungstate (BT) and Tetrabutylammonium decatungstate (TBADT), using two consolidated procedures. BT is used as a photo-catalyst for the simulated solar light degradation of ofloxacin (OFL) antibiotic under relevant real conditions (µg L−1, fresh water) with the limit of 0.05 g L−1 of catalyst. A quantitative drug decomposition occurred following a bi-exponential first-order law, with an efficiency comparable with the most used P25 TiO2 catalyst. The photocatalytic profiles of OFL at µg L−1 and mg L−1 were monitored by high-pressure liquid chromatography (HPLC) coupled with fluorescence (FD) and ultraviolet (UV) detectors. Additionally, the main photoproducts were identified by high-pressure liquid chromatography coupled to electrospray ionization in tandem with mass spectrometry (HPLC-ESI-MS/MS). The catalyst Tetrabutylammonium decatungstate (TBADT) was used as a catalyst to produce hydrogen from glucose and 2-propanol in aqueous solution, providing hydrogen gas evolution up to 10 µmol g−1 h−1.
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1. Introduction


Currently, pollution is an unavoidable topic, especially as impurities removal from industrial and household products is necessary. Additionally, the whole world is thinking about developing alternative energy sources before 2050 to decrease carbon dioxide emissions. In this sense, to create a green Earth, a strategic approach in the production of H2 gas is highly demanded by green methods.



The degradation of pollutants and their analysis brings us a step closer to realizing a green Earth. Today, consuming antibiotics and other basic medicines is unavoidable to stay healthy. However, these medicines create more pollution, especially in water [1]. When compared to other chemical methods, photochemistry is a widely welcomes topic in discussions due to its safeness in a green-way with almost no residues. The ideal green photo method has been proposed to achieve products in a higher percentage without using aggressive reagents and conditions throughout the reaction sequence, avoiding high energy photons [2]. From the perspective of solar energy utilization, the development of visible light active photocatalysts is in demand.



Nowadays, new Bismuth-based catalysts are evolving and they are being investigated in the field of photochemistry. The BT catalyst received much attention because of its non-toxicity, strong behavior in visible light [3], narrow band-gap and unique structure with photostability [4].



The conduction band of BT involves 5d orbitals of tungsten and the valence bond of BT involves bismuth 6s, oxygen 2p hybridization gives the dispersed valence band. This could cause a higher mobility of charge by photo-induced hole mobility which emphasizes the power of the catalyst towards a good oxidizing agent for the purpose of many photochemical reactions. In this way we, could achieve heterogeneous photocatalytic oxidation, a promising technique in the removal of organic pollutants that is feasible [5]. The BT catalyst could be prepared using different methods such as sol-gel, solid-state and hydrothermal conditions [6,7,8]. The BT catalyst is used for the removal of dyes, especially Rhodamine B dye. The photocatalytic activity of BT for RhB degradation is discovered to be closely linked with the pH value of the solution. The doped TiO2 photocatalysts leads to harm in terms of photo-corrosion and instability. The stability of Bi2WO6 as a visible-light-driven photocatalyst has been proven, as after five recycles for the photodegradation of RhB, the catalyst did not exhibit any substantial loss of action, confirming that Bi2WO6 is not photocorroded during the photocatalytic oxidation of the pollutant molecules [9]. Zhao et al. demonstrated that the 3D flower-like structure comprised of well-ordered nanoplates presented excellent photo-catalytic activity, and the degradation efficacy of ceftriaxone sodium was 70.18% [10]. Lin et al. proved that the flower-like Bi2WO6 showed much higher visible photo-catalytic action in the decay of Rhodamine B in the aqueous phase with a degradation efficacy of 100% for 50 min of irradiation time [11].



On the other hand, water splitting into H2 gas (Green energy) by photo catalytic reaction is an ideal resource. We were particularly interested in TBADT, (nBu4N)4[W10O32]), a highly efficient HAT (Hydrogen Atom Transfer) photocatalyst that is widely used for dehydrogenation, oxidation, and conjugate addition reactions of even inactivated aliphatic CH bonds [1].



Recently, a research group demonstrated that TBADT can abstract from different hydrogen donor molecules including alkanes, ethers, 1,4-dioxane, aldehydes, 1,3-benzodioxole, lactones, acetals, oxetanes, aromatic and aliphatic amides and THF in heterocyclic chemistry forming new C-C bonds. Furthermore, the TBADT catalyst tends to close the cycle and promoted further reusable behavior in the catalyst when performing this kind of addition reaction. These reactions are carried out by UV irradiation but even a solar simulator is a good choice [12,13,14,15,16]. Bearing this in mind, we are concentrating on the process of dehydrogenation to produce hydrogen gas (H2) by using the versatility of TBADT.



Many catalysts work for hydrogen production and the decomposition of antibiotics in water to date. However, maintaining green chemistry methods in the preparation, and approaching the necessary goal is vital. In this aspect, new tungsten-based catalysts are highly considered to perform both hydrogen production and OFL decomposition. In this work, BT and TBADT were prepared using a reported procedure. The photocatalytic implementation of the prepared BT and TBADT catalyst were evaluated by the degradation of OFL and hydrogen production from glucose and 2-propanol aqueous solutions under UV-visible light irradiation with the power of 250 W m−2 and 500 W m−2, respectively. The degradation profile of OFL was monitored by HPLC-FD and HPLC-UV, the photoproducts by HPLC-ESI-MS/MS, and the hydrogen production was evaluated by gas chromatography.




2. Results and Discussion


2.1. UV-Visible Absorption Spectra of TBADT


The purity of the synthesized catalyst was evaluated by UV-Visible spectrophotometry (Jasco V-750, spectra acquisition 250–900 nm) on TBADT solutions in acetonitrile, using quartz cuvettes of 1 cm optical path. The molar extinction coefficient (ε) was calculated by considering the characteristic absorption of decatungstate at 323 nm of the observed wavelength with a purity of >90%.



A representative UV-Vis spectrum recorded on an 8.4 × 105 M TBADT solution is shown in Figure 1a. The value of ε, 1.2 × 104 L mol−1 cm−1, is in good agreement with the literature data [17], attesting to the good preparation of the catalyst. In fact, among the different tungsten species that could occur in solution, the decatungstate possesses the highest extinction coefficient in the range considered. The spectrum evidences a light absorption for wavelength ≤ 405 nm. The FT-IR, scanning electron microscopic (SEM), Tauc plot for band gap identification is shown in Figures S2, S4 and S6, respectively and EDX shown in Figure S8. A representative UV-Vis spectrum recorded on 1 × 10−5 M BT solution is shown in Figure 1b and it is in good agreement with the literature data [14], attesting to the good preparation of the catalyst. The FT-IR, scanning electron microscopic (SEM), Tauc plot for band gap identification is shown in Figures S3, S5 and S7, respectively.




2.2. OFL Decomposition by BT Compared to TiO2 Photocatalyst


A first experiment was carried out using a consolidated approach, i.e., 50 µg L−1 of OFL dissolved in tap water and 0.5 g L−1 of BT catalyst which was then added into it. The decrease in the OFL concentration was measured by using HPLC-FD as a function of time.



A fast and quantitative drug degradation was observed within a few minutes of irradiation (Figure S1).



As previously demonstrated, tap water mimics environmental water samples well in terms of pH, ionic strength, dissolved organic matter [18], and, in addition, its composition is invariant over time. For these reasons, further kinetic experiments were carried out in the same matrix, using one tenth (1/10) of the catalyst amount (0.05 g L−1) to follow the degradation profile better.



As shown in Figure 2, OFL proved to be susceptible to BT photodegradation in 20 min under simulated outdoor conditions, following a bi-exponential first-order law (Equation (1)):


  y =  A    ×  e  − kt   +  B    ×  e  − ht    



(1)







The kinetic degradation constants, the pre-exponential factors of an R2 value, were determined by dedicated software (Figure P application, Figure P Software Corporation) and are reported in Table 1. The bi-exponential decay was already observed for FQs [18,19] and referred to the role of two ionic forms.



For comparison, we investigated OFL photolysis and OFL TiO2-promoted degradation under the same experimental conditions, except for the equilibration step. It was previously demonstrated that sonication or magnetic stirring did not greatly affect OFL TiO2-promoted degradation [20].



Interestingly, a quantitative OFL removal occurred slightly faster with TiO2 than BT. The experimental data were well fitted by a mono-exponential first-order law (Equation (2)):


  y = A ×  e  − kt    



(2)







OFL TIO2-degradation profile, the kinetic constant and R2 value are shown in Figure 2 and Table 1, confirming the trend already observed [20].



To summarize, BT seems to be as efficient in drug removal as TiO2 P25, the most used and efficient photocatalyst in advanced oxidation processes for environmental remediation [21].




2.3. Mechanism of OFL Decomposition in Presence of BT under Simulated Solar Light


Since the degradation kinetics showed a biexponential consumption, two different concurring mechanisms are involved. For this reason, together with the classical photodegradation reactions (Equations (3)–(8)) we consider a direct degradation of OFL onto BT (Equation (9)). Preliminary photocatalytic experiment (50 µg L−1 OFL, 0.5 g L−1 BT), and OFL adsorption in the dark (50 µg L−1 OFL, 0.5 g L−1 BT) are shown in Figure S1.




Bi2WO6 + hν → h+ + e−



(3)






O2 + e− → •O2−



(4)






•O2− + h+ → 1O2



(5)






O2 + 2e− + 2H+ → H2O2



(6)






•O2− + H2O2 → •OH + OH− + O2



(7)






h+ + H2O → •OH + H+



(8)






Bi2WO6 * + OFL → Direct degradation



(9)






(h+) (1O2) (•O2−) (•OH) + OFL → Degradation photo products










2.4. Photoproducts Identification by HPLC-ESI-MS/MS


The main photoproducts formed during simulated solar light irradiation of 110 mg L−1 OFL in the presence of BT catalyst were first monitored by HPLC-UV, which is shown in Figure 3. The higher concentration was used to detect photoproducts. As shown in Figure 3, the maximum amount of detectable photoproducts were formed after 60 min of irradiation by a solar simulator with a sensible decrease in the OFL intensity at 240 nm.



The same trend is confirmed by HPLC-MS. The molecular weight of photoproducts is identified by HPLC-ESI-MS/MS and their possible tentative structures are identified, and some new photo-products are identified. Samples of OFL with the effect of BT catalyst at 60 min and 90 min of solar simulator irradiation time are shown in Figure 4. As is visible, there is also a presence of lower m/z (<100) compounds coming from the decomposition of the piperazine ring. A list of the identified peaks, ordered from the lowest to the highest m/z, is shown in Table 2.



The compounds that are named A–G are already described in the literature and their structures are shown in Figure 5 together with the starting material (OFL). Together with the compound A–G, we observed three more structures with m/z values of 392, 402 and 412. Their peaks are shown in Figure 6. A tentative identification of their structures is shown in Figure 7. For the compound J, we assumed hydroxylation of the morpholine ring, while for compounds H–J we supposed a photo-nucleophilic substitution of fluorine via aryl-cation (Figure 8) [22,23].



The m/z value of 362 corresponds to the (M + 1) peak of OFL with the retention time of 1.41. The m/z value of 378 corresponds to the formation of the main oxidized product (F) of OFL in accordance with the MS2 degradation spectrum. The m/z value of 322 corresponds to the A oxidized photoproduct according to MS2 fragmentation spectra [20]. The m/z values of 336, 348 correspond to the formation of the main oxidized product B, C of OFL compared with the MS2 degradation spectrum [24]. Additionally, the photoproducts were verified for photo-reaction under solar simulator light for 90 min by BT in the decomposition of OFL to verify the possibility of further products, but the same photo-products visible for light exposure of 1 h for the decomposition of OFL by BT were observed [25].




2.5. Hydrogen Evolution Experiments


Regarding photocatalytic H2 evolution, experiments have been performed on 2-PrOH aqueous solutions, and on glucose, representative of biomass-derivatives. It was found that 1 g L−1 catalyst in 0.1 M 2-PrOH provided a marked improvement in the H2 evolution from the solution. The mean hydrogen evolution ration (HER) was 10 µmol g−1 h−1 (RSD < 20%, n = 7). A similar behavior was observed to be working in 0.1 M glucose, obtaining a mean HER of 7 µmol g−1 h−1 (RSD < 20%, n = 7). These values correspond to a 20/30-fold higher H2 formation compared to the control samples, i.e., aqueous glucose or 2-PrOH irradiated under the same conditions but omitting the catalyst. Indeed, in these cases, the evolved H2 was below the instrumental quantification limit, clearly underlining the role of the catalyst. Undetectable H2 resulted from the irradiation of pure water, as expected. The reaction occurs via the excited state of decatungstate (indicated as W).



In the first step, decatungstate absorbs a photon transitioning into its excited state (R1). The excited state can perform a hydrogen atom abstraction (HAT) onto a hydrogen donor, giving rise to the decatungstate reduced state with the formation of a radical. In the last step (R3) two molecules of reduced decatungstate reform the catalyst (thus closing the catalytic cycle) with the concurrent formation of a molecule of hydrogen.


W + hν → W *



(R1)






W * + RH → WH + R• (HAT)



(R2)






2WH → 2W + H2



(R3)







These preliminary results suggest that further work should be addressed to refine the experimental conditions (e.g., catalyst and organic substrates concentrations) and to combine decatungstate with other agents to improve its photocatalytic activity and to expand its light absorption in the visible range. In some cases, the persistent blue colour of reduced decatungstate (WH) is observed, indicating that the closure of the catalytic cycle is the most difficult step.





3. Experimental Section


3.1. Reagents and Materials


OFL VETRANALTM, analytical standard by Merck Life Science S.r.l. (Milano, Italy) was purchased from Merck (Milano, Italy). High-performance liquid chromatography (HPLC) gradient–grade acetonitrile (ACN) was supplied by VWR International (Milano, Italy), H3PO4 (85% w/w), and water for liquid chromatography/mass spectrometry (LC/MS) was supplied by Carlo Erba Reagents (Cornaredo, Milano, Italy). Evonik P25 TiO2 (80% anatase, 20% rutile, particle size 30 nm, surface area 50 ± 15 m2 g−1) was purchased from Evonik Industries AG (Hanau, Germany). Working tap water OFL solutions were prepared before use. The microwave system Marsxpress was supplied by CEM (CEM S.r.l., Cologno al Serio, Italy).




3.2. Synthesis of BT and TBADT


BT was synthesized as reported in the literature [26] via the hydrothermal reaction of bismuth nitrate (Bi(NO3)3) (5.0 m mol) and sodium tungstate (Na2WO4) (2.75 m mol) in an aqueous phase. Both the mixtures were mixed in a magnetic stirrer and sonication was performed, followed by 20 h of microwave and cooling to room temperature, after which white precipitate was collected by centrifuge. Briefly, the microwave synthesis was performed by a Marsxpress microwave equipped with an 8 PTFE vessel carousel and internal temperature control. The maximum irradiation power was 800 W at a temperature of 160 °C (15 min temperature rate) maintained for 20 h. TBADT was prepared by a consolidated procedure [16]. Tetrabutylammonium bromide (2.5 g) and sodium tungstate dihydrate (5.0 g) were dissolved each in 150 mL of water, kept at 90 °C with stirring. To adjust pH with a HCl up to 2. Both the solutions were mixed at 90 °C for 30 min. The formed white color TBADT was collected and dried at room temperature.




3.3. Irradiation Experiments


3.3.1. OFL Photodegradation Experimental Method


Irradiation was performed using a solar simulator (Solar Box 1500e, CO.FO.ME.GRA) set at a power factor of 250 W m−2, equipped with a UV outdoor filter of soda lime glass, with IR treated as previously reported [18].



Briefly, a fixed amount (5 mg) of each BT catalyst was suspended in 100 mL of tap water (0.05 g L−1) spiked with 16 µg L−1 OFL in a closed glass container (40 mm depth, exposed surface 9500 mm2), sonicated or magnetically stirred in the dark for about 10 min to guarantee a good catalyst suspension and promote the antibiotic adsorption on the catalyst surface. During the irradiation course, aliquots (ca. 1 mL) of each sample were withdrawn at planned times, filtered (0.2 μm) and analyzed by HPLC-FD.




3.3.2. Hydrogen Evolution Experimental Method


The H2 evolution experiments were conducted in distilled water containing either 0.1 M 2-propanol (Merck, 99.8%) or 0.1 M glucose (99.9%, Carlo Erba Reagents), irradiated in Pyrex glass containers (28 mL capacity, 21 mL sample). After the addition of the catalyst (1 g L−1), the sample was deoxygenated by Ar bubbling (20 min) to reach anoxic conditions and irradiated under magnetic stirring for 4 h. Irradiation was performed under simulated solar light (1500 W Xenon lamp, 300–800 nm) using a Solar Box 1500e (CO.FO.ME.GRA S.r.l., Milan, Italy), set at a power factor 500 W m−2 and equipped with UV outdoor filter made of IR-treated soda lime glass. Repeated photoproduction experiments were performed on all samples. The headspace evolved gas was quantified by gas chromatography coupled with thermal conductivity detection (GC-TCD) and the hydrogen evolution rate (HER) is reported in the paper as H2 µmol per gram of catalyst per hour of irradiation (µmol g−1 h−1) [27,28].





3.4. Analytical Determinations


3.4.1. HPLC-FD for Kinetic Experiments


The HPLC-fluorescence detection (FD) system consisted of a series 200 pump equipped with a vacuum degasser interfaced with a programmable S200A fluorescence detector (PerkinElmer, Monza, Italy). A total of 50 μL of each sample, filtered on 0.2 µm nylon syringe filter, was injected into a 250 × 4.6 mm, 5 µm Ascentis RPAmide (Supelco-Merck Life Science, Milano, Italy) coupled with a similar guard-column. An isocratic elution of 25 mmol L−1 H3PO4-ACN (85:15) with a flow rate of 1 mL min−1 was carried out [18].




3.4.2. HPLC-UV for Photoproducts Identification


The HPLC-UV system consisted of a Shimadzu (Shimadzu Corporation, Milano, Italy) LC-20AT solvent delivery module equipped with a DGU-20A3 degasser and interfaced with an SPD-20A UV detector. The wavelength selected for the analysis was 280 nm, corresponding to the maximum OFL absorption. In total, 20 µL of each sample was injected into a 250 × 4.6 mm, Kroma Phase 100 C18 (Scharlab, Riozzo di Cerro al Lambro, Milano, Italy) column, coupled with a similar guard-column. Isocratic elution was carried out using a 25 mmol L−1 H3PO4-ACN (85:15) mixture. The flow rate was 1.0 mL min−1.




3.4.3. HPLC-ESI-MS/MS for Photoproducts Identification


The HPLC-ESI-MS/MS analysis of the irradiated OFL solutions was performed by an Agilent 1100 HPLC with a Gemini C18 (250 × 4.6 mm, 5 µm) column, maintained at 30 °C. A gradient was used for the mobile phase (solvent A: HCOOH 0.1% v/v in ultrapure water; solvent B: ACN) as follows: 10% B until 5 min, 70% B from 0.1 min and 10% B from 1 to 3 min. The flow rate was 300 µL per min and the injection volume was 20 µL.



The MS/MS-system consisted of a linear trap Thermo LXQ. The ESI experiments were carried out in positive-ion mode under the following constant instrumental conditions: source voltage of 4.5 kV, capillary voltage of 20 V, capillary temperature of 275 °C and normalized-collision energy 35.






4. Conclusions


Two different catalysts of tungsten were synthesized, namely Tetrabutylammonium decatungstate (TBADT) and bismuth tungstate (BT), by two consolidated procedures. BT was used as a catalyst for simulated solar light decomposition of ofloxacin (OFL) at 16 µg L−1 (real condition) concentration with the limit of 0.05 g L−1 of BT catalyst. A vigorous action against OFL degradation was observed as demonstrated by the high kinetic constant value (0.38 min−1), when compared to other catalysts widely used in the literature for the removal of the same class of compounds. The main photoproducts analyzed by HPLC-ESI-MS/MS included new photoproducts which have not yet been identified in this class of antibiotics. The other catalyst TBADT was used as a catalyst to produce hydrogen from glucose with the concentration of 0.1 M produced 7 µmol g−1 h−1 (RSD < 20%, n = 7) and 2-propanol with the concentration of 0.1 M produced 10 µmol g−1 h−1 (RSD < 20%, n = 7). A reasonable amount of H2 was produced and further research work is in progress.
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Figure 1. (a) UV-Visible absorption spectrum of TBADT in acetonitrile; (b) UV-Visible absorption spectrum of BT. 
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Figure 2. Kinetics of OFL decomposition: photolysis and BT photocatalysis referred with TiO2 photocatalyst. 
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Figure 3. HPLC-UV profiles of OFL (110 mg L−1) decomposition in the presence of BT under simulated solar irradiation. 
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Figure 4. Three-dimensional view of the OFL decomposition by BT catalyst with the irradiation time of 60 min (purple) and 90 min (yellow). 
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Figure 5. Identified OFL photoproducts reported in the literature. 
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Figure 6. Evolution of the photoproducts with masses in the range 380–413 m/z by irradiation of BT catalyzed OFL. Blue curve: 60 min irradiation, red curve: 90 min irradiation. 
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Figure 7. Proposed formulas for intermediates H–J. 
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Figure 8. Nucleophilic substitution of fluorine via photogenerated aril cation intermediate. 
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Table 1. % OFL adsorbed during the stirring in the dark, kinetic degradation constants and pre-exponential factors, for BT and TiO2.
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	OFL % Adsorbed in the Dark
	A, k min −1
	B, h min −1
	R2





	BT
	21 (12 min us)
	70 (14), 0.38 (6)
	30 (14), 0.11 (3)
	0.999



	TiO2
	16 (12 min stirring)
	102 (4), 0.24 (2)
	-
	0.993



	no catalyst
	-
	73 (17), 0.01 (2)
	27 (17), 0.05 (3)
	0.997
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Table 2. M + 1 peak of photoproducts from lower to higher m/z values.
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	m/z
	Compound Name
	Mass Peak





	322
	A
	M + 1



	336
	B
	M + 1



	348
	C
	M + 1



	362
	OFL
	M + 1



	364
	D
	M + 1



	376
	E
	M + 1



	378
	F
	M + 1



	388
	H
	M + 1



	392
	G
	M + 1



	402
	I
	M + 1



	412
	J
	M + 1
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