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Photocatalysis is an efficient and promising method to purify water. Numerous studies have been dedicated to demonstrate its efficiency on several hazardous compounds, derived from the food-processing, textile, and pharmaceutical industries. However, even if the degradation of such products has been extensively studied, obtaining information on their photodegradation pathway is still challenging, leading to concerns about the innocuousness of the treated water. In this study, we used ZnO nanowires (ZnO NWs), very efficient photocatalysts, thanks to their large surface/volume ratio, their chemical and thermic stability and their large band-gap ; to photodegrade a solution of the commonly used organic dye methylene blue (MB) under UV irradiation, followed simultaneously by UV-visible spectrometry and High-Performance Liquid Chromatography coupled with Mass Spectrometry (HPLC-MS). Coupling these two methods gave us real-time information on the photodegradation efficiency and degradation mechanism. The HPLC-MS analysis allowed us to confidently identify three reaction intermediates of the MB degradation: Azure A, B and C, as well as spot three other compounds, with uncertain formulas, leading to the presented hypothesis on the beginning of the MB degradation pathway. While the UV-visible analysis showed a total degradation of MB after 2h of photodegradation, the HPLC-MS analysis indicated that some MB remained in the solution. Its quantity was calculated to be 14 µg/L, which is harmless to humans, thanks to the external standard calibration method. Those results are therefore a proof of the excellent efficiency of our samples in water remediation, as well as a very interesting insight on the MB degradation mechanism.

Introduction

The steady growth of human population, estimated to reach almost 10 billion in 2050 [1], and climate change, put a huge pressure on Earth's natural resources, especially water. Thus, the management of today's water resources is crucial to ensure the availability of water of good quality in the future.

With the discovery of emerging pollutants, which effects on humans and environment are still unknown [START_REF] Raghav | The Arroyo[END_REF][START_REF] Verlicchi | [END_REF], new, efficient and ecological ways of depolluting water effluents are required. Among all the solutions that can be used for water remediation, photocatalysis, with its theoretical ability to mineralize organic pollutants, using sunlight as its sole energy source, is one of the most promising [4,5]. This method requires the use of a photocatalyst, very often a metallic oxide such as ZnO or TiO 2 [6]. ZnO has the advantage of being produced from abundant raw materials [7]. Furthermore, TiO 2 has been suspected of being carcinogenic by the American food and drug association [8,9], making ZnO a safer option to avoid risks to environment and/or to humans.

One of the easiest and widely used way of proving the efficiency of a photocatalyst on organic pollutants is degrading an organic dye and following the degradation efficiency by UV-visible (UV-vis) spectrometry [10,11]. This method is very useful to quickly know to which extend the degradation is efficient, but does not provide precise insight on the by-products or the remaining products in the reaction effluents, even if the final reaction mix is clear.

To increase the knowledge on the reaction mechanism and the composition of the reaction mix at the end of the photocatalysis, it is possible to use High-Performance Liquid Chromatography (HPLC), coupled with Mass Spectrometry (MS), to separate the components of the mix by chromatography and identify them according to the ratio between their mass and their electric charge, defined as the m/z ratio. This is a very efficient and powerful method [6], used for example to analyse the chemicals in medicinal herbs [12], produce new medicaments [13,14], or detect ones that have been counterfeit [15], but it requires much more preparation and equipment to be performed than UVvisible spectrometry.

Coupling both methods should then allow to obtain quick information on the advancement of the reaction, while having a good knowledge of the composition of the reaction mix, and identify the reaction intermediates produced during the reaction.

As such, in this paper, we describe the photocatalytic degradation of Methylene Blue (MB), an organic dye often used to prove the photocatalytic efficiency of different compounds [7], using ZnO nanowires synthesized by a two-step hydrothermal method, and followed both by UV-vis and HPLC-MS.

Materials and Methods

The ZnO nanowires were synthetized by following an hydrothermal two-step method, as described in our previous works [16,17]. First, the substrate, a Si wafer, is cleaned by a surfactant solution in an ultrasonic bath, then dried in an oven for 20 minutes at 200°C. After 10 minutes in a plasma-cleaner (power high), the seedlayer, composed of a solution of Zinc acetate (Sigma-Aldrich, Zn(Ac) 2 dihydrate, > 98%) (1 g) in Polyvinylalcohol (Aldrich, 99%) (PVA) (10 g / 100 mL), is deposited onto the substrate by spin-coating, the substrate being then calcined at 500°C for 3h. In the second step, the substrate is placed in the growth solution (made of equals volumes of a Zn(NO 3 ) 2 solution at 0.075 molL -1 and a HMTA solution at 0.0375 molL -1 ) for 4h at 90°C. Finally, the samples were annealed at 350°C for 30 minutes before being used. The obtained samples were studied under SEM observations, UV-vis absorption and X-Ray diffraction. Finally, the UV-vis absorption results of our ZnO NWs were treated according to the Tauc-Lorentz model [18,19], and the obtained results yielded a band-gap value of 3.21 ± 0.1 eV.

Photodegradation results

The photodegradation results measured by UV-vis spectrometry from the beginning rate X (%) of MB compared to its photolysis (b).

HPLC-MS interpretation

The 1). Thus, their absorption peaks on the UV-vis spectra are hidden in the MB absorption peak, explaining why they cannot be seen in the UV-vis spectra. Among those compounds, the compound at 268 m/z can be attributed to MB having lost a methane [24,25]. According to literature [26][27][28], the compounds at 301 supposed to be 10 µmolL -1 , whereas the calculated concentration via HPLC-MS is inferior (6.8 µmolL -1 ), meaning that the calculated degradation rate will be less for the same concentrations during the experiment.

Figure 9. HPLC-MS and UV-visible photodegradation results of MB using ZnO nanowires as photocatalyst.

Estimation of the dangerousness of the solution effluents

The final concentration of MB was calculated to be around 0.043 µmolL -1 , which corresponds to 14 µgL -1 . The dangerous chronic exposure threshold of MB is of 5 mgkg -1 of corporal mass every day for 2 years for rats [29]. As the mean body mass of adults in the world is 62 kg [30], the treated water would thus be dangerous for adults if they drank 22 L of it every day for 2 years. As this value is vastly superior to the 1. 

Conclusion

We performed the photodegradation of MB were not able to firmly establish which molecules they were, or if they were degradation products or just impurities.

Furthermore, the concentration of MB after the photodegradation was calculated as around 14 µgL -1 , which, according to the chronic toxicity limits of MB, is safe. 

  The photocatalysis were performed by degrading 30 mL of a solution of MB (Merck, Certistain Metyhlene Blue) at 10 µmolL -1 under UV irradiation (Hamamatsu LC8, 365 nm). The samples were maintained at a distance of 10 cm from the lamp, and the solution was placed under agitation. The received UV irradiation power on the sample surface was estimated at 35 mW.cm -2 . Every fifteen minutes, the UV irradiation is stopped, and the absorbance of the solution is measured by an UV-vis spectrometer (Perkin-Elmer, Lambda 35), before being analysed by HPLC-MS. The remaining quantity of liquid is then poured again in the reaction mix, and the photocatalysis resumes. The whole process is repeated until the UV-visible measurements show that a plateau in the degradation rate is reached. The HPLC-MS (Agilent 1260 Infinity II/6530 Mass Q-TOF LC/MS) is used in the following conditions: static phase: Zorbax C18 (reverse phase); mobile phase: acetonitrile 30%/aqueous ammonium acetate (0.05M) 70% (v/v); flowrate: 0.25 mL/min; injection volume: 200 µL; and polarity: negative. shows the SEM images of our ZnO NWs samples. at 1100 ± 50 nm and their mean diameter at 85 ± 5 nm. As we can see, the NWs layer is largely homogenous, and the samples are similar to the ones obtained in our previous works, with a measured height of 1100 ± 50 nm and a measured mean diameter of 85 ± 5 nm [16,17].
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 1 Figure 1. SEM image (a) and XRD pattern (b) of the as-obtained ZnO NWs.
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 1 Figure 1(b) displays the XRD pattern of the samples. The XRD peaks correspond to the usual ZnO pattern, meaning our samples exhibit a single-phase ZnO hexagonal Wurzite structure.
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 02 photodegradation and A(t) is the MB absorbance at 664 nm at the time t of the measurement. According to those results, the total degradation (X = 100%) is reached after 2h of photocatalysis (see Figure 2(b)).
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 2 Figure 2. Evolution of the UV-vis spectra during the photodegradation (a) and corresponding evolution of the degradation

  HPLC chromatogram and the MS spectra obtained at the beginning of the experiment is presented in Figure 3. The other chromatograms obtained during the experiment are available on the supplementary materials.
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 34 Figure 3. HPLC chromatogram (a) and corresponding MS spectra of the reaction mix at t=0, with first chromatogram peak spectrum (b), and second chromatogram peak spectrum (c).

  photodegradation.
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 4 Figure 4. Formulas of MB (a) and Azure B (b).

  and 318 m/z might correspond to molecules with different formulas, as presented in Figure 6Erreur ! Source du renvoi introuvable.. Further researches are needed to find which of the different presented formulas are the ones actually produced during the experiments.
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 5 Figure 5. Formulas of Azure A (a) and Azure C (b).
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 634 Figure 6. Presumed formulas of the molecules corresponding to 301 m/z: (a) Heitmann et al[26], (b) Gnaser et al[27] and at 318 m/z: (c) Castro et al[28], (d) Heitmann et al[26].
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 78 Figure 7. Evolution of the areas of the chromatogram peaks corresponding to the MS peaks at 270 m/z (Azure B), 256 m/z (Azure A) and 242 m/z (Azure C).
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 89 Figure 8. Beginning of the degradation mechanism of MB during the photodegradation.

using

  ZnO nanowires under UV irradiation. The UV-vis measurement showed that the MB was almost entirely degraded in about 2 hours, and the HPLC-MS analysis allowed us to gain insight on the beginning of the photodegradation process. Several degradation products have been detected. Three of them have been identified as Azure A, Azure B and Azure C. We also proposed several chemical formulas for three other products, but we

  were able to compare the degradation results obtained from the UVvis measurements and the ones calculated from the HPLC-MS results, and demonstrated that even when the UV-vis results show a total degradation, the HPLC-MS analysis is still able to detect MB in the reaction mix. This proves that HPLC-MS is a more accurate analysis, and that to obtain quantitative results, it is necessary to combine the two analyses. Further investigations are needed to expand the knowledge on the detected molecules, especially the one that were not identified, as well as trying to detect the molecules that are produced from the degradation of Azure C in the reaction mix. The identification of the still unknown molecules can be performed by using an MS-MS method, whereas the detection of more molecules might be done by altering the HPLC-MS analysis conditions, especially, modifying the composition of the mobile phase, or imposing a concentration gradient during the injection of the sample.

Table 1 .

 1 Evolution of the chromatogram peaks areas and intensity for the studied compounds during the photocatalytic process.

	Time	m/z	Peak area	Peak intensity
	[min]		(u.a)	(u.a x10 6 )
		284	6.1x10 8	38.0
	30	270 256	1.7x10 8 3.0x10 7	26.0 3.80
		242	3.6x10 6	0.70
		284	4.9x10 8	36.0
	45	270 256	1.8x10 8 4.2x10 7	16.0 5.25
		242	4.5x10 6	0.65
		284	2.6x10 8	26.0
	60	270 256	1.6x10 8 4.4x10 7	16.0 5.30
		242	5.8x10 6	0.90
		284	1.1x10 8	11.5
	75	270	9.5x10 7	11.0
		256	3.8x10 7	4.40

materials, Figures S4 to S8 and S10).