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Background

➢ AOPs

The oxidation reaction belongs to the whole content of organic chemistry [1]. Concerning advanced oxidation processes (AOPs), also known as deep oxidation technology, they represent a family of organic pollutants treatment technologies that emerged in the early 1980s. These technologies generate free radicals with strong oxidizing ability under various experimental conditions: high temperature, high pressure, electricity, sound, light irradiation or catalyst reaction conditions. The most important of these oxidizing species is the hydroxyl radical also noted • OH (E = 2.80 V) [2,3]. This species is able to oxidize the majority of organic molecules up to the mineralization, namely formation of water and carbon dioxide [4]. According to the presence or absence of irradiation, the process of free radical generation can be divided into photochemical processes and non-photochemical processes. Non-photochemical advanced oxidation processes include ozone (O3) oxidation [5,6], Fenton/Fenton-like oxidation [7,8], electrochemical oxidation [9], catalytic wet oxidation [10,11], ultrasonic oxidation [12], etc.

While photochemical advanced oxidation processes involve UV radiations of O3 [13,14], H2O2 [15], TiO2 [16,17] and photo-Fenton process [18][19][20].

➢ Selective oxidation

Selective oxidations, also known as partial oxidations, refers to a process in which some hydrogen atoms (or carbon atoms) in hydrocarbons and their derivatives react with oxidants, while other hydrogen atoms (or carbon atoms) do not. In these reactions, the chemical-selectivity, regioselectivity, stereo-selectivity and enantio-selectivity can be controlled under relatively mild reaction conditions, and the product can be obtained with the best yield [1]. The selective oxidation of organic compounds is a prominent challenge in the chemical industry [21].

Nitroso compounds are known to be highly valuable chemical intermediates, which are versatile building blocks in polymer, dyes, agrochemicals and pharmaceuticals industries [22].

They can be easily prepared from inexpensive starting material [23]. Among the preparation methods, catalytic oxidation of primary amines appears to be one of the wildly used method with a variety of oxidizing agents [24][25][26]. H2O2 as a milder oxidant is largely used in "green synthesis", since H2O and O2 represent the main reaction products [23,27]. In addition, the less amount of complex mixtures of over-oxidized, non-regio and chemo-selective side products is produced with H2O2 [23]. In the last years, the most popular methodology to prepare nitroso compounds was the transition metal-catalyzed oxidation, with tungstate (W) [23,28], molybdenum (Mo) [22,29], vanadium (V) [29], zirconium (Zr) [30], gold (Au) [31] as metal, in combination with hydrogen peroxide.

Polyoxometalates (POMs) are a class of inorganic, anionic, nanometer size metal-oxide cluster compounds with great variety in charge and framework structure [32]. POMs as an excellent catalyst wildly used in organic selective oxidation and water depollution attracted more and more attention this decade.

Decatungstate (W10O32 4-) is one kind of the isopolyoxometalates, which has an octahedral structure. Due to the promising photocatalytic activity, the W10O32 4-was chosen as the catalyst in organic synthesis and water depollution [33]. The illumination of W10O32 4-under UV light (ranged at 300-400 nm), leads to the formation of excited state of decatungstate (W10O32 4-* ) that has an oxygen-to-metal charge transfer (LMCT) character. This character can be highlighted by nano-and microsecond laser flash photolysis experiments [33]. W10O32 4-* as the primary LMCT excited state, was formed upon absorption of a UV photon, which was demonstrated by the picosecond flash excitation experiments [34]. In addition, this excited species can survive within 30 ps in both aerated and deaerated acetonitrile and aqueous solution, then can decay to an extremely reactive non-emissive transient (a dark state tagged wO), which has a lifetime τwO of 65 ± 5 ns in the case of sodium decatungstate. Its formation quantum yield ΦwO is evaluated to 0.57 [35]. The reaction between wO and appropriate hydrogen or/and electron donor leads to the formation of the one electron reduced form of decatungstate W10O32 5-that absorbs in the visible region with a maximum at 778 nm. The reduction of molecular oxygen to superoxide anion by such species is an efficient process that permits the regeneration of the starting catalyst, W10O32 4-.

The two main fields where decatungstate salts (ammonium, potassium, sodium, etc.) were used upon solar light absorption are (i) synthesis (formation of C-C, C-N, or C-O bonds, photooxidations) and (ii) water depollution [33].

Objective

This thesis is a high-level university Ph.D program which subsidized by the China Scholarship Council and carried out under the supervision of Prof. Gilles Mailhot and Mohamed Sarakha from the photochemistry group of the Insititut de Chimie de Clemont Ferrand (ICCF, UMR 6296 CNRS/UCA) at the Université Clermont Auvergne, France.

According to the above-mentioned background, the aim of this study is to investigate the catalytic application of decatungstate in photo-degradation and selective oxidation. The specific details of the goals can be divided into the following: ⅰ) to improve the photocatalytic efficiency of sodium decatungstate by adding hydrogen peroxide (H2O2) and persulfate (PS) ⅰⅰ) to prepare heterogeneous decatungstate-magnetite complex iii) to selectively oxidize aromatic amine compounds with this new material in the presence of H2O2.

Thesis organization

The present work has been organized as follows:

Chapter 1 is the present chapter Chapter 2 brings a comprehensive literature review on ⅰ) The laws of photochemistry, the generation of excited states, the law of electronic transitions and the process of annihilation of excited states; ⅰⅰ) Current consumption status, environmental chemistry process and harm of antibiotic;

ⅰⅰⅰ) The concepts of reactive oxygen species (ROS) involved in AOPs; the photochemistry process based on typical homogeneous and heterogeneous AOPs; the advantages and limitations of photocatalytic process.

ⅳ) The concept of structure, redox activity and photochemistry of POMs, the application of the POMs as catalysts.

ⅴ) The structure of decatungstate, mechanistic aspects of decatungstate photoexcitation and the application of decatungstate.

Chapter 3 describe the detailed experimental methods adopted in this thesis.

Chapter 4 exhibits the results and discussion, which is separated as follows:

Manuscript 1: This section is dedicated to the description of the enhancement of the photocatalytic activity of sodium decatungstate, for the oxidation of sulfasalazine/sulfapyridine in the presence of hydrogen peroxide.

Manuscript 2:

In this section, simultaneous reduction of persulfate and oxidation of organic pollutants was investigated with decatungstate as a photocatalyst.

Manuscript 3:

In this section, innovative decatungstate/magnetite/H2O2 ternary catalytic system was synthesized and applied to selective oxidation of aromatic amine compounds.

Manuscript 4:

In this section, Tetrabutyl-n-ammonium decatungstate (TBADT) supported on magnetite nanoparticles was prepared as a novel magnetically nano-catalyst (M-T) to selectively oxidize aromatic amine compounds in the presence of H2O2.

Finally, a conclusion, as well as some perspectives for possible improvement of the work are provided. https://doi.org/10.1021/ic00122a021.

[35] I. Texier, J.A. Delaire, C. Giannotti, Reactivity of the charge transfer excited state of sodium decatungstate at the nanosecond time scale, Phys. Chem. Chem. Phys. 2 (2000) 1205-1212. https://doi.org/10.1039/A908588B.

Photochemistry

Photochemistry is a field of science that may be presented with two connected meanings:

-C. H. Wells defined that "photochemistry studies chemical behaviors and physical processes experienced by molecules that absorb ultraviolet or visible light [1]". -N. J. Turro believed that "photochemistry studies the chemical behavior and physical processes of electronically excited molecules [2]". Thus, photochemistry is then concerned with all the possible reactions that are initiated by the absorption of suitable radiations in the UV and visible regions of the spectrum and that lead to the generation of the electronically excited molecules. It played and still playing a very important role in our life with the sun as the central unit: photobiology (photosynthesis, phototaxis, vision) [3,4]. Owing to its greater efficiency and selectivity, photochemistry has also been used in a variety of applications in science and technology: photosynthesis, photoinitiation of polymerization, lithoprinting, photochromic materials [5][6][7][8][9]. Moreover, several processes that may result from the absorption of radiations in the UV and visible regions, more commonly called photophysical processes such as fluorescence and phosphorescence have also found several applications in technology field [5,[10][11][12][13]. Photochemistry may also play a major role in the environment. It is deeply involved in the majority of the reactions in the atmosphere, natural surface waters and to a lesser extent in soils [14][15][16][17][18]. Such reactions contribute in a harmonious way to the equilibrium of our planet. Such aspect of photochemistry has then positively been used by taking advantage of its versatility to study the fate of organic pollutants in natural waters [19,20] and also to decontaminate polluted waters up the total mineralization by employing specific and suitable techniques [21][22][23]. The use of solar light for such benefits appears to be a challenging topic.

The available energy in sunlight can initiate photochemistry reactions in almost all the environmental media. It is considered as a polychromatic electromagnetic wave with a composition of terrestrial sunlight from 250 to 2500 nm (Fig. 2-1). The wavelengths within the range 300-400 nm correspond to energies that can be considered adequate to break many type of chemicals bonds. The high flux of photons in this wavelength range is another parameter that can be considered important from the reaction rate point of view. Moreover, photochemical reactions been classified into two different aspects: direct photoreactions and indirect photoreactions. In the former case, the substrate of interest directly absorbs the solar light and undergoes photochemical reactions while in the last case, a substance other than the substrate of interest absorbs solar light leading to highly reactive species (oxidant or reductant). These generated species react in their turn with the desired substrate leading to its degradation. In the case where the reactive species is formed in a continuous manner (photocatalysis process), the process may go on a sufficiently high efficiency till the mineralization of the contaminated aqueous solution.

The law of photochemistry

The principle of photochemical activation (Grotthus Draper's law) -a photochemical reaction can occur only after the radiation absorbed by a molecule. The law of actinic equivalence (Einstein-Stark law) -the number of activated molecules or atoms is equal to the quantum number of lights absorbed. The energy of a photon is given by the equation (2-1):

E = h (2-1)
Where h is Planck's constant (h = 6.62610 -34 J s -1 ) and  (cm -1 ) is the frequency of the radiation.

Fig. 2-1

The solar radiation spectrum. Extracted from:

Light-matter interaction

When the light interacts with a substrate, there is a reduction of the incident photonic flux (Io). Such reduction can be explained by various phenomena of diffusion (Id) and absorption (Ia) (Fig. 2-2). It represents the transmitted intensity as given in equation (2-2):

Io = Ia + Id + It (2-2)
When using solutions, the diffusion process is generally neglected and thus, the absorbance at a given wavelength, A, may be defined with Beer Lambert law, which is shown by the equation Electron transitions between different energy levels occur, when a molecule absorbs a certain energy of light radiation. Usually, two atomic orbitals can be linearly combined into two molecular orbitals. One of the molecular orbitals (MO) called the bonded molecular orbital has a lower energy than the atomic orbitals that compose it. The other molecular orbital has higher energy than the atomic orbitals that compose it. We call it the anti-bond molecular orbital and mark it with "*". Taking the H atom as an example, the molecular orbital theory can be visually shown in Fig. 234. According to the calculation results of molecular orbital theory, the order of the energy levels of molecular orbitals is shown in Fig. 2345. When the molecule is irradiated with light of the appropriate wavelength and thus appropriate energy, the electrons on the low-energy bonding σ, π orbitals and n orbitals will transfer to the anti-bonding π*, σ* orbitals, which may produce σ → σ*, π → π *, n → π*, n → σ* and σ → π* and π → σ* six electronic transition modes. Thus, the absorption of photon in the UV-visible region (220 -800 nm) by a molecule leads to a new electronic distribution since several combinations are possible permitting the formation of various excited states (singlet and/or triplet). Moreover, the efficiency of the absorption is characterized by the molar absorption coefficient which depends on the molecular structure and on the involved electronic transition. As a matter of fact, the absorption is deeply dependent on a molecular pattern named chromophores that consist on a specific arrangement of bonds and atoms. Fig. 2345. Different transitions between the bonding and anti-bonding electronic states [24].

Deactivation of electronic excited state

After excitation, the return to the energetic equilibrium of an excited molecule can be obtained by degradation of the molecule (photochemistry) or return to the ground state (stable state) via the emission of photons leading to fluorescence (singlet excited state to singlet ground state) or phosphorescence processes (triplet excited state to singlet ground state) or internal energy conversion. Studying the behaviour of a molecule is thus equivalent to studying the chemical behaviour and the different ways of deactivation of its excited states since the deactivation can occur in a physical and a chemical process. The various pathways of deactivation or decay of excited state molecules can be summarized with the following scheme (Scheme 2-1) and Jablonski diagram (Fig. 23456). 

Antibiotic contamination

In 1928, Alexander Fleming discovered penicillin, which is the first time of discovery of antibiotics. These products represent one kind of antimicrobial substance that produced by microorganisms (including bacteria, fungi, actinomycetes) or higher animals and plants during their lives [25].

Antibiotics were extensively used during the second world war for treating injured soldiers.

Thousands of infected people have been cured, but the widespread use of antibiotics has also brought new problems, such as environmental pollution [26][27][28]. Various antibiotics have been reported in different environmental compartments, such as waste waters from treatment plants (WWTPs) [29][30][31], livestock farms [32,33], river waters and sediments [31,[34][35][36] and soils [37,38]. For example, the antibiotics were widely present in the main rivers of Hong Kong. The Ofloxacin was the most frequently detected in the rivers, with a detection rate of 69.6% and a median concentration of 0.7 ng L -1 but also Sulfadimidine (concentration up to 580.4 ng L -1 ) and doxycycline (concentration up to 82.2 ng L -1 ), with detection frequencies of 65.2% and 30.4% respectively [35].

Current status of antibiotic consumption

Antibiotics are mainly used in the prevention and treatment of human, livestock diseases, agricultural diseases prevention and control, and aquaculture [39][40][41]. E. Y. Klein, et.al analyzed the trends and drivers of antibiotic consumption from 2000 to 2015 in 76 countries and projected total global antibiotic consumption through 2030 [42]. This study indicated that global antibiotic consumption increased by 65% between 2000 and 2015, from 21.1 to 34.8 billion DDDs (The defined daily dose (DDD)), while the antibiotic consumption rate increased of 39% from 11.3 to 15.7 DDDs per 1,000 inhabitants per day over the study period. They estimated that the global antibiotic consumption in 2030 would increase from 32% to 55.6 billion DDDs.

In addition, As the most populated country in the world, China is the largest producer and user of antibiotics in the world [43,44]. The total consumption of antibiotics in this country represents 162,000 tons in 2013 [45,46]. Q. Zhang, et.al systematically studied the national consumption, emissions and multimedia fate of 36 frequently detected antibiotics [46]. They conclude that the total usage for the 36 chemicals was 92700 tons in 2013, an estimated 54000 tons of the antibiotics was excreted by human and animals, and eventually 53800 tons of them entered into the receiving environment following various wastewater treatments

Antibiotics in the environment

The World Health Organization (WHO) has established a special Alliance for the Prudent Use of Antibiotics (APUA) in order to regulate the use of antibiotics. The abuse of antibiotics can generate many problems such as, threatening human health and causing environmental pollution. The routes of antibiotic entering the environment and transmission of antibiotics are shown in Fig. 234567. Antibiotics contaminations mainly have main three sources, such as human and animal excrements, hospital medical wastewater and wastewater produced by pharmaceutical industries.

The excess antibiotics are excreted with excrement, which is due to humans and animals can not completely metabolize antibiotics [47,[START_REF] Lee | Risk assessment of human antibiotics in Korean aquatic environment[END_REF]. The antibiotics mainly exist in hospital domestic wastewater and the water that used to clean the medical equipments [START_REF] Al-Maadheed | Antibiotics in hospital effluent and domestic wastewater treatment plants in Doha, Qatar[END_REF][START_REF] Ngigi | Occurrence of antibiotics residues in hospital wastewater, wastewater treatment plant, and in surface water in Nairobi County, Kenya[END_REF]. Moreover, the wastewater produced by antibiotics pharmaceutical factory is known to contain high concentrations of antibiotics [START_REF] Larsson | Effluent from drug manufactures contains extremely high levels of pharmaceuticals[END_REF][START_REF] Cardoso | Factory-discharged pharmaceuticals could be a relevant source of aquatic environment contamination: review of evidence and need for knowledge[END_REF].

➢ Residual antibiotics enter the environment with the effluent discharged by WWTPs

First, the wastewaters from hospital, pharmaceutical industry and domestic uses will be transferred to the waste water treatment plants (WWTPs) in order to reduce the amount of the antibiotics to a safe level [START_REF] Bouki | Detection and fate of antibiotic resistant bacteria in wastewater treatment plants: A review[END_REF][START_REF] Chen | Occurrence and fate of antibiotics, antimicrobial resistance determinants and potential human pathogens in a wastewater treatment plant and their effects on receiving waters in Nanjing, China[END_REF][START_REF] Brown | Occurrence of antibiotics in hospital, residential, and dairy effluent, municipal wastewater, and the Rio Grande in New Mexico[END_REF]. Since most sewage treatment plants currently use biodegradation processes, and antibiotics have an inhibitory effect on microorganisms in water, it is difficult for antibiotic wastewaters to be 100% degraded. The antibiotics enter the environment with the effluent from the WWTPs. Hence, the presence of antibiotics in effluent of WWTPs is often reported [START_REF] Aubertheau | Impact of wastewater treatment plant discharge on the contamination of river biofilms by pharmaceuticals and antibiotic resistance[END_REF][START_REF] Miao | Occurrence of Antimicrobials in the Final Effluents of Wastewater Treatment Plants in Canada[END_REF].

➢ Antibiotics enter the environment through manuring and aquaculture

Due to the improvement of the economic level, livestock and aquaculture have been developed tremendously. Hence, antibiotics are often added to animal feed, such as chicken feed and fish feed, as growth regulators to prevent and treat common diseases to obtain maximum economic benefits [START_REF] Gonzalez Ronquillo | Antibiotic and synthetic growth promoters in animal diets: Review of impact and analytical methods[END_REF].

For the livestock, antibiotics that cannot be completely metabolized are exctreted from the body with animal excrement [START_REF] Chen | Microbiological Safety of Chicken Litter or Chicken Litter-Based Organic Fertilizers: A Review[END_REF]. Since the residual antibiotics cannot be totally degraded in the process of sterilization, they enter soil environment after manuring with this organic fertilizer. In the case of aquaculture, the antibiotics inserted in the feed could be dissolved in the water which represents the possibility of the antibiotic to enter water environment [START_REF] Choi | Antibiotics in coastal aquaculture waters: Occurrence and elimination efficiency in oxidative water treatment processes[END_REF][START_REF] Aly | Antimicrobials use in aquaculture and their public health impact[END_REF],

shown in Fig. 234567. In addition, antibiotics in water and soil will transfer via irrigation, leaching and erosion processes [START_REF] Kemper | Veterinary antibiotics in the aquatic and terrestrial environment[END_REF].

Moreover, we can be aware of the fact that antibiotics entering the environment will reach the human body again through the drinking water and food chain [START_REF] Carman | Antibiotics in the human food chain: Establishing no effect levels of tetracycline, neomycin, and erythromycin using a chemostat model of the human colonic microflora[END_REF][START_REF] Arshad | Chapter 9 -Antibiotics, AMRs, and ARGs: fate in the environment[END_REF]. Like persistent organic pollution and heavy metal pollutants, antibiotics have a bioaccumulation effect [START_REF] Liu | Bioaccumulation and tissue distribution of antibiotics in wild marine fish from Laizhou Bay, North China[END_REF][START_REF] Schafhauser | Global review and analysis of erythromycin in the environment: Occurrence, bioaccumulation and antibiotic resistance hazards[END_REF]. 

The hazards of antibiotic contamination

The hazards of abuse of antibiotics are mainly reflected in the following three aspects: aggravating resistance, threatening human life and health, and endangering the environment.

➢ Aggravating antibiotic resistance

The long-term and large-scale use of antibiotics will produce antibiotic resistance. It can cause that the antibiotics are not available for killing some bacteria. For example, super antibiotic resistance bacteria appear on the environment and are be very dramatic like operating table [START_REF] Yoneyama | Antibiotic Resistance in Bacteria and Its Future for Novel Antibiotic Development[END_REF][START_REF] Wang | Occurrence of super antibiotic resistance genes in the downstream of the Yangtze River in China: Prevalence and antibiotic resistance profiles[END_REF].

➢ Threatening life and health

The abuse of antibiotics can cause malignancy, vomiting, liver and kidney failure, allergies, and adverse reactions caused by drug interactions, as well as carcinogenic, teratogenic, and mutagenic side effects [START_REF] Lach | Antibiotics in the Environment as one of the Barriers to Sustainable Development[END_REF].

➢ Endangering the environment

The hazards of antibiotics to the environment are mainly reflected in the transmission and enrichment through the food chain, which can have side effect on human health at the end, and the impact on microorganisms in soil and water, for example, tetracycline is toxic to algae, mainly reflected in the ability of tetracycline to inhibit the protein and chlorophyll of algae [START_REF] Yang | Toxicity studies of tetracycline on Microcystis aeruginosa and Selenastrum capricornutum[END_REF].

Advanced oxidation processes (AOPs)

Advanced oxidation processes (AOPs), also known as deep oxidation technology, represent an organic pollutant treatment technology that emerged in the 1980s. The concept of AOPs was established by Glaze et al who defined AOPs as processes involving the generation of highly reactive oxidizing species able to attack and degrade organic substances [START_REF] Glaze | Drinking-water treatment with ozone[END_REF][START_REF] Glaze | The chemistry of water treatment processes involving ozone, hydrogen peroxide and ultraviolet radiation[END_REF]. This technology generates free radicals with strong oxidizing ability under high temperature, high pressure, electricity, sound, light irradiation or catalyst reaction conditions, the most important of radicals is • OH (E = 2.80 V) [START_REF] Haag | Photo-sensitized oxidation in natural water via • OH radicals[END_REF][START_REF] Kurniawan | Radicals-catalyzed oxidation reactions for degradation of recalcitrant compounds from landfill leachate[END_REF]. This species is able to degrade the majority of organic molecules up to the mineralization, leading namely to the formation of water and carbon dioxide [START_REF] Peller | Sonolysis of 2,4-Dichlorophenoxyacetic Acid in Aqueous Solutions. Evidence for • OH-Radical-Mediated Degradation[END_REF].

According to the presence or absence of irradiation, the process of free radical generation can be divided into photochemical processes and non-photochemical processes. Nonphotochemical advanced oxidation processes include ozone (O3) oxidation [START_REF] Zhu | Heterogeneous catalysis of ozone using ordered mesoporous Fe3O4 for degradation of atrazine[END_REF][START_REF] Snyder | Ozone Oxidation of Endocrine Disruptors and Pharmaceuticals in Surface Water and Wastewater[END_REF],

Fenton/Fenton-like oxidation [START_REF] Liu | Fenton/Fenton-like processes with in-situ production of hydrogen peroxide/hydroxyl radical for degradation of emerging contaminants: advances and prospects[END_REF][START_REF] Esteves | Treatment of highstrength olive mill wastewater by combined Fenton-like oxidation and coagulation/flocculation[END_REF], electrochemical oxidation [START_REF] Martí Nez-Huitle | Electrochemical oxidation of organic pollutants for wastewater treatment[END_REF], catalytic wet oxidation [START_REF] Rueda Má Rquez | Application of Catalytic Wet Peroxide Oxidation for Industrial and Urban Wastewater Treatment: A Review[END_REF][START_REF] Xing | Efficient degradation of organic phosphorus in glyphosate wastewater by catalytic wet oxidation using modified activated carbon as a catalyst[END_REF], ultrasonic oxidation [START_REF] Zhang | Ultrasonic extraction and oxidation characteristics of functional groups during coal spontaneous combustion[END_REF], etc. While photochemical advanced oxidation processes include UV/O3 [START_REF] Wang | Degradation of clofibric acid by UV, O3 and UV/O3 processes: Performance comparison and degradation pathways[END_REF][START_REF] Yao | Pilot-scale evaluation of micropollutant abatements by conventional ozonation, UV/O3, and an electro-peroxone process[END_REF], UV/H2O2 [START_REF] Lee | Benzophenone-3 degradation via UV/H2O2 and UV/persulfate reactions[END_REF][START_REF] Zhang | Impact of Chloride Ions on UV/H2O2 and UV/Persulfate Advanced Oxidation Processes[END_REF], UV/TiO2 [START_REF] Al-Mamun | Photocatalytic activity improvement and application of UV-TiO2 photocatalysis in textile wastewater treatment: A review[END_REF][START_REF] Wu | Removal of sulfonamides from wastewater in the UV/TiO2 system: effects of pH and salinity on photodegradation and mineralization[END_REF] and photo-Fenton process [START_REF] Ahmed | Efficient inactivation of antibiotic resistant bacteria and antibiotic resistance genes by photo-Fenton process under visible LED light and neutral pH[END_REF][START_REF] Han | Oxidation of tetracycline and oxytetracycline for the photo-Fenton process: Their transformation products and toxicity assessment[END_REF][START_REF] Mosteo | Visible light plays a significant role during bacterial inactivation by the photo-fenton process, even at sub-critical light intensities[END_REF].

In addition, generation of sulfate radicals (SO4 •-) to this set of process is attracting more and more attentions [START_REF] Tang | Enhanced activation process of persulfate by mesoporous carbon for degradation of aqueous organic pollutants: Electron transfer mechanism[END_REF][START_REF] Wang | Enhanced catalytic sulfamethoxazole degradation via peroxymonosulfate activation over amorphous CoSx@ SiO2 nanocages derived from ZIF-67[END_REF][START_REF] Liu | Enhanced degradation of organic water pollutants by photocatalytic in-situ activation of sulfate based on Z-scheme g-C3N4/BiPO4[END_REF].

The typical mechanisms of reaction between • OH with organic pollutants are: a) Hydrogen abstraction reaction between hydroxyl radicals and organic pollutants, H2O and corresponding organic radical are producing in this reaction. b) addition of • OH. c) electron transfer from organic pollutants to • OH.

The typical mechanism for sulfate radicals (SO4 •-) attack the organic pollutants is due to the lone pair of electrons of sulfate radicals (SO4 •-). The radical chain reaction is similar to the

• OH.
AOPs are used to treat organic matter, especially non-biodegradable organic matter, such as organic dyes, antibiotics, pesticides, and landfill leachate. The main advantages of AOPs are as follows: high degradation efficiency, non-selectivity and low price. More and more people are using these processes or combining several AOPs technologies to achieve higher degradation efficiency.

Photocatalysis processes

The principle of photocatalysis is based on the oxidation-reduction ability of photocatalysts under light radiation, which can achieve the purposes of degradation of pollutants, substance synthesis and transformation. Under normal circumstances, photocatalytic oxidation reactions use semiconductors as catalysts and light as energy to degrade organic matter into carbon dioxide and water [START_REF] Nayna | 13 -Application of Semiconductor Nanoparticles for Removal of Organic Pollutants or Dyes From Wastewater[END_REF]. The photocatalysis process can be divided to homogeneous and heterogeneous photocatalysis process, according to the solubility of the catalyst in the aqueous solution.

AOPs based on homogeneous photocatalytic degradation

Homogeneous photocatalysis consists of a soluble molecular catalyst including a lightabsorbing system (photosensitizer), catalytic sites for oxidation, and reduction processes, all in a single form (solution) [START_REF] Tahir | Chapter 5 -Nanomaterials for photocatalysis[END_REF]. Typical homogeneous photocatalysis processes include photo-Fenton reaction, UV/H2O2 process and O3/UV process, etc.

➢ Photo-Fenton reaction

The chemical oxidation based on iron plays an important role in the advanced oxidation processes (AOPs), and occupies an important position [START_REF] Hou | A critical review on the mechanisms of persulfate activation by iron-based materials: Clarifying some ambiguity and controversies[END_REF][START_REF] Luo | Application of iron-based materials in heterogeneous advanced oxidation processes for wastewater treatment: A review[END_REF][START_REF] Vilardi | Fenton oxidation and chromium recovery from tannery wastewater by means of iron-based coated biomass as heterogeneous catalyst in fixed-bed columns[END_REF]. Well known, iron element is one of the most common elements in the crust, which can be found in different media and forms.

For example, it widely presents in natural waters. Moreover, it is reported that the iron has been tested in rivers, lakes and even in the fog water and rain water [START_REF] Wu | Application of Fe(III)-EDDS complex in advanced oxidation processes : 4-terbutylphenol degradation[END_REF]. Therefore, the effective application of iron in AOPs will be an important development direction for the future wastewater treatment. About 110 years ago, chemist Mr. H.J.H Fenton discovered that the solution mixed with Fenton reagent (namely Fe(Ⅱ) and H2O2) had strong oxidation capacity, which could oxidize many kinds of organic compounds and efficiently mineralize them to CO2, H2O2 and inorganic compounds [START_REF] Wu | Application of Fe(III)-EDDS complex in advanced oxidation processes : 4-terbutylphenol degradation[END_REF][START_REF] Barbusiński | Henry John Horstman Fenton -short biography and brief history of Fenton reagent discovery[END_REF]. But it would not attract attention of researchers in that moment until in the 1970s and 1980s. Fenton reaction was used in the degradation of refractory organic pollutants, such as pesticides, antibiotics, dyes, etc [START_REF] Fallmann | Applicability of the Photo-Fenton method for treating water containing pesticides[END_REF][START_REF] Fu | Degradation of azo dyes using insitu Fenton reaction incorporated into H2O2-producing microbial fuel cell[END_REF][START_REF] Huston | Degradation of selected pesticide active ingredients and commercial formulations in water by the photo-assisted Fenton reaction[END_REF][START_REF] Jain | Treatment of organic pollutants by homogeneous and heterogeneous Fenton reaction processes[END_REF][START_REF] Mackul'ak | Utilization of Fenton-like reaction for antibiotics and resistant bacteria elimination in different parts of WWTP[END_REF]. The chain reaction in Fenton process is shown in following equations [START_REF] Wu | Application of Fe(III)-EDDS complex in advanced oxidation processes : 4-terbutylphenol degradation[END_REF]:

Fe 2+ + H2O2 → Fe 3+ + • OH + OH - (2-5) Fe 3+ + H2O2 → Fe 2+ + • OOH + H + (2-6) Fe 2+ + • OOH → Fe 3+ + H2O - (2-7) Fe 3+ + • OOH → Fe 2+ + H + +O2 (2-8) • OH +H2O2 → • OOH + H2O (2-9) Fe 2+ + • OH → Fe 3+ + OH - (2-10)
Moreover, iron (Fe) as a photoreactive species is widely used in photodegradation due to that it can produce some reactive oxygen species (ROS), such as • OH, • OOH and O2 •-radicals through direct or indirect photochemical reactions. As well known, these oxidizing active radicals are the key species for the degradation of pollutants. The iron hydroxyl complex is the main species when ferric iron (Fe 3+ ) is dissolved into water in the pH of range of 2.5 -5.0, and this main form of dissolved Fe 3+ can generate hydroxyl radical ( • OH) through its photolysis.

The process is shown in equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11):

Fe (Ⅲ) (OH) 2+ h → Fe 2+ + • OH (2-11)
The quantum yield of its photolysis is reportedly at around 0.075 at 360 nm UV light [START_REF] Benkelberg | Photodecomposition of iron (III) hydroxo and sulfato complexes in aqueous solution: wavelength dependence of OH and SO 4quantum yields[END_REF],

while Lee reported that the quantum yield of its photolysis is reportedly at around 0.065 at 254 nm [START_REF] Lee | Temperature dependence of hydroxyl radical formation in the hv/Fe 3+ /H2O2 and Fe 3+ /H2O2 systems[END_REF]. These studies show that the quantum yield is low. Shown in above equation (2-6), the ferrous ion (Fe(Ⅱ)) was generated by the photo reduction process, then it can be oxidized and regenerate Fe(Ⅲ) by oxygen in the solution. Therefore, the Fe(Ⅲ)/Fe(Ⅱ) redox cycle will continuously generate oxidation free radicals ( • OH) in the solution, and these free radicals will unselectively attack the organic pollutants in water.

In the 1990s, according to the mechanism of Fenton reaction and photolysis of Fe(Ⅲ), researchers combined UV/Fe(Ⅲ) and H2O2 to form a higher oxidation efficient technology, named photo-Fenton reaction, it was efficiently applied in the removal of organic pollutants.

➢ UV/H2O2 Process

In 1818, L.J. Rhenard discovered that hydrogen peroxide (H2O2) was generated before water when water-based inorganic and organic matter oxidize, or when the organism breathes oxygen [START_REF] Thénard | Observations sur les combinations nouvelle entre l'oxygen et divers acides[END_REF]. H2O2 is a strong oxidant and is generally used in medical, leather, textile, organic synthesis and rocket propulsion. For example, 3% H2O2 solution can be used to disinfect wounds. 10% H2O2 solution can be used as a bleaching agent and deodorant for textiles and leather. H2O2 is easily available, cheap and easy to transport, and the product in the use process is water, so it is called a green oxidant. And the hydroxyl radicals ( • OH) are produced in the decomposition process have strong oxidizing properties, so H2O2 is mostly used in the treatment of organic wastewater by AOPs.

The UV/H2O2 system consists of adding hydrogen peroxide (H2O2) in the presence of UV light to generate hydroxyl radicals ( • OH) through the homolytic bond scission [START_REF] Lee | Benzophenone-3 degradation via UV/H2O2 and UV/persulfate reactions[END_REF][START_REF] Zhang | Impact of Chloride Ions on UV/H2O2 and UV/Persulfate Advanced Oxidation Processes[END_REF][START_REF] Radjenovic | Effect of UV and UV/H2O2 in the presence of chloramines on NDMA formation potential of tramadol[END_REF]. The main advantage of using UV/H2O2 for water and wastewater systems resides in the fact that UV radiation can work simultaneously as a disinfectant, by physically inactivating microorganisms, and helping in the photolysis of peroxide, breaking it into the highly reactive hydroxyl radicals

( • OH).
The photochemical advanced oxidation process using UV light and hydrogen peroxide is a quite well-established technology for water and wastewater treatment. This process relies on the production of an effective oxidant, the hydroxyl radical ( • OH), through the irradiation of the hydrogen peroxide with ultraviolet (UV) radiation. The process is shown in equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12):

H2O2 h → 2 • OH (2-12)
➢ O3/UV process Ozone (O3) is an allotrope of oxygen (O2). O3 is a colorless gas with a special smell at room temperature. As a strong oxidant, ozone has been successfully used to disinfect and decompose dissolved organic compounds [START_REF] Zhu | Heterogeneous catalysis of ozone using ordered mesoporous Fe3O4 for degradation of atrazine[END_REF][START_REF] Snyder | Ozone Oxidation of Endocrine Disruptors and Pharmaceuticals in Surface Water and Wastewater[END_REF]. Ozone can oxidize organics and inorganics in water under any pH conditions. There are two ways for it to interact with organics. One is slow and selective direct oxidation. The second is • OH radicals generated after ozone decomposition, which indirectly reacts with organic matter. The latter has stronger oxidizing ability, which is more rapid and non-selective [START_REF] Haag | Photo-sensitized oxidation in natural water via • OH radicals[END_REF][START_REF] Kurniawan | Radicals-catalyzed oxidation reactions for degradation of recalcitrant compounds from landfill leachate[END_REF].

The decomposition of the ozone solution in pure water is caused by OH -. The reaction leads to the generation of free radicals-free radicals or free radicals-solute reactions. [START_REF] Pi | Decomposition of aqueous ozone in the presence of aromatic organic solutes[END_REF][START_REF] Tomiyasu | Kinetics and mechanism of ozone decomposition in basic aqueous solution[END_REF].

The reaction process is expressed as follows equations:

O3 + OH -→ HO2 -+ O2 (2-13) O3 + HO2 -→ • OH + O2 •-+ O2 (2-14)
The above reactions do not have a significant effect when oxidizing organics with complex structures [START_REF] Pi | Decomposition of aqueous ozone in the presence of aromatic organic solutes[END_REF]. The target organics are difficult to completely degrade, especially under low pH conditions. Therefore, ozone is often used in combination with other technologies. O3/UV process is the process of further accelerating ozone decomposition through ultraviolet radiation.

In the water phase, O3 photolysis produces H2O2 as the main product. Then it can be directly photodegraded into • OH radicals, and the radicals can react with O3 aqueous solution to generate • O2H radicals, as shown below:

O3 + H2O h → O2 + H2O2 → { + O 3 → HO2 • + O 3 -+ H + h → 2 • OH (2-15)

AOPs based on heterogeneous photocatalytic degradation

Homogeneous photocatalytic systems show high activity and fast catalytic reaction rate in photocatalytic degradation [START_REF] Kitsiou | Heterogeneous and homogeneous photocatalytic degradation of the insecticide imidacloprid in aqueous solutions[END_REF][START_REF] Pouran | A comparative study on a cationic dye removal through homogeneous and heterogeneous Fenton oxidation systems[END_REF]. However, there are many inherent shortcomings, such as catalysts are difficult separation, recovery and reuse, relatively high pH requirements of the reaction system, and quantum yield on the low side [START_REF] Pouran | A comparative study on a cationic dye removal through homogeneous and heterogeneous Fenton oxidation systems[END_REF][START_REF] Moiseev | Catalysis: 2000 Ad1[END_REF][START_REF] Sheldon | Green, catalytic oxidations of alcohols[END_REF].

In most cases, heterogeneous catalysts are better than homogeneous catalysts, because heterogeneous catalysts have strong stability [START_REF] Kim | Recently developed methods to enhance stability of heterogeneous catalysts for conversion of biomass-derived feedstocks[END_REF], are simple and easy to separate and the catalyst can be recycled. Among all semiconductor photocatalyst materials, TiO2 is the most commonly used in heterogeneous catalysis. TiO2 has excellent photocatalytic yield, excellent stability and suitable band edge capabilities [START_REF] Al-Mamun | Photocatalytic activity improvement and application of UV-TiO2 photocatalysis in textile wastewater treatment: A review[END_REF][START_REF] Shiraishi | Selective Photocatalytic Oxidation of Aniline to Nitrosobenzene by Pt Nanoparticles Supported on TiO2 under Visible Light Irradiation[END_REF][START_REF] Fountoulaki | Titania-Supported Gold Nanoparticles Catalyze the Selective Oxidation of Amines into Nitroso Compounds in the Presence of Hydrogen Peroxide[END_REF], shown in Fig. 2345678.

In heterogeneous photocatalysis system (TiO2), the electron transition will occur between energy bands after the electron of semiconductors absorbs light energy greater than its band gap. Subsequently, forming the electron-hole pairs when electrons are excited to the conduction band and holes are generated in the valence band [START_REF] Maeda | Photocatalytic water splitting using semiconductor particles: History and recent developments[END_REF]. The part of electron-hole pairs that migrate to the surface of the semiconductor will separate and take part in the redox reaction respectively [START_REF] Jang | Heterojunction semiconductors: A strategy to develop efficient photocatalytic materials for visible light water splitting[END_REF]. The organic compounds adsorbed on the surface of the semiconductor are oxidized by the valence band holes. In addition, the H2O/OH -are oxidized by the valence band holes as well to produce the hydroxyl radicals ( • OH) [START_REF] Xu | The preparation, characterization, and their photocatalytic activities of rare-earth-doped TiO2 nanoparticles[END_REF]. At the same time, the unmatched electrons quickly combine with oxygen on the semiconductor surface to obtain superoxide radical anion (O2 •-) [START_REF] Thein | The role of ammonia hydroxide in the formation of ZnO hexagonal nanodisks using sol-gel technique and their photocatalytic study[END_REF]. Two highly reactive oxidizing species superoxide radical (O2 •-) and hydroxyl radical ( • OH) in photocatalytic process over TiO2, which non-selectively degrade and mineralize organic pollutants. While the electron and hole recombination (annihilation) occurs when the nuclear power carrier migrates [START_REF] Qian | Charge carrier trapping, recombination and transfer during TiO2 photocatalysis: An overview[END_REF]. There are several factors that may affect the efficiency of the process. One can distinguish four main factors that will be discussed as follows [START_REF] Kumar | A Review on the Factors Affecting the Photocatalytic Degradation of Hazardous Materials[END_REF].

a) Light response range. As we all know, solar radiation energy is mainly distributed in the visible, ultraviolet and infrared regions, 50% of which is in the visible region (400 -760nm), 43% in the infrared region, and 7% in the ultraviolet region. According to Planck's law, the light in the visible and infrared region has a longer wavelength and so the smaller energy. Hence the probability of electron transition is lower.

b) The efficiency of generating photo-generated carriers and quantum yield.

c) The recombination rate of electron-hole pairs and the lifetime of photogenerated carriers.

d)

The ability to overcome the effects of photocorrosion, namely, the stability of the catalyst.

The advantages and limitations of photocatalytic processes

➢ Advantages of photocatalytic oxidation method

(1) The photocatalytic reaction conditions are mild and its oxidation capacity is strong.

(2) The photocatalytic reaction can tolerate a high organic wastewater loading, which means it can treat both dilute and high concentrated organic wastewater.

(3) The photocatalytic reaction can be efficiently applied to oxidize the organic compounds into inorganic small molecules, achieving the goal of wastewater depollution.

(4) The photocatalytic reaction can be used as a deep treatment for the drinking water. It can completely destroy organic compounds and remove all kinds of microorganisms, like bacteria and molds in water, and convert them into H2O and CO2 for discharge.

(5) The photocatalytic reaction is a very clean treatment method, almost no or a small number of substances will be introduced into the system.

(6) The photocatalytic reaction can be used to treat some highly toxic substances, such as cyanide, various organic chelating agents and additives commonly used in electroplating, and achieve harmlessness. (7) The photocatalytic reaction also has broad application for the removal of many inorganic substances, such as CN -, Au(CN) 2-, I -, SCN -, Cr2O7 2-, Hg(CH3)2, Hg 2+ , etc. ➢ Disadvantages of photocatalytic oxidation (1) The absorption range of ultraviolet light is narrow, and the utilization rate of light energy is low. The efficiency of photocatalytic reaction is also limited by the property of the catalyst, ultraviolet wavelength and reactor. Short-wave ultraviolet (wavelength less than 270 nm) is better than long-wave, but short-wave ultraviolet light is more difficult to obtain, expenses and dangerous.

(2) The transmittance of solution can affect the photocatalytic efficiency. While some suspended solids and darker chromaticity in some wastewater, like dyeing wastewater, can decrease the light transmission and cause a low photocatalytic efficiency.

(3) Most of the currently used catalysts are nano-particles in order to get higher degradation efficiency. But these catalysts are difficult to recover from the solution. in addition, the electron-hole pairs are easily recombined and deactivated in a nano scale catalyst.

(4) Some ions in the actual wastewater can react with the free radicals generated in the photocatalytic reaction, which can reduce the efficiency of sewage degradation.

Polyoxometalate

Polyoxometalates (POMs) are a class of inorganic, anionic, nanometer size metal-oxide cluster compounds with great variety in charge and framework structure [START_REF] Chen | Evolutionary metal oxide clusters for novel applications: toward high-density data storage in nonvolatile memories[END_REF]. POMs are produced by condensation and dehydration of simple oxo acid salts under certain pH conditions [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF]. Among them, the isopolyoxometalates are produced by dehydration of one oxo acid salt, and the heteropolyoxometalates are produced by the dehydration of two or more oxo acid salts

The first times description of polyoxometalates (POMs), yellow precipitate formed from a mixture of arsenate and phosphate with molybdic acid, namely the ammonium salt of the anion [PMo12O40] 3-, was done by J. J. Berzelius [START_REF] Berzelius | The preparation of phosphomolybdate ion [PMo12O40]3[END_REF]. Later, two isomers of 12-tungstosilicic acid (namly  and  isomers of [SiW12O40] 4-) were prepared and correctly analyzed by Marignac, which was the first systematic study of polyoxometalates [START_REF] De Marignac | Recherches sur les acides silicotungstiques et note sur la constitution de l'acide tungstique[END_REF].

Fig. 23456789shows that the main elements that can form POMs are concentrated in the early transition metals (V, Nb, Ta, Cr, Mo, W) and certain p-block elements (B, Si, Ge, P, As, Sb, Te, I), usually these POMs can be expressed in a general formula MxOy n-while the other properties rarely have similarities.

Structural characteristics of POMs

In 1892, Blomstrand proposed the structure of phosphomolybdic acid and other poly-acids as a chain or ring configuration [START_REF] Blomstrand | Zur Kenntnis der Doppelsä uren des siebenatomigen Jobs[END_REF]. Alfred Werner, tried to describe the structure of silicotungstic acid, by using the coordination compound ideas of Copaux. He speculated that

[SiO] 4-as a central group were encased by four [RW2O6] + roundly, which linked to the central group via primary valences, while two more R2W2O7 groups were linked to the central group by secondary valences, where R is a unipositive ion [START_REF] Baur | One hundred years of inorganic crystal chemistrya personal view[END_REF].

Due to the development of new synthetic methods and new characterization methods, the tremendous development of POMs chemistry has been promoted, leading to the discovery of a large number of new POMs structures and the development of molecules and composite materials used in different fields [START_REF] Chen | Recent advances of polyoxometalate-catalyzed selective oxidation based on structural classification[END_REF].

In fact, the basic structural units of POMs are mainly MO6 octahedrons or MO4

tetrahedrons. The polyhedrons are connected by co-angle, co-edge or co-planar to produce a large number of different polynomic structures [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF]. Fig. 2 

➢ Keggin structure

Keggin structure is perhaps the most commonly adopted structure which has a diameter of 1.2 nm. As shown in the Fig. 2-10(a) [START_REF] Joo | NEW FUNCTIONALIZED POLYOXOMETALATES (POMs) FOR MOLECULAR MEMORY DEVICES COMPATIBLE WITH A CMOS PROCESSING[END_REF] it is composed of 12 vertices and edge-sharing MO6 octahedra surrounding a central XO4 tetrahedron. Its general formula is [XM12O40] n-, (X = P, Si, Ge. etc. M = W, Mo), for example, PW12O40 3-, SiW12O10 4-and PMo12O40 3-. Pauling took the first step in understanding the structure of polyoxometalates anions in 1929 [START_REF] Pauling | [END_REF]. He proposed that the structure of the 12-tungsto anions were based on a central PO4 or SiO4 tetrahedron surrounded by WO6 octahedra according to the rules he developed for complex ionic crystals.

In 1933, Keggin reported the structure of H3PW12O40• 5H2O (which was much later shown to be the hexahydrate) [START_REF] Keggin | Structure of the Molecule of 12-Phosphotungstic Acid[END_REF]. A year later Signer & Gross demonstrated that H4SiW12O40, H5BW12O40 and H6[H2W12O40] formed hydrates that were isomorphous with Keggin's structure.

➢ Wells-Dawson structure

The second kind of common structure is called Wells-Dawson structure, as shown in the 

➢ Anderson structure

The third kind of common structure is called Anderson structure, as shown in the Fig. 2-10(c). The general formula is [XM6O24] n-, (X = Cr 3+ , Mn 4+ , Co 3+ , Cu 2+ , Zn 2+ Te 4+ and Pt 4+ ; M = Mo, W) [START_REF] Alizadeh | Density functional theory and Hartree-Fock studies: Geometry, vibrational frequencies and electronic properties of Anderson-type heteropolyanion, [XM6O24] n-(X= TeVI, IVII and M= Mo, W) and [SbVW6O24] 7[END_REF].

➢ Waugh structure

The fourth kind of common structure is called Waugh structure, as shown in the Fig. 2-

10(d).

The general formula is [XM9O32] n-, (M = Mo; X = Mn 4+ , Ni 4+ ) [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF].

➢ Silverton structure

The fifth kind of common structure is called Silverton structure, as shown in the Fig. 2-10(e). The general formula is [XMo12O42] 9-, (X = Ce 3+ , Gd 3+ ) [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF]. More specifically, Baker et al. reported the first Silverton-type compound in 1953 with the formula of (NH4)2H6[CeMo12O42]• 12H2O and then this structure was further explored by Silverton et al [START_REF] Dexter | A new structural type for heteropoly anions. The crystal structure of (NH4)2H6(CeMo12O42).12H2O[END_REF]. Subsequently, this configuration was defined as "Silverton" type POM, in which the [CeMo12O42] 8-anion is constructed by six corner-sharing {Mo2O9} groups and a twelvecoordinated Ce 4+ ion.

➢ Lindqvist structure

The sixth kind of common structure is called Lindqvist structure, as shown in the Fig. 2-10(f). The general formula is [M6O19] n-, (M = Mo, W, Nb, Ta) [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF].

Redox activity of POMs

One of the characteristics of POMs is that they can undergo multiple "reversible" multielectron redox reactions, which are reversible in the sense that their structure remains intact [START_REF] Dehghani | Polyoxometalates and Their Composites as Photocatalysts for Organic Pollutants Degradation in Aqueous Media-A Review[END_REF]. Therefore, they can be used as electronic relays and oxygen relays to participate in redox reactions [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF].

As where S = Organic substrate. The best and mildest oxidant is molecular oxygen. Therefore, in a heterogeneous reaction, equation (2-13) mainly carries oxygen from POM to pollutants. While, the lost oxygen is supplemented by atmospheric oxygen or oxygen from other oxidants, shown in equation (2-14) [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF]. In homogeneous photocatalytic reaction, equation (2-13) and equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) are strictly related to the transfer of electrons [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF].

Photochemistry of POMs

The photosensitive properties of polyoxometalates were first discovered by Rindl in 1916 [START_REF] Hill | Photocatalytic and photoredox properties of polyoxometalate systems[END_REF]. Systematic work on the photochemistry and radiation chemistry of POMs began about more than 50 years ago (in the early 1970's). Papaconstantinou was the first person who conducted to detailed study on the photocatalytic process and illustrated that the reduced polyoxometalate can be re-oxidized in the air to form the POM catalytic cycle process [START_REF] Keita | Synthesis of remarkably stabilized metal nanostructures using polyoxometalates[END_REF].

In addition, it turns out that the photocatalytic processes with POMs may be divided, roughly, into two categories: (a) selective and (b) non selective.

As a matter of fact, the ability of POMs to mineralize organic pollutants (to CO2, H2O and inorganic anions) was recognized in 1990s [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF]. Since then, research on POM photocatalytic degradation of organic halides, pesticides and other pollutants in water has been rapidly developed [START_REF] Keita | Synthesis of remarkably stabilized metal nanostructures using polyoxometalates[END_REF].

Fig. 2-12 shows various pathways involved in catalytic and photocatalytic process with

POMs. The whole picture of POMs photocatalysis is introduced, and then the involved photocatalysis process will be discussed in turn as follows [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF]:

There is ample evidence that irradiation with visible light and near-ultraviolet light (into oxygen to metal charge transfer bands (LMCT)) makes POMs powerful oxidant (POMs*, called a soluble anodes) that can oxidize a variety of organic compounds [START_REF] Dolbecq | Polyoxometalate-based materials for efficient solar and visible light harvesting: application to the photocatalytic degradation of azo dyes[END_REF]. The POMs are reduced to colored, generally, blue species in this process, simultaneously. Continuous photolysis leads in further oxidation of the organic compounds with concomitant accumulation of electrons on the POMs [START_REF] Nosaka | Photoinduced reduction of W10O32 4by organic compounds in aqueous solution[END_REF].

The POMs can regenerate from reduced state in solution in presence of a species can accept electrons from POMs, thus, the closing of photocatalytic cycle completes. In addition, the process continues until the substance in the solution cannot accept electrons from the POMs or until the organic substance cannot be further oxidized [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF]. This results, with minor exceptions, in mineralization of organic pollutants.

The photochemistry of POM can be described by the following photocatalytic cycle (Fig.

2-12).

As mentioned earlier, we briefly discuss it here so that we can understand the chemical reactions involved. Path I (Fig. 23456789101112) shows that after mixing POM and S (S = organic substrate), a pre-association complex or pre-association equilibrium is established [START_REF] Walsh | Association of the Dawson-type polyoxometalates with photoactive transition metal monomers and polymers[END_REF]. Path II shows that the exposure of POM under irradiation (visible and near UV light) leads to formation of oxidation species of S (Sox) and reduction species of POM (POM(e -)). The reduced POM can be also produced thermally by various reducing reagents (Path IV). The electrons accumulated on POM can be taken out by various electron acceptors and close the photocatalytic cycle (Path V). In the absence of a strong oxidant (such as, in a deoxygenated solution), the reduced POM appears blue, and it is easy to track the photoreaction by spectrophotometry, as shown in Fig. 

Application of POMs as catalysts

POMs have a wide range of applications in structural chemistry, analytical chemistry, food chemistry, surface science, medicine, electrochemistry, photochemistry and catalysis [START_REF] Zhang | An ultrasensitive sensor based on polyoxometalate and zirconium dioxide nanocomposites hybrids material for simultaneous detection of toxic clenbuterol and ractopamine[END_REF].

Especially in the field of catalysis, more than 80% of the reported patents of POMs are related to catalysis. POMs can become catalytic materials with excellent performance and have many characteristics that traditional catalysts do not have [START_REF] Kang | A Polyoxometalate-Assisted Electrochemical Method for Silicon Nanostructures Preparation: From Quantum Dots to Nanowires[END_REF]. Kind of excellent characteristics, mainly including the following aspects: 1. POMs have a definite and stable structure, which is conducive to the design and synthesis of catalysts at the molecular and atomic levels [START_REF] Huang | Morphology control of highly efficient visible-light driven carbondoped POM photocatalysts[END_REF].

2. POMs have both acidic and oxidizing properties. It can be acid, oxidant or bifunctional catalyst. Under the condition of not changing the anion structure of POMs, by selecting the constituent elements (coordinating atom, central atom and counter ion, etc.), the catalytic performance can be system regulation [START_REF] Wilke | Cation exchange effects on methanol oxidation and dehydration by supported polyoxometalates[END_REF].

3. POMs are soluble in polar solvents and can be used in homogeneous and heterogeneous reaction systems [START_REF] Zhou | Recent advances in polyoxometalate-based heterogeneous catalytic materials for liquid-phase organic transformations[END_REF].

4. POMs Have a unique reaction field. In a solid-phase catalytic reaction, polar molecules can enter the bulk phase of the catalyst and have a "pseudo-liquid phase" behavior that turns the entire bulk phase into a reaction field [START_REF] Wang | Recent advances in polyoxometalate-catalyzed reactions[END_REF].

5. The softness of heteropolyanions. Heteropolyanions are soft bases, as ligands for metal ions or organometals, they have unique coordination capabilities and can stabilize reaction intermediates [START_REF] Kim | Etherification of n-butanol to di-nbutyl ether over HnXW12O40 (XCo 2+ , B 3+ , Si 4+ , and P 5+ ) Keggin heteropolyacid catalysts[END_REF].

By the early part of the twentieth century several hundred "heteropoly" compounds had been prepared and analyzed by many research groups [START_REF]Isopoly and heteropoly compounds: A general chemistry laboratory experiment[END_REF]. Polyoxometalates (POMs) form a large and distinctive class of molecular inorganic compounds of unrivaled electronic versatility and structural variation, that impacts many fields of science and technology, such as chemistry, catalysis, materials science, biology, and medicine. These substances continue to attract increasing attention worldwide [START_REF] Borrá S-Almenar | Polyoxometalate Molecular Science[END_REF].

Decatungstate

Decatungstate (W10O32 4-) is one kind of the isopolyoxometalates, which has an octahedral structure, shown in the Fig. 234567891011121314. Due to the promising photocatalytic activity, the W10O32 4- was chosen as the catalyst in organic synthesis and water depollution [START_REF] Ravelli | Decatungstate Anion for Photocatalyzed "Window Ledge" Reactions[END_REF].

Mechanistic aspects of decatungstate (W10O32 4-) photoexcitation

The decatungstate (W10O32 4-) photoexcitation performance has attracted the attention of many researchers. The UV-Vis spectra and laser transient absorption spectroscopy could be used to characterize decatungstate [START_REF] Ermolenko | Laser flash photolysis study of the mechanism of photooxidation of alkanes catalysed by decatungstate anion[END_REF]. Illumination of W10O32 4-under UV light (ranged at 300-400 nm), leads to the formation of excited state of decatungstate (W10O32 4-* ) that has an oxygen-to-metal charge transfer (LMCT) character. And this character can be highlight by nano-and microsecond laser flash photolysis experiments [START_REF] Ravelli | Decatungstate Anion for Photocatalyzed "Window Ledge" Reactions[END_REF]. W10O32 4-* as the primary LMCT excited state, was formed upon absorption of a UV photon, which was demonstrated by the picosecond flash excitation experiments [START_REF] Duncan | Early-Time Dynamics and Reactivity of Polyoxometalate Excited States. Identification of a Short-Lived LMCT Excited State and a Reactive Long-Lived Charge-Transfer Intermediate following Picosecond Flash Excitation of [W10O32] 4in Acetonitrile[END_REF]. In addition, this excited species can survive for ca. 30 ps in both aerated and deaerated acetonitrile and aqueous solution, then can decay to an extremely reactive non-emissive transient (a dark state tagged wO), which has a lifetime τwO of 65 ± 5 ns in the case of sodium decatungstate and its formation quantum yield ΦwO is 0.57 [START_REF] Texier | Reactivity of the charge transfer excited state of sodium decatungstate at the nanosecond time scale[END_REF]. And this intermediate triplet state is the actual chemically active species and shares an oxyradical-like character ( • wOH), due to the presence of an electron-deficient oxygen center [START_REF] Tanielian | Kinetic and Mechanistic Aspects of Photocatalysis by Polyoxotungstates: A Laser Flash Photolysis, Pulse Radiolysis, and Continuous Photolysis Study[END_REF]. While wO cannot be quenched by O2, so it is claimed as a relaxed state. And the singlet oxygen can neither be produced when initial species (W10O32 4-) nor can it be formed when wO is generated under illumination in O2-saturaed acetonitrile solution [START_REF] Tanielian | Kinetic and Mechanistic Aspects of Photocatalysis by Polyoxotungstates: A Laser Flash Photolysis, Pulse Radiolysis, and Continuous Photolysis Study[END_REF]. Such reaction between wO and appropriate hydrogen or/and electron donor leads to the formation of the one electron reduced form of decatungstate W10O32 5-that absorbs in the visible region with a maximum at 778 nm. The reduction of molecular oxygen to superoxide anion by such species is an efficient process for the regeneration of the starting catalyst, W10O32 4-.

The application of decatungstate

The two main fields where decatungstate salts (ammonium, potassium, sodium, etc.) were used upon solar light absorption are (i) synthesis (formation of C-C, C-N, or C-O bonds, photooxidations) and (ii) depollution [START_REF] Ravelli | Decatungstate Anion for Photocatalyzed "Window Ledge" Reactions[END_REF]. 

Recent works on the application of decatungstate in depollution

Monilari et al. studied [START_REF] Molinari | Degradation of emerging concern contaminants in water by heterogeneous photocatalysis with Na4W10O32[END_REF] the degradation of emerging concern contaminants in water by heterogeneous photocatalysis with Na4W10O32. A new photocatalytic method for removal of atenolol, levofloxacin and trimethoprim (target molecules) from water is proposed. The photoactive species is decatungstate anion both in solution and immobilized on modified silica particles. The degradation process is studied at ambient temperature, atmospheric pressure and at pH values similar to that of natural waters. The • OH radicals was proved as the reactive oxygen species (ROS) in degradation process. The heterogeneous catalyst is stable and can be recycled without a significant loss of efficiency thus opening the possibility of developing new solid materials with interesting photocatalytic performance.

Yang et al. studied [START_REF] Yang | Visible-near-infrared-responsive g-C3N4Hx + reduced decatungstate with excellent performance for photocatalytic removal of petroleum hydrocarbon[END_REF] visible-near-infrared-responsive g-C3N4Hx + reduced decatungstate with excellent performance for photocatalytic removal of petroleum hydrocarbon.

They demonstrated a well-defined visible-near-infrared-responsive g-C3N4Hx + reduced decatungstate charge-transfer salt (RCD-CTS), which possess efficient light-absorption ability graphene with stronger visible-light absorption and more reduced charge combination. Finally, ternary system can be used six times without loss of activity recycling, this revealed that the ternary composite photocatalyst was not only highly efficient but also robust.

Da Silva et al. studied [START_REF] Da Silva | Heterogeneous photocatalytic degradation of pesticides using decatungstate intercalated macroporous layered double hydroxides[END_REF] heterogeneous photocatalytic degradation of pesticides using decatungstate intercalated macroporous layered double hydroxides. Decatungstate W10O32 4- was efficiently intercalated between the layers of three-dimensionally ordered macroporous Mg2Al-layered double hydroxide. The photocatalytic properties of immobilized W10O32 4- within Mg2Al structure were investigated using 2-(1-naphthyl) acetamide (NAD) as a model of pesticide. The influence of different parameters such as amount of catalyst, pH and oxygen concentration were investigated. For example, an optimal NAD degradation was obtained with a photocatalyst concentration of 60 mg L -1 . Under our experimental conditions, this heterogeneous photocatalyst induces photodegradation of 60 % of NAD after 17 h of irradiation at 365 nm and at pH 6.6. Interestingly, pesticide photodegradation leads to the mineralization of substrates to H2O and CO2 and the photocatalyst can be recycled and reused without any loss of activity over four cycles.

Allaoui et al. studied [START_REF] Allaoui | Efficient degradation of methabenzthiazuron photoinduced by decatungstate anion in water: Kinetics and mechanistic studies[END_REF] efficient degradation of methabenzthiazuron photoinduced by decatungstate anion in water: they investigated the elimination of methabenzthiazuron (MBTU) photocatalysed by sodium decatungstate salts in aqueous solution under irradiation at 365 nm.

90% of MBTU (10 -4 M) is mineralised in the presence of the photocatalyst (2×10 -4 M) after 7

days under exposure and the formation of nitrate, sulphate and ammonium confirmed this phenomenon. In aerated conditions, the photodegradation rate of MBTU clearly increased by a factor of 40 when compared to direct photolysis with ΦMBTU = 2.5×10 -2 and t1/2 (MBTU) = 1.4 h. Oxygen appeared essential since 2 times inhibition of MBTU disappearance and the photocatalytic cycle interrupt were observed in the absence of oxygen. Two processes were implied in the degradation: electron transfer and H atom abstraction reactions both involving excited state species. In the primary steps of the degradation, the aromatic ring hydroxylation was observed by electron transfer leading to OH-MBTU isomers and H atom abstraction reaction gave benzthiazuron and a supposed demethylated product. Secondary oxidations permitted the hydroxylation of both products.

Pasti et al. studied [START_REF] Pasti | An advanced oxidation process by photoexcited heterogeneous sodium decatungstate for the degradation of drugs present in aqueous environment[END_REF] an advanced oxidation process by photoexcited heterogeneous sodium decatungstate for the degradation of drugs present in aqueous environment. The ability of decatungstate anion (W10O32 4-) to photoproduce • OH radicals from water is retained when the polyoxoanion is immobilized on solid supports and can be exploited as a heterogeneous photocatalytic process aimed to water remediation. However, they illustrated that interaction between • OH radicals and drug molecules depend on the physical chemical properties of the chosen support. And they demonstrate that silica particles covered by decatungstate anions are not efficient in the degradation of organic compounds at operating pH of 6. On the contrary, entrapment of W10O32 4-inside a mesoporous organosilica matrix leads to a heterogeneous photocatalytic system with proper characteristic of hydrophobicity. Organic molecules enter mesopores and easily leave the aqueous environment. Inside pores, the reaction between photoproduced • OH radicals is favored. Mono-and di-hydroxylated products precede fragmentation and degradation of the investigated drug.

Recent works on the application of decatungstate in selective oxidation

Yang et al. studied [START_REF] Yang | Influence of tetraalkylammonium cations on quality of decatungstate and its photocatalytic property in visible light-triggered selective oxidation of organic compounds by dioxygens[END_REF] the influence of tetraalkylammonium cations on quality of decatungstate and its photocatalytic property in visible light-triggered selective oxidation of organic compounds by O2. Three decatungstates were conveniently synthesized respectively using quaternary ammonium cations of tetramethyl, tetrapropyl and tetrabuthyl as counterions (marked as TMADT, TPADT and TBADT). The photo-catalysis activity of decatungstate anion for these oxidations gradually increases with the shortening of its cationic alkyl chain, which is attributed to the continuous improvement of its quality from TBADT to TMADT. Furthermore, the addition of water and 12 M hydrogen chloride (HCl) solution and especially the mixture of both can markedly promote the decatungstate-photocatalyzed oxidations and such promotion presents an enhancing trend from TBADT to TMADT.

Xie et al. studied [START_REF] Xie | Decatungstate-mediated solar photooxidative cleavage of C=C bonds using air as an oxidant in water[END_REF] decatungstate-mediated solar photooxidative cleavage of C=C bond using air as an oxidant in water. They first report the combination of direct utilization of solar energy, decatungstate as catalyst, air as the oxidant and water as the solvent for the selective cleavage of C=C double bonds in aryl olefins. Various α-methyl styrenes, diaryl alkenes as well as terminal styrenes are well tolerated in this green and sustainable strategy and furnished the desired carbonyl products in satisfactory yields. Like heterogeneous catalysis, this homogeneous catalytic system could also be reused and it retains good activity even after repeating three times. Mechanism investigations indicated that both O2 •-and 1 O2 were involved in the reaction. Based on these results, two possible mechanisms, including the electron transfer pathway and the energy transfer pathway, were proposed. Ravelli et al. studied [START_REF] Ravelli | Site-Selective C-H Functionalization by Decatungstate Anion Photocatalysis: Synergistic Control by Polar and Steric Effects Expands the Reaction Scope[END_REF] site-selective C-H functionalization by decatungstate anion photocatalysis: synergistic control by polar and steric effects expand the reaction scope. The synergistic control of the SH 2 transition states of hydrogen abstraction by polar and steric effects provides a promising strategy in achieving site-selective C(sp3)-H functionalization under decatungstate anion photocatalysis. By using this photocatalytic approach, the C-H bonds of alkanes, alcohols, ethers, ketones, amides, esters, nitriles, and pyridylalkanes were functionalized site-selectively. In the remarkable case of a 2,4-disubstituted cyclohexanone bearing five methyl or five methylene, and three methine C-H bonds, one methine C-H bond in the isoamyl ether was selectively functionalized.

Summery

Hence, in this study, on the premise of fully grasping the basic principles of photochemistry and the basic properties of decatungstate, the decatungstate prepared in the laboratory was used as the photocatalyst, the deep research has been carried out on the catalytic application of deca-tungstate for photodegradation and selective oxidation of organic compounds.

Chemical reagents

Commercial reagents

All the commercial reagents used in the experiments were presented in the Table 3-1. All reagents were used without further purification. Water was purified using a reverse osmosis RIOS 5 and Synergy (Millipore) device (resistivity 18 MΩ cm, DOC < 0.1 mg L -1 ).

Synthetic reagents

Synthesis of sodium decatungstate (NaDT)

The preparation of sodium decatungstate refers to the previous study available [1]. The boiling sodium tungstate solution (50 g of Na2WO42H2O dissolved in 300 mL of ultrapure water) was mixed with 1.0 M boiling hydrochloric acid (300 mL) in a beaker, refluxed for 20 seconds to form a green solution. It was followed by adding 150 g of solid sodium chloride, stirring until the solution has been re-boiled and keeping for 20 seconds, then rapidly putting into the ice-water bath. This suspension solution was maintained in a freezer (-18°C) overnight.

The next day, this suspension solution of NaCl and crude Na4W10O32 was filtered and the solid was dissolved into 150 mL of acetonitrile solution. The acetonitrile solution was refluxed for 5 min at 79°C and filtered to remove the insoluble NaCl after cooling at ambient temperature.

The acetonitrile solution was gently evaporated in hot-water bath (79°C) to obtain the yellowgreen catalyst. 

Synthesis of tetra-n-butylammonium decatungstate (TBADT)

The preparation of tetra-n-butylammonium decatungstate (TBADT) refers to the previous study available [2]. To a boiling sodium tungstate solution (8 g of Na2WO42H2O dissolved in 100 mL of ultrapure water) was added 16.75 mL boiling hydrochloric acid (3.0 M). The temperature was maintained at 95 C for 5 min till the change of the solution color to green.

Then, the addition of an aqueous solution (95 C) of tetra-n-butylammonium bromide (TBABr 6.4 g/10 mL) leads to the immediate formation of a white precipitate. The mixture was kept under stirring at a temperature of 95 C. This suspension solution was then filtered after cooling at ambient temperature. The solid was dissolved into dichloromethane and filtered with the aim to remove the insoluble particles. Finally, the obtained dichloromethane solution was gently evaporated at 38 C to obtain the yellow-green catalyst.

Synthesis of magnetite

Magnetite was prepared by following the procedure reported in the literature [3]. A mixture of 27.03 g FeCl3• 6H2O and 19.88 g FeCl2• 4H2O in 800 mL Milli-Q water was constantly stirred under nitrogen atmosphere. The pH was adjusted by NaOH aqueous solution to 9-10 and the solution volume was adjusted to 1.0 L with Milli-Q water. Then, the reaction vessel was kept in the dark for 48 h at 60 °C. After centrifugation, the solid was washed with Milli-Q water until the water conductivity after washing was less than 2.0 μS cm -1 , and then dried.

Synthesis of magnetite-TBADT (M-T) complex

The complex magnetite-TBADT (M-T) was prepared by the following procedure. A mixture of 1.0 g tetra-n-butylammonium decatungstate (TBADT) and 2.0 g magnetite was vigorously stirred in 10.0 mL acetonitrile solution. The reaction vessel was then kept in the dark for 24 hours at ambient temperature. After centrifugation the solid was washed with Milli-Q water three times and then dried in the oven at 50 C. The different ratios of magnetite/TBADT (20/1, 10/1, 5/1, 2/1) were prepared using similar process with the same amount of magnetite and so different amount of TBADT.

Laboratory equipments

Irradiation reactor

Irradiation reactor Ⅰ

Irradiation experiments (320 -420 nm) were carried out in a stainless-steel cylindrical reactor. Six high pressure mercury tubes (Philips HPW, 15 W, emission centered at 365 nm)

were located evenly on the edge of the cylinder with a fan placed on the bottom of the cylinder to cool the irradiation system. The reactor, a Pyrex tube (2 cm diameter), was placed at the center of the cylinder (Fig. 3-1). 

Irradiation reactor Ⅱ

The irradiation device is a reflective enclosure built on a circular base. The reactor and the water circulation system are placed in the center of the enclosure and three lamps are arranged around the reactor. In addition, the device is equipped with a magnetic stirrer which allows us to have a good homogenization of the solutions during the irradiation (Fig. 3-3).

Fig. 3-3. The 365 nm irradiation setup

The light sources are MAZDA MAW 125W lamps; they are medium-pressure mercury vapor lamps whose emission, filtered by a black globe, is mainly at 365 nm (Fig. 34).

Fig. 34. Emission spectrum of the MAZDA MAW 125 W lamp

Analytical instruments

All the instruments used in the experiments were shown in the 

Preparation of solution

All the solutions were prepared with Milli-Q ultrapure water This TAOH stock solution was stored avoid light. The solution of TAOH used in all experiments was diluted from this TAOH stock solution.

(5) H2O2 stock solution 10 mL H2O2 (30% wt,  = 1.11 g cm -1 ) were diluted in 100 mL of Milli-Q water. The concentration of H2O2 stock solution is about 1~2 M. The H2O2 stock solution was stored in the fridge. H2O2 will be diluted and its accurate concentration will be determined before being used.

(6) K2S2O8 stock solution 11.905 g K2S2O8 were diluted in 100 mL of Milli-Q water and then stored in the fridge.

The concentration of K2S2O8 stock solution is 0.5 M.

(7) LiClO4 electrolyte solution

The electrolyte solution used in cyclic voltammetry experiments is 0.1 M of LiClO4 solution. 8.022g LiClO4 were diluted in 500 ml of Milli-Q water and then stored in the fridge.

The pH of LiClO4 electrolyte solution was adjusted by adding the negligible volume of 1 M of HClO4 and LiOH solutions. UV-visible absorption spectroscopy can be used as a method to identify and determine purity of the catalyst in solution. According to the Beer-Lamber law, the molar absorption coefficient () can be obtained when the absorbance, concentration of catalyst and length of the optical path are known. In this thesis, the UV-Visible absorption spectroscopy was used to determine the purity of decatungstate via the absorbance of the characteristic peaks and comparisons of the molar absorption coefficient at this wavelength with previous studies.

The UV spectra of the solution were recorded with a Varian Cary 300 UV-visible spectrophotometer. The detection wavelength range is 200 -800 nm with the precision of wavelength at 1.0 nm. The scanning time is 1.0 min.

Phase analysis

➢ XRD spectroscopy X-ray diffraction (XRD) technique is an essential method in the field of material synthesis to identify and study the crystal structure of the sample [4]. Therefore, X-ray diffraction patterns of the synthesized samples were collected using a Siemens Model D500 X-ray diffractometer with a diffracted beam monochromator Cu K source (40 kV -40 mA). Patterns were recorded over the form 2 = 5 to 70 , in steps of 0.08 with a count time of 4 seconds.

➢ FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy is probably the most widely used spectroscopic techniques due to its versatility in determining composition, conformation, crystallinity. The FTIR spectra of the synthesis samples were recorded on a Fourier infrared absorption spectrometer (Thermo-Nicolet 380) with an advanced diamond ATR accessory (Specac-Golden Gate). Detection of the scan range is 560 -4000 cm -1 , with a resolution of 4 cm -1 .

➢ XPS

X-ray Photoelectron Spectroscopy (XPS) is a surface chemical analysis technology that can be used to analyze the surface chemistry of metal materials in a specific state or after some processing [5]. In this thesis, XPS studies were performed on a Physical Electronics/PHI 5300 X-ray photoelectron spectrometer with a hemispherical analyzer and a single-channel detector that was operated at 300 W (15 kV and 20 mA). Mg K radiation (1253.6 eV) and pass energies of 89.45 eV for survey scans and 17.9 eV for high-resolution scans were used.

Morphological and size

➢ TEM

The morphology and the size of the prepared samples were analyzed by transmission electron microscopy (TEM, Hitachi H-7650) at 80 kV acceleration voltage with magnifications up to 200 000 times. The samples investigated by TEM were suspended in ethanol and dropped onto a 400-mesh holey carbon-coated copper grid and dried at room temperature in air.

➢ SEM-EDS

With the objective to check whether TBADT is uniformly covered on the surface of nanomagnetite, SEM-EDS element mapping experiment was used to visually study the distribution of elements recording on Scanning Electron Microscope (JEOL JSM-6490LV).

➢ BET

Nitrogen physisorption (the BET method) was performed to determine the specific surface area of the particles using a Quantachrome Nova 3000e Surface Area Analyzer. Before nitrogen adsorption, the sample needs to be degassed at 150 C for 8 hours. The reaction solution was a mixture of decatungstate and sulfapyridine (SPD) or sulfasalazine (SSZ). The irradiation (with irradiation reactor Ⅰ) started since the solution was poured into the reactor. 0.5 mL solution was taken for the HPLC analysis at fixed time intervals.

Photoreaction in the presence of sodium decatungstate (NaDT) and H2O2

The reaction solution was a mixture of decatungstate (NaDT), H2O2 and sulfapyridine (SPD) or sulfasalazine (SSZ). The irradiation started since the negligible volume of H2O2 stock solution was added into the reactor. 0.5 mL solution was taken for the HPLC analysis at fixed time intervals. In this experiment, different parameter like initial pH, NaDT concentration, H2O2 concentration, SPD or SSZ concentration were investigated.

Hydroxyl radical trap experiment

The reaction solution was a mixture of decatungstate (NaDT), H2O2 and Terephthalic acid (TA). The irradiation started since the negligible volume of H2O2 stock solution was added into the reactor. 0.5 mL solution was taken the HPLC analysis at fixed time intervals.

Photodegradation in presence of decatungstate (NaDT) and S2O8 2-

Photoreaction in the presence of decatungstate (NaDT)

The reaction solution was a mixture of decatungstate and sulfapyridine (SPD) or sulfasalazine (SSZ). The irradiation (with irradiation reactor Ⅱ) started since the solution was poured into the reactor. 0.5 mL solution was taken for the HPLC analysis at fixed time intervals.

Photoreaction in the presence of decatungstate (NaDT) and K2S2O8

The reaction solution was a mixture of decatungstate (NaDT), K2S2O8 and sulfapyridine (SPD). The irradiation started since the negligible volume of H2O2 stock solution was added into the reactor. 0.5 mL solution was taken for the HPLC analysis at fixed time intervals.

3.5.3.

Selective sulfapyridine oxidation via decatungstate/magnetite/H2O2 system.

Selective oxidation batch experiment

➢ NaDT/Fe3O4/H2O2 system

The selective oxidation of SPD and the formation yield of its corresponding nitroso compound were performed in a batch experiment at room temperature (25°C). 5.0 mg Sodium decatungstate (NaDT) and 13.2 mg magnetite was added into 50 mL of the sulfapyridine (SPD) solution (30 µM). The concentration of decatungstate was then equal to 41 M and the amount of magnetite was 0.264 g L -1 . The pH of solution was adjusted to 3.0 ± 0.05 using perchloric acid and sodium hydroxide (0.1 M). Hydrogen peroxide was added using a concentrated solution, and so with negligible volume, prior to starting the reaction using the magnetic stirrer at 1100 rpm min -1 in order to disperse magnetite particles. Then, aliquots of the mixture were taken at different time intervals and were immediately filtrated using PTFE filters of 0.2 µm (CHROMAFIL ® Xtra RC-20/25, 25 mm, Macherey-Nagel).

The effect of pH (2.5, 3.0, 4.1, 4.9 and 6.9), of H2O2 (1, 5, 10 and 20 mM) and NaDT (20, 41, 82, 164 and 246 M) concentrations and of the amount of magnetite (0.1, 0.2, 0.264, 0.4, 0.8 and 1.5 g L -1 ) were also investigated.

➢ M-T/H2O2 system

The conversion of SPD and the formation yield of its corresponding nitroso compound were performed in batch experiments at room temperature (roughly 25°C). 20 mg M-T complex was added into 50 mL of SPD solution (30 µM). The pH of solution was adjusted to 3.0 ± 0.05 using perchloric acid and sodium hydroxide (0.1 M). Hydrogen peroxide was added using a concentrated solution, and so with negligible volume, prior to starting the reaction using the magnetic stirrer at 1100 rpm min -1 in order to disperse magnetite particles. Then, aliquots of the mixture were taken at different time intervals and were immediately filtrated using PTFE filters of 0.2 µm (CHROMAFIL ® Xtra RC-20/25, 25 mm, Macherey-Nagel).

The effect of ratio of magnetite/TBADT (20/1, 10/1, 5/1 and 2/1), pH (1.9, 2.5, 3.0, 4.0, 4.6, 5.2 and 7.2), of H2O2 concentration (1, 5, 10, 20, 30, 40 and 50 mM) and M-T amount (0.1, 0.2, 0.4 and 0.8 g L -1 )

Cyclic Voltammetry (CV) experiments

Cyclic voltammetry (CV) is a powerful and popular electrochemical technique commonly employed to investigate the reduction and oxidation processes of molecular species [6]. CV is also essential to study electron transfer-initiated chemical reactions which includes catalysis [6].

In order to clarify the mechanism of the selective oxidation of sulfapyridine under the novel ternary NaDT/magnetite/H2O2 or M-T/H2O2 system, cyclic voltammetry (CV) experiments were carried out with a potentiostat Autolab PGSTAT204 controlled by the NOVA software (Metrohm) equipped with a three-electrodes system. An Ag-AgCl electrode was used as the reference electrode and a platinum wire as the auxiliary electrode. The working electrode was a pyrolytic graphite electrode (PGE, A = 0.07 cm 2 ). Before its use, the electrode surface was polished with 1 µm diamond paste and washed with acetone and then it was polished again with 0.04 µm alumina slurry to be finally rinsed with ethanol and water.

➢ NaDT/magnetite/H2O2 system

The CV experiments were carried out under inert atmosphere (under Ar) in a 0.1 M LiClO4 electrolyte solution (at pH 2.6) using a bare PGE or a PGE modified with a magnetite coating (M-PGE). The M-PGE was prepared using a solvent casting modified reference method [7]. A suspension was prepared with 2.0 mg of magnetite dispersed in 1.0 mL ethanol by sonication for approximately 15 minutes. Then 10 L of nafion solution (5%, Sigma Aldrich) was added in the 1.0 mL magnetite suspension followed by sonication for 15 more minutes. 10 L of the slurry was deposited onto the polished PGE then air dried for 10 minutes.

Cyclic voltammograms were recorded at a scan rate (v) of 10 mV s -1 in a 0.1 M LiClO4 (at pH 2.6) containing 1 mM sodium decatungstate in presence of different concentrations of H2O2 (0, 1, 2, 5 mM) with a PGE electrode. The effect of different scan rates (10,20,40,[START_REF] Choi | Antibiotics in coastal aquaculture waters: Occurrence and elimination efficiency in oxidative water treatment processes[END_REF][START_REF] Martí Nez-Huitle | Electrochemical oxidation of organic pollutants for wastewater treatment[END_REF][START_REF] Vilardi | Fenton oxidation and chromium recovery from tannery wastewater by means of iron-based coated biomass as heterogeneous catalyst in fixed-bed columns[END_REF][START_REF] Thénard | Observations sur les combinations nouvelle entre l'oxygen et divers acides[END_REF][START_REF] Fountoulaki | Titania-Supported Gold Nanoparticles Catalyze the Selective Oxidation of Amines into Nitroso Compounds in the Presence of Hydrogen Peroxide[END_REF][START_REF] Vilà -Nadal | Structural and Electronic Features of Wells-Dawson Polyoxometalates[END_REF][START_REF] Ravelli | Decatungstate Anion for Photocatalyzed "Window Ledge" Reactions[END_REF], 180 and 200 mV s -1 ) and different pH (2.6, 3.0, 3.5, 4.0, 5.0 and 6.9) were also investigated.

In order to prove that the magnetite could highly improve the oxidation potential of NaDT/H2O2 system, it was immobilized on the surface of the pyrolytic graphite electrode (0.07 

➢ M-T/H2O2 system

The working electrodes were a pyrolytic graphite electrode (PGE, A = 0.07 cm 2 ) modified with a TBADT coating (T-PGE), with a magnetite coating (M-PGE), and with a mixed magnetite and TBADT coating (M-T-PGE) prepared by adapted solvent casting methods [7].

To prepare the T-PGE, a TBADT solution was prepared with 40 mg of TBADT diluted in Recycle of M-TBADT-PGE electrode was also performed in the same parameters, each time with fresh LiClO4 electrolyte solution.

Analytical Methods

High Performance Liquid Chromatography (HPLC) Method

The concentration of organic compounds in the aqueous solution were determined by HPLC (Shimadzu NEXERA XR HPL) equipped with a photodiode array detector (SPD-M20A), two pumps (LC-20D) and an autosampler (SIL-30AC).

(

1) Sulfapyridine (SPD)

The column was a Macherey Nagel EC 150/2 NUCLEODUR C18ec (150 mm × 2 mm, 2 m particle size). The analyses were performed using acetonitrile (ACN) as mobile phase and water with 0.5 % of phosphoric acid at a flow rate of 0.40 mL min -1 . The elution was performed using the following gradient: shown in Table 3-4.

The injection volume was 15 L and the temperature of column was 30 C. In this condition, the retention time of SPD was 3.40 min. The calibration curve of SPD is shown in Fig. 34567. The column was a Macherey Nagel EC 150/2 NUCLEODUR C18ec (150 mm × 2 mm, 2 m particle size), The analyses were performed using methanol as mobile phase and water with 0.5 % of phosphoric acid at a flow rate of 0.20 mL min -1 . The elution was performed using the following gradient: shown in Table 3-5. The concentration of TAOH was detected by HPLC with a fluorescence detector (λexc = 315 nm; λem = 433 nm) [8]. The column was a ZORBAX Rx-C8 (250 mm × 4.6 mm, 5 m particle size). The analyses were performed using methanol as mobile phase and water with 0.5 % of phosphoric acid at a flow rate of 1.00 mL min -1 . The elution was performed using isocratic mode at 75/25% at 30 C. The calibration curve of TAOH is shown in Fig. 3456789. The excitation wavelength of p-hydroxyphenyl acetic acid dimer was 320 nm and the emission wavelength of the fluorescence was 400 nm [11]. Therefore, the H2O2 concentration could be calculated by detecting the concentration of the p-hydroxyphenyl acetic acid dimer.

( The concentration of nitroso-sulfapyridine was calculated as follows equation (3-2):

[N-SPD] = 9A0  [TSPd4] b  Aref 1.1 (3-2) 
Where [N-SPD] is the concentration of nitroso-sulfapyridine, A0 is the area of nitrososulfapyridine resonance in the 1H NMR spectrum, [TSPd4] is the concentration of the reference, Aref is the area of reference resonance in the 1 H NMR spectrum, b is the number of protons of N-SPD in the signal integrated, and 9 is the number of protons resonating of TSPd4 at 0 ppm.

The 1.1 factor came from dilution of TSPd4.

HPLC-MS

The identification of all the byproducts was performed using high resolution mass spectrometry (HRMS) constituted of an Orbitrap QExactive (Thermoscientific) coupled to an ultra-high performance liquid chromatography (UHPLC) instrument Ultimate 3000 RSLC (Thermoscientific). The resolution of the instrument was 35000. Analyses were carried out in both negative and positive electrospray modes (ESI + and ESI -). The ESI voltage was 3.2 kV for the positive mode and -3.0 kV for the negative one. The chromatographic separation was performed using a Kinetex EVO C18 (100 mm x 2.1 mm; 1.7 µm (Phenomenex)). The analyses were performed using acetonitrile (ACN) as mobile phase and acidified water with 0.1 % of formic acid at a flow rate of 0.45 mL min -1 . The elution was performed using the following gradient shown in The high resolving power of the orbitrap allows the identification of unknown compounds by providing their exact molecular formula. The molecular structure was often identified by calculating the number of double bonds using the equation (3-3):

DoU = 2C+2+N-X-H 2 (3-3)
Where DoU is the Degree of Unsaturation, C is the number of carbon atoms, N is the number of nitrogen atoms, X is the number of halogens atoms (F, Cl, Br, I), and H is the number of hydrogen atoms contained in the molecular formula.

Determination of Total organic carbon (TOC)

Total carbon (TC) includes both inorganic carbon (IC) and total organic carbon (TOC).

TOC is often not available through direct testing. To calculate TOC, you can subtract the total amount of inorganic carbon from total carbon found, which is usually expressed by the equation (3)(4): The concentration of the total organic carbon (TOC) in the aqueous solution was evaluated with a Shimadzu TOC 5050A analyzer equipped with an OCT-L 8-port auto-sample. For inorganic carbon (IC) measurement, sample solution is automatically acidified with HCl in order to convert carbonate and bicarbonate anions into CO2 that is then purged using clean compressed air and measured in a NDIR detector. For total carbon (TC), the sample solution is directly sent to a high temperature furnace (680 C) where, in presence of platinum catalyst, both organic and inorganic carbon are converted to CO2 that is measured in the same NDIR detector. The total organic carbon (TOC) is therefore obtained by subtracting the concentration of IC from the concentration of TC measured independently.

TOC = TC -IC (3-4)
The calibration for total carbon was performed with potassium hydrogen phthalate in the range 0-10 mg L -1 of carbon. External calibration for inorganic carbon was performed with a standard mixed solution of sodium carbonate and sodium bicarbonate in the range 0-4 mg L -1 .

The TOC value was the average of three individual injections, each with an injection volume of 50 L. The calibration curve of TC and IC were shown in Fig. 3-11.

pH measurement

The pH value of the solution was adjusted with HClO4 or NaOH. pH values of the solutions were measured using a Fiveeasy TM Plus pH meter. The pH meter needs to be calibrated at three points at pH = 4.01, 7.01 and 10.01 with standard pH buffers before use. 

Introduction

Nowadays, the emergence of antibiotics in the environment and their potential hazards have attracted more and more attention [1][2][3]. Most antibiotics are not completely absorbed by the body, and an average of more than 50-90% of the antibiotics are excreted in the form of protoplasts or metabolites, which have been widely detected in surface water, groundwater, sewage treatment plant effluent, drinking water and soil sediments [4]. For example, antibiotics such as ofloxacin at 306 ng L -1 , lincomycin at 249 ng L -1 and spiramycin at 74 ng L -1 and trace amounts of amoxicillin and penicillin were detected in the Lambro and Po rivers in Italy at significant concentrations [5]. The presence of antibiotics into the environment not only has adverse effects on the ecosystem, such as the emergence of resistant pathogens and toxicity to aquatic organisms, but also can enter the human body through the enrichment of food chain, leading to a serious threat to human health such as causing vomiting or diabetes mellitus [6,7].

The common occurrence of abusing of antibiotics is easily found especially in aquaculture field in some Asian countries like China and India. China has been one of the largest producers and users of the antibiotics in the world, approximately 162 000 tons of antibiotics were used in 2013. Aquaculture consumption accounted for about 52% of the total antibiotics [8]. Therefore, the treatment of antibiotics in the environment is particularly important.

The biological, adsorption and chemical oxidation methods, etc. were applied in treating the antibiotics present in wastewater. For example, Xiong et al. combined amino-functionalized Metal-organic framework (MOFs, MIL-53(Fe)) with multi-walled carbon nanotubes (MWCNT)

to synthesize a novel adsorbent composite which was used to adsorb tetracycline hydrochloride (TCN) and chlortetracycline hydrochloride (CTC) [9]. While antibiotics are composed by various functional groups and substituents, the structure is very different, which makes the adsorption behavior on adsorbents different for distinct antibiotics and so the efficiency of the treatment will be strongly chemical structure dependent.

Advanced oxidation processes (AOPs), also known as deep oxidation technology, are characterized by the generation of reactive species (reactive oxygen species "ROS"), such as hydroxyl radicals (HO • ), sulfate radicals (SO4 •-), with strong oxidizing power [10]. The organic substances which are difficult to degrade, can be oxidized into a low-toxic or non-toxic small molecule substance, and very often more readily (bio-)degradable, [4,[11][12][13][14][15]. Due to its green environmentally friendly sustainable properties, the photocatalytic oxidation became one of the best promising techniques in treating organic wastewater. Many researchers develop important energy in the synthesis of new photocatalysts or the modification of already prepared photocatalyst with the aim to improve the efficiency of organic pollutants degradation.

The decatungstate anion (W10O32 4-) was shown to be one of the most photo-chemically active polyoxometalates, which catching the interesting of thousands of researchers over the past 30 years [16]. It is worth noting that W10O32 4-absorbs in the UV with a maximum at 320 nm and its absorption spectrum presents a useful overlap with the solar emission spectrum.

Illumination of W10O32 4-, within the range 300 -400 nm, leads to the formation of an oxygento-metal charge transfer excited state W10O32 4-* that decays in less than 30 ps to an extremely reactive non-emissive transient, which has been referred to as wO [17]. This latter species is able to oxidize organic compounds through electron transfer or/and hydrogen abstraction owing to the presence of an electron-deficient oxygen center. In decatungstate system, the reactive species has a lifetime τwO of 65 ± 5 ns in the case of sodium decatungstate and its formation quantum yield ΦwO is 0.57 [17]. Such reaction between wO and appropriate hydrogen or/and electron donor leads to the formation of the one electron reduced form of decatungstate W10O32 5-that absorbs in the visible region with a maximum at 778 nm. The reduction of molecular oxygen to superoxide anion by such species is an efficient process for the regeneration of the starting catalyst, W10O32 4-. In previous studies, the decatungstate (W10O32 4-) was used as an efficient and optimistic tool in organic synthesis, which can functionalize some organic compounds such as alkanes, alkenes, alcohols, aldehydes and sulfides in organic and aqueous media via free radical carbon-centered intermediates [18]. On the other hand, the decatungstate was also deeply studied for water depollution. Allaoui et al. studied the photodegradation of 2-mercaptobenzothiazole (MBT) and illustrated that the photodegradation rate of MBT clearly increased in the presence of decatungstate (W10O32 4-) by a factor of six when compared with the direct photolysis; and oxygen appeared to be the key species for catalyst regeneration [19].

In the present work, we choose the soluble sodium decatungstate (Na4W10O32) as a photocatalyst to degrade the sulfonamides antibiotics (sulfasalazine and sulfapyridine).

Moreover, and in this homogeneous system, we added hydrogen peroxide as a supplementary oxidant (with oxygen) in order to oxidize the reduced species of decatungstate (W10O32 5-) permitting the efficient regeneration of the starting W10O32 4-. This additional process permits the formation of the highly reactive species, namely hydroxyl radicals. Our purpose was to evaluate the photodegradation of sulfasalazine (SSZ) and sulfapyridine (SPD) through the determination of kinetics, the initial rate constants and the yields of SSZ and SPD degradation.

In addition, with the photoproduct's identification, the mechanistic pathways involved in the degradation will be proposed with the aim to have a better insight into the SSZ and SPD degradation scheme.

Materials and Methods

Materials

Sulfasalazine (SSZ) (99.8%), Sulfapyridine (SPD) (≥99%), sodium tungstate (Na2WO4• 2H2O), sodium chloride (NaCl), hydrochloric acid (HCl), hydroperoxide (H2O2), perchloric acid (HClO4), and sodium hydroxide (NaOH) were purchased from Sigma Aldrich and used as received. Water was purified using a reverse osmosis RIOS 5 and Synergy (Millipore) device (resistivity 18 MΩ•cm, DOC < 0.1 mg•L -1 ).

SSZ SPD

Preparation and characterization of sodium decatungstate

The preparation of sodium decatungstate refers to the previous studies available [20]. The boiling sodium tungstate solution (50 g of Na2WO4, 2H2O dissolved in 300 mL of ultrapure water) was mixed with 1.0 M boiling hydrochloric acid (300 mL) in a beaker, refluxed for 20 seconds to form a green solution. It was followed by adding 150 g of solid sodium chloride, stirring until the solution has been re-boiled and keeping for 20 seconds, then rapidly putting into the ice-water bath. This suspension solution was maintained in a freezer (-18°C) overnight.

The next day, this suspension solution of NaCl and crude Na4W10O32 was filtered and the solid was dissolved into 150 mL of acetonitrile solution. The acetonitrile solution was refluxed for 5 min at 79°C and filtered to remove the insoluble NaCl after cooling at ambient temperature.

The acetonitrile solution was gently evaporated in hot-water bath (79°C) to obtain the yellowgreen catalyst.

The UV-Vis absorption spectra were obtained using a Varian Cary 300 UV-visible spectrophotometer. The infrared absorption spectra were obtained by Fourier infrared absorption spectrometer, operated by potassium bromide pressed-disk technique (98% KBr).

Irradiation experiments and photoreactor

Irradiation experiments (365 nm) were carried out in a stainless-steel cylindrical reactor.

Six high pressure mercury lamps (Philips HPW, 15W, emission centered at 365 nm) was located evenly on the edge of the cylinder with a fan placed on the bottom of the cylinder to cool the irradiation system. The reactor, a Pyrex tube (2 cm diameter), was placed at the center of the cylinder (Fig. S1).

The degradation of SSZ and SPD was performed in a batch experiment. The 5.0×10 -5 M solution of SSZ and SPD was prepared and 10.0 mg soluble decatungstate was added into the 100 mL of SSZ or SPD solution, the concentration of decatungstate was then evaluated to 4.0×10 -5 M. Hydrogen peroxide was added using a concentrated solution, and so with negligible volume, prior to irradiation using the photo-reactor system. The pH of solution was adjusted to 4.0 ± 0.05 using perchloric acid and sodium hydroxide (0.1 M). Aliquots were taken at different interval times of 0, 2, 5, 10, 15, 20, 25 min at ambient temperature.

The effect of initial pH was studied at 23 °C using a similar procedure, 10 mg decatungstate (4.0×10 -5 M) were mixed with 100 mL 5.0×10 -5 M solution of SSZ or SPD at different initial pH of 3, 4, 5 and 6. The solution pHs were adjusted by adding small negligible volume of perchloric acid and/or sodium hydroxide (0.1 M).

The effect of the concentration of H2O2 (from 10 -5 to 10 -2 M), SSZ and SPD (5.0×10 -6 , 10 - 5 , 2.0×10 -5 , 5.0×10 -5 and 1.0×10 -4 M) and decatungstate (2.0×10 -5 , 4.0×10 -5 , 7.0×10 -5 , 1.0×10 -4 and 2.0×10 -4 M) were also investigated.

HPLC Analysis

The concentrations of SSZ and SPD were evaluated by HPLC (Shimadzu NEXERA XR HPL) equipped with a photodiode array detector and an auto sampler. The column was a Macherey Nagel EC 150/2 NUCLEODUR C18ec (150 mm × 2 mm, 2 µm particle size)

The analysis of SSZ was performed using methanol (MeOH, solvent B) as mobile phase and water with 0.5 % phosphoric acid (solvent A) at a flow rate of 0.20 mL min -1 . The elution was performed using the following gradient: 40 % of B for 5min, linear increase of B to 95 % in 15 min, 95 % of B for 5 min and decrease of B to 40 % in 0.1 min. For SPD, the analyses were performed using acetonitrile (ACN, solvent C) as mobile phase and water with 0.5 % of phosphoric acid at a flow rate of 0.40 mL min -1 . The elution was performed using the following gradient: 5 % of C for 2.5 min, linear increase of C to 40 % in 4.5 min, then increase of C to 95 % in 1.5 min, 95 % of C for 1 min and decrease of C to 5 % in 0.5 min.

The identification of degradation products was performed using high resolution mass spectrometry (HRMS) constituted of an Orbitrap Q-Exactive (Thermoscientific) coupled to an ultra-high performance liquid chromatography (UHPLC) instrument Ultimate 3000 RSLC (Thermoscientific). Analyses were carried out in both negative and positive electrospray modes (ESI + and ESI -). SSZ, SPD and the degradation products were separated using the same elution gradient as previously indicated. The column was a Kinetec EVO C18 Phenomenex (100 mm × 2.1 mm, particle size of 1.7 μm) and the flow rate was set at 0.45 mL• min -1 .

TOC Analysis

The concentration of the total organic carbon (TOC) in the aqueous solution was followed on a Shimadzu TOC 5050A analyzer. The TOC value was the average of three individual injections.

Results

Characterization and photochemistry behavior of the photocatalyst

The UV-visible spectrum of the synthesized photocatalyst decatungstate, W10O32 4- (NaDT), is given in Fig. 1. It shows an absorption band with a defined maximum at 321 nm and a molar absorption coefficient of 12365 M -1 cm -1 in perfect agreement with the published literature data [20]. The UV absorption extends up to 400 nm indicating an important and interesting overlap with the emission spectrum of solar light. In addition to the UV visible spectrum, the characterization of the decatungstate was also performed by employing the Fourier transformed IR. In Fig. S2, the strong broad band centered at around 3500 cm -1 and the peak at around 1600 cm -1 are attributed to the O-H stretching vibrations and to the bending modes of water molecules. This implied that the hydrophilicity of the substrate will improve the photocatalysis acitivity as suggested by H-Y. He [21,22]. The main vibration bands of decatungstate (W10O32 4-) are observed at 1006 cm -1 corresponding to the stretching vibration of the W=O bond, and at 962, 915, 796, 667, 586, 431 cm -1 due to the deformation of W-O-W bonds [17,23,24]. Moreover, and as largely reported in the literature [16,25,26], the excitation of the mixture decatungstate and methanol (used as a sacrificial agent since it acts as an electron or/and hydrogen donor) permits in deoxygenated conditions the formation of a blue component that presents two well defined bands with maximums at 360 and 780 nm (Fig. S3) with roughly similar molar absorption coefficients (6.7-6.9 × 10 3 M -1 cm -1 at 360 nm and 9.5-11 × 10 3 M -1

cm -1 at 780 nm). Such absorptions are owing to the formation of the reduced species of decatungstate, namely W10O32 5-that disappears rapidly by bubbling oxygen through an electron transfer process leading to the formation of superoxide anion radical O2 •-with the simultaneous regeneration of the starting photocatalyst decatungstate [27] (Scheme 1). Such interesting behavior was used within the present work to enhance the ability of the photocatalyst to decontaminate polluted waters by producing reactive oxygen species (ROS) that are highly oxidant such as hydroxyl radical. The formation of this latter species was reached by introducing hydrogen peroxide as a sacrificial reactant.

The efficiency of the photocatalytic cycle was studied and optimized by studying sulfonamides antibiotics sulfasalazine (SSZ) and sulfapyridine (SPD) degradations. 

photodegradation of SSZ and SPD by NaDT, H2O2 or NaDT/H2O2 systems

In order to evaluate the efficiency of the decatungstate photocatalysis process, irradiations were performed under UVA (365 nm) for different aerated solutions in the presence of SSZ in various conditions (SSZ alone, SSZ + H2O2, SSZ + NaDT and SSZ + H2O2 + NaDT). As clearly shown in Fig. 2A, no degradation was noted when SSZ was alone in aqueous solution, despite its significant absorption at the excitation wavelength. This indicates the relative photochemical stability of SSZ under our experimental conditions. However, in the presence of hydrogen peroxide, a negligible degradation was observed representing 2% within 120 minutes of irradiation. In the presence of decatungstate, the conversion percentage of SSZ reached 16%

demonstrating the oxidation ability of the photocatalyst decatungstate through an oxidation process (electron transfer) as shown in Scheme 1. The initial rate of SSZ disappearance was estimated to 1.2×10 -7 M min -1 . By addition of hydrogen peroxide in the previous system, the conversion percentage increased significantly in agreement with the fact that hydrogen peroxide interacts in the photocatalytic cycle and presents a positive and beneficial effect when it is used simultaneously with decatungstate. In this latter system, the degradation of SSZ reaches 28% after 120 minutes irradiation time with an initial rate of 1.6×10 -7 M min -1 . The benefit of hydrogen peroxide in the photocatalysis process is then effective and it was deeply studied and optimized within the present work. Similar experiments were performed with SPD showing a more pronounced degradation. This is owing to the fact that SPD does not absorb at the excitation wavelength, in contrary to SSZ, and thus no competition of the absorbed light intensity is involved (Fig. 2B). The initial rate of SPD degradation was estimated to 4.3×10 -7

M min -1 and 7.0×10 -7 M min -1 in the presence of decatungstate and decatungstate/H2O2 respectively.

The involvement of hydrogen peroxide in the photocatalytic system was also studied by analyzing its reactivity with the reduced species of decatungstate, namely W10O32 5-. As shown in Scheme 1, the latter species was selectively formed by irradiation of decatungstate (40 μM) in the presence of 1 % of methanol in deaerated solution. W10O32 5-immediately disappears when hydrogen peroxide is added to the solution with the regeneration of the W10O32 4-. It is then clear that H2O2 is efficiently reduced by W10O32 5-owing, very likely, to the following Fenton like process (Equation 1). In the following parts of the paper, the optimization of the experimental conditions was studied by analyzing the effect of various parameters such as: concentrations of decatungstate;

hydrogen peroxide and organic pollutant and the initial pH of the solution. These parameters represent fundamental parameters for the photocatalysis to be effective since i) decatungstate is the absorbing species and thus its optimum concentration will ensure high concentration of the excited state without the negative inner filter effect ii) hydrogen peroxide efficiently contributes in the system to the formation of hydroxyl radicals. The latter species react simultaneously with the pollutant and hydrogen peroxide via competitive reactions and iii) the stability of the photocatalyst depends on the solution pH. 

Effect of different amount of decatungstate

In order to study the effect of decatungstate concentration on the removal of the pollutants SSZ and SPD, the experiments were performed at pH= 4.0. As clearly shown in Fig. 4A and 4B, the degradation rates of SSZ and SPD increase by increasing the concentration of the photocatalyst decatungstate. This effect is without any doubt due to the increase of the light absorption by decatungstate at higher concentration. However, under our experimental conditions the degradation rate rapidly levelled off when decatungstate concentration reaches 50 µM, as shown in Fig. 4C. This is more probably owing to the inner filter effect. Thus, the concentration close to 40 µM was chosen as the optimal concentration of the photocatalyst for the following experiments.

Effect of different concentrations of H2O2

Table 1 gathers the initial degradation rate obtained for both pollutants by excitation of decatungstate (40 µM) in the presence of various hydrogen peroxide concentrations. In the absence of H2O2 and at lower concentration of H2O2 (1 mM), the disappearance initial rate is found roughly 4 times higher for SPD than for SSZ due to the absorption of light by SSZ. At higher concentrations of H2O2 (10 to 100 mM), the disappearance initial rate of SPD is always higher than that of SSZ but by a factor of about 1.5. In addition to the electron transfer between SSZ or SPD and W10O32 4-excited state, a second pathway is involved when hydrogen peroxide is added to the system via the production of hydroxyl radicals as demonstrated above. As clearly shown in Table 1, this reaction is effective despite the presence of dissolved molecular oxygen at a concentration of 2.6 x 10 -4 M [30,31]. Moreover, the initial disappearance rate increases when hydrogen peroxide concentration increases. One should also note, that under our experimental conditions and at high concentrations, the direct light absorption by hydrogen peroxide also participate in the generation of hydroxyl radical and thus to the degradation of the pollutant through the homolytic scission of O-O bond [32,33]. It should be noted that at high concentration of hydrogen peroxide, the consumption of hydroxyl radical could be observed by H2O2 itself which is detrimental under our experimental conditions [34,35]. 

Table 1. SSZ and SPD initial degradation rates as a function of H2O2 concentration

Effect of different SSZ and SPD concentrations

With the aim to use the photocatalyst decatungstate for various pollutants that have different chemical structures and also different light absorption profiles, we undertook the effect of the concentration of both pollutants, SSZ and SPD, on the efficiency of the photocatalytic process. We can note that SPD does not absorb at the excitation wavelengths, namely at 365 nm, while SSZ shows significant absorbance with a molar absorption coefficient 365 nm = 21850.4 M -1 cm -1

. The experiments were performed by using decatungstate at the concentration of 40.0 µM in the presence of H2O2 10 mM with various concentrations of the pollutants within the range 5.0 to 100 µM at pH = 4.0. As shown in Fig. 5, the initial disappearance rate of SPD increased by increasing its initial concentration. This clearly shows that under our experimental conditions, hydroxyl radical is involved in the oxidation of SPD but it is also trapped by hydrogen peroxide as largely reported in the literature with a rate constant of 3.0×10 7 M -1 s -1 [34,35]. Such reaction is detrimental since it participates to the decrease of the stationary concentration of the reactive species: hydroxyl radical. So, the use of relatively high concentrations of SPD will be in favor of its degradation.

In the case of SSZ, the initial rate first increases within the concentration range 5.0 to 20.0 µM and then decreases at higher concentrations. Such decrease of the initial rate is mainly owing to the competition in the absorption of light intensity involving the photocatalyst decatungstate and SSZ. Such effect is detrimental to the photocatalysis effect and leads to the decrease of the concentration/formation of reactive excited state of decatungstate, namely, W10O32 4-*.

Effect of different initial pH

The initial pH of the solution is a crucial parameter for the photocatalysis processes owing to the stability of decatungstate and/or the various forms of the pollutants when a protonationdeprotonation process is present (Fig. S4). Thus, we studied the optimum pH under our experimental conditions. For both substrates, SSZ and SPD at a concentration of 50.0 µM, the excitation of decatungstate (40 µM) at 365 nm in the presence of 1.0 mM H2O2 permitted the degradation of the pollutants with a rate that decreases when the pH of the solution increases.

The initial rates of SSZ were estimated to 2.1×10 -7 M min -1 and 1.1×10 -7 M min -1 at pH = 3.0 and 6.0 respectively and the initial rates of SPD were estimated to 7.4×10 -7 M min -1 and 5.5×10 - 7 M min -1 at pH = 3.0 and 6.0 respectively. This effect is more likely due to the fact that decatungstate is relatively instable at high pH values as largely reported in the literature [29,36].

Elucidation of the initial products and degradation pathways for the pollutant disappearance

The elucidation of the generated byproducts was performed by employing HPLC/MS technique. The results are gathered in Table 2 for both substrates: SSZ and SPD. They were obtained for irradiated samples that show roughly 30% conversion corresponding under our experimental conditions to 120 min of irradiation time. The suggested structures were based on the elemental compositions that were obtained from the obtained accurate masses. Some of them are clearly primary products while others originate from secondary reactions.

The analysis of the chemical structures of the products leads us to the conclusion that in the early stages of the irradiation mainly three and common chemical processes are involved for both pollutants: i) hydroxylation ii) desulfurization and iii) scission at the azo group -N=N-.

The hydroxylation process is a clear evidence of the reactivity of the hydroxyl radical with the used pollutants via an electron transfer process with the aromatic groups as largely reported in the literature [37][38][39] leading finally to the addition of the hydroxyl group to the substrate (scheme 3). The desulfurization reaction is a reaction that is more likely triggered by the attack of the hydroxyl radical on the adjacent amine group via an electron or/and a hydrogen abstraction process followed by an intramolecular rearrangement as shown in the following scheme 4 [40].

Scheme 4. The process of the desulfurization via an electron or/and a hydrogen abstraction process

The third process is a scission at the azo group -N=N-that is more likely triggered by the attack of the hydroxyl radical on the nitrogen sites leading to the formation of the two amine products as shown in the following scheme 5 [41]. 

Scheme 5. Process of the azo group -N=N-scission via an attack of hydroxyl radical

The photocatalytic process; involving decatungstate and H2O2 is given in Scheme 6.

W10O32 4-could be excited upon UVA (365 nm) irradiation to form the excited state W10O32 4-* which leads, via an electron transfer process with the pollutant, to the formation of the reduced form of decatungstate namely W10O32 5-and the radical cation of the pollutant. This process provides one of the degradation pathways. The regeneration of the photocatalyst can operate in the presence of H2O2 and oxygen, following the formation of the hydroxyl radicals and superoxide anion radicals respectively. The former free radical is highly and efficiently involved in the oxidation of SPD and SSZ. And this represents the second pathway of organic pollutant degradation. Scheme 6. Photocatalytic cycle of decatungstate/H2O2 system showing the two ways for the degradation of the organic pollutant and the production of hydroxyl radicals via Fenton like reaction between W10O32 5-and H2O2.

Total organic carbon analysis

In order to confirm the efficient degradation of the pollutants and also of their metabolites up to the mineralization of the solution, we followed the total organic carbon (TOC) under light excitation. We followed the evolution of TOC in a solution of SPD or/and SSZ under similar conditions ([NaDT] = 40.0 μM, [H2O2] = 10.0 mM, pH = 4.0). In this case, after 24 h of irradiation, 90% of the initial organic carbon (SSZ alone) has been transformed into CO2 (Fig. 6). After 48h of irradiation, 75% of the initial organic carbon (SPD alone, SPD and SSZ) has been converted into CO2 (Fig. 6). Such observations confirm that the decatungstate/H2O2 system could be used in order to completely achieve the removal of SPD or/and SSZ and their byproducts from water. Moreover, they suggest that decatungstate/H2O2 system could be applied to treat multiple pollutants in water under the optimized experimental conditions. 

Conclusion

The combination of W10O32 4-/H2O2/h at pH=4.0 permitted an efficient degradation of the pollutants (sulfasalazine and sulfapyridine). The process involves two ways of reaction for the oxidation of the organic compounds i) an electron transfer reaction with the excited state of decatungstate and ii) also the hydroxyl radical reactivity. HO • is formed from the Fenton like reaction with the reduced species of decatungstate, W10O32 5-and H2O2. The latter process represents under our experimental conditions the main process for the disappearance of the pollutants and it is also a way for the regeneration of starting catalyst, decatungstate. The main primary reactions were found to be hydroxylation, desulfurization and scission at the azo group -N=N-moiety. For prolonged irradiations, the mineralization of the solution was observed which highlights the point that the conjunction of W10O32 4-/H2O2 and light represent an interesting AOP's system for water depollution. Indeed, the two possible pathways for the oxidation of organic compounds in this system are important asset for treating polluted waters leading us to the conclusion that this system could be considered in the future as a promising process for the decontamination of water. As a perspective of this work, the immobilization of the photocatalyst decatungstate on solid supports will be a goal in order to recycle the photocatalyst after treatment. 

Introduction

In recent years, due to the frequent detection of drugs, especially antibiotic drugs, in the secondary effluent of sewage treatment plants, they have attracted great attention [1][2][3]. Such substances have huge risks to human health and the water environment and ecosystem [4,5].

Advanced oxidation process (AOPs) is one of the most effective methods to treat this type of wastewater [6]. Moreover, photo-catalysis is the most commonly used method to treat organic wastewater among the AOPs [7]. Catalysts are most important in photocatalytic systems, which can significantly influence the performance of photo-catalysis.

The decatungstate or NaDT (W10O32 4-) photoexcitation performance has attracted the attention of many researchers [8,9]. Illumination of W10O32 4-under UV light (ranged from 300 to 400 nm), leads to the formation of excited state of decatungstate (W10O32 4-* ) that has a ligandto-metal charge (LMCT) character. W10O32 4-* can decay to an extremely reactive non-emissive transient (a dark state tagged wO), which has a lifetime τwO of 65 ± 5 ns in the case of sodium decatungstate and its formation quantum yield ΦwO is 0.57 [10]. The reaction between wO and appropriate hydrogen or/and electron donor leads to the formation of the one electron reduced form of decatungstate (W10O32 5-) that absorbs in the visible region with a maximum at 778 nm.

The reduction of molecular oxygen to superoxide anion by such species is an efficient process for the regeneration of the starting catalyst, W10O32 4- [11].

Persulfate (PS) is a strong oxidant and is widely used in the treatment of organic pollutants [12]. The persulfate-based advanced oxidation processes (PS-AOPs) have been rapidly developed, because the reactive oxygen species (ROS), such as sulfate radicals (SO4 -• ), generated in the PS activation processes have strong oxidizing ability to efficiently degrade organic pollutants [13].

In this study, we used NaDT as a catalyst to degrade one antibiotic sulfapyridine (SPD).

In order to improve the efficiency of degradation, PS was selected as an oxidant, the combination of NaDT and PS was applied to treat pollution by this antibiotic SPD.

Materials and Methods

Materials

Sulfapyridine (SPD) (≥ 99 %), sodium tungstate (Na2WO4 ⋅ 2H2O), sodium chloride (NaCl), hydrochloric acid (HCl), Potassium persulfate (K2S2O8 99.99%), perchloric acid (HClO4), and sodium hydroxide (NaOH) were purchased from Sigma Aldrich and used as received. Water (Milli-Q) was purified using a reverse osmosis RIOS 5 and Synergy (Millipore) device (resistivity 18 MΩ cm, DOC < 0.1 mg L -1 ).

Preparation of sodium decatungstate (NaDT)

The synthesis of sodium decatungstate (Na4W10O32) was performed according to our previous study [14]. The boiling sodium tungstate solution (50 g of Na2WO4⋅2H2O dissolved in 300 mL of ultrapure water) was mixed with 1.0 M boiling hydrochloric acid (300 mL) in a beaker, refluxed for 20 seconds to form a green solution. It was followed by adding 150 g of solid sodium chloride, stirring until the solution is re-boiled and keeping for 20 seconds, then rapidly transferred into the ice-water bath. This suspension solution was maintained in a freezer (-18 C) overnight. The day after, the suspension solution of NaCl and crude Na4W10O32 was filtered and the solid was dissolved into 150 mL of acetonitrile solution. The latter solution was refluxed for 5 minutes at 79 C and filtered in order to remove the insoluble NaCl after cooling at ambient temperature. The acetonitrile solution was gently evaporated in hot-water bath (79 C) to obtain the catalyst NaDT with a yellow-green color.

Irradiation experiments and photoreactor

Irradiation experiments (365 nm) were carried out in a reflective enclosure based on a circular form. The reactor and the water circulation system are placed in the center of the enclosure and three lamps are arranged around the reactor. In addition, the device is equipped with a magnetic stirrer which allows us to have a good homogenization of the solutions during the irradiation (Fig. 1).

Fig. 1. Scheme of the 365 nm irradiation setup

The light sources are MAZDA MAW 125W lamps; they are medium-pressure mercury vapor lamps whose emission, filtered by a black globe, is mainly at 365 nm (Fig. 2). Irradiation ( = 365 nm) of oxygen-free aqueous solution of decatungstate (NaDT) in presence of methanol results in the formation of blue reduced species. 23.8 mg NaDT was added into the 50 mL of aqueous solution with methanol (124 mM). 3.0 mL of this solution was added into the spectrophotometer cell, and the solution was bubbled with nitrogen (N2) for 30 min.

Then the cell was sealed with a rubber stopper and wrapped with paraffin film to ensure that the air cannot enter into the cell. The cell was put under irradiation and the UV-Vis spectra of the solution was recorded at different irradiation time.

➢ Reaction between Persulfate and reduced decatungstate (NaDT 1-/NaDT 2-)

The concentrated Persulfate solution (30 mM) was added into prepared reduced decatungstate (NaDT 1-/NaDT 2-) solution (Oxygen free) with a negligible volume. The oxygen free water was used as a control. The kinetic of the absorbance was recorded with the UV-Vis spectrophotometer (Varian Cary 300)

➢ Degradation of SPD under UVA light

The degradation of SPD was performed in a batch experiment. The 30 M solution of SPD was prepared and 18.3 mg soluble decatungstate (NaDT) was added into the 25 mL of SPD solution, the concentration of NaDT was then evaluated to 0.3 mM. Potassium persulfate was added using a concentrated solution, and so with negligible volume, prior to irradiation using the photo-reactor system. The pH of solution was adjusted to 3.0 ± 0.05 using perchloric acid and sodium hydroxide (0.1 M). Aliquots were taken at different interval times of 0, 2.5, 5, 10, 15, 20, 30 min at ambient temperature.

Results and Discussions

Photoreduction of W 10 O32 4-

As we know the soluble decatungstate (NaDT) is an efficient photocatalyst, which can form NaDT reduced species, which have blue color and can oxidize organic compounds. Details of the photoredox chemistry of W 10 O32 4-have been published in a series of Nozaka et al.'s studies [15]. Irradiation ( = 365 nm) of oxygen-free aqueous solution of decatungstate in presence of methanol results in the formation of blue reduced species. In Fig. 3 The characteristic peaks at 360, 635 and 775 nm appear simultaneously, which are due the formation of the reduced decatungstate (peaks at 360 and 775 nm are attributed to NaDT 1-(W10O32 5-) while peak at 635 nm is attributed to NaDT 2-(W10O32 6-)) [15]. Hence the molar absorption coefficient () at 360 nm can be used to estimate the concentration of NaDT 1-. In order to calculate the concentrations of the two reduced species and due to peaks overlap at 630 and 775 nm, the molar absorption coefficient () at each wavelength must be known. The initial increase in absorbance at 635 and 775 nm concomitant with the decrease in absorbance at 321 nm allows to calculate the  of NaDT 1-. The value of  at these wavelengths for NaDT 2-was calculated as an average value from the spectra obtained after sufficient irradiation of NaDT in the presence of methanol. In Table . 1, the values of  thus obtained are shown with the reported values from the literature for NaDT, NaDT 1-and NaDT 2-. Our values are similar with the previous studies. By using the two pairs of  values for NaDT 1-and NaDT 2-at 635 and 775 nm, the concentration of both reduced species was calculated at each irradiation time. For the reaction with methanol, NaDT decreases at an initial rate of 4.110 -5 M s -1 . At the meantime, NaDT 1-is formed at an initial rate of 3.810 -5 M s -1 and reach a maximum value of 103 M after 10 min of irradiation. NaDT 2-increases at a rate of 6.710 -6 M s -1 and reaches 87 M after 30 min as shown in Fig. 5. After 30 min, the yields of NaDT 1-and NaDT 2-were calculated to be 43% and 57% respectively. These results illustrate that the conversion between NaDT and reduced decatungstate (NaDT 1-/NaDT 2-) can be expressed with the following equations:

W10O32 4-h/Methanol → W10O32 5-h/Methanol → W10O32 6- (1) 
W10O32 12.9 a (630 nm) 5.9 a (780 nm)

14.0 c a , b and c are from Ref. [15], [16] and [17], respectively. 

Reaction between reduced decatungstate and persulfate (S2O8 2-)

As we know the persulfate (PS) is one of strongest oxidant commonly used for the water treatment in advanced oxidation processes (AOPs). Theoretically, the redox reaction can occur between NaDT 1-/NaDT 2and persulfate, and the sulfate radicals (SO4 •-) can be generated when PS get the electron from reduced decatungstate species. In order to prove that the NaDT 1and NaDT 2can react with the persulfate, UV-Visible spectrophotometer was used to record the kinetics of absorbance of NaDT 1and NaDT 2at 775 nm when oxygen-free concentrated persulfate solution was added. Aqueous mixture of decatungstate and methanol (oxygen-free) was irradiated at 365 nmin order to prepare the NaDT 1-/NaDT 2solution.

Fig. 6 shows the kinetics of the absorbance of NaDT 1-/NaDT 2at 775 nm after adding persulfate solution at different concentrations. The absorbance of NaDT 1-/NaDT 2decreases quickly when the persulfate solution was added. After about 120 seconds the absorbance reaches a plateau value which means that all the PS was consumed. The absorbance of NaDT 1- /NaDT 2-decreases from about 1.9 to 1.8, 1.6, 1.1 and 0.4 when 0, 1.5, 3.0 and 6.0 M PS were added into the obtained blue solution, respectively. The decrease observed without PS is only due to the dilution factor. This kinetics illustrate that the reduced decatungstate (NaDT 1- /NaDT 2-) is reactiong with PS with the regeneration the original decatungstate (NaDT) and leading to the formation of sulfate radical. The process can be expressed by the following equation: 

W10O32 6-+ S2O8 2-→ W10O32 5-+ SO4 2-+SO4 •- (3) W10O32 5-+ S2O8 2-→ W10O32 4-+ SO4 2-+SO4 •- (4) 

Irradiation experiments

The decatungstate (NaDT) associated with persulfate (PS) was used for the degradation of organic contaminant, sulfapyridine (SPD) under UV irradiation and the efficiency was then evaluated. With this objective, aqueous solution of SPD at a concentration of 30 µM was mixed first with NaDT (0.3 mM) and PS (2.0 mM) at pH = 3.0. UV light with a characteristic wavelength at 365 nm was used as irradiation source. For comparison, experiments were also performed with SPD alone, PS/SPD, NaDT/SPD under the same experimental conditions (Fig. The photolysis of SPD (about 10% after 30 min of irradiation) with a pseudo order rate constant of 0.310 -2 min -1 was obtained under our experiment conditions. In the same time, the degradation was estimated to 80% with NaDT/SPD with rate constant of 5.010 -2 min -1 and 84%

7).

with PS/SPD with a rate constant of 6.210 -2 min -1 . However, in NaDT/PS/SPD system, the degradation reached 92% with rate constant of 7.710 -2 min -1 which clearly demonstrates that NaDT associated with PS can improved the degradation efficiency. However, the increase of SPD degradation in the presence of both NaDT and PS is not very strong and no synergy effect is observed. While experiments in the dark in the same conditions was also performed. Fig. 8(a)

shows that about 14-15% of SPD degradation can be observed in presence of the PS alone or in NaDT/PS system within 22 hours, while no degradation was occurred in the presence of NaDT alone. This result is due the decomposition of PS happened in the solution, which can produce the oxygen reactive species that can degrade the organic contaminant [18].

In order to prove that the reactive species is sulfate radical (SO4 •-), methanol was added as sulfate radical trap. Fig. 8(b) shows that the comparison of SPD degradation with/without methanol (4 M) in NaDT/PS system in the dark. About 14 % of SPD was degraded after 22 hours in NaDT/PS system in absence of MeOH, while 7% degradation of SPD was observed in presence of MeOH, which means that 7% degradation of SPD could be attributed to SO4 •- radicals and 7% degradation is due to another oxygen reactive species. This species could be the singlet oxygen ( 1 O2) produced by electronic process [19]. 

Products analysis by HPLC

In order to study the degradation mechanism of SPD, the products formation in NaDT/SPD, PS/SPD and NaDT/PS/SPD systems were analysed first by High Performance Liquid Chromatography. Fig. 9 shows the chromatogram after 90 min of irradiation in the three different systems. Comparing the chromatogram in three different systems, different main products can be observed. For the black curve represent the NaDT/PS/SPD (0.3 mM/2 mM/30

M) system, one main product at retention time of 7.23 min can be observed, which is not produced in the other two system. This indicates that the photo-degradation process is different in the three systems. Fig. 10 shows the chromatogram of the NaDT/PS/SPD (0.3 mM/2 mM/30

M) system at different irradiation times.

The peak of the main product at a retention time of 7.23 min increases when the irradiation time increases. For example, the peak area at irradiation time equal to 90 min is much higher (about 3 times) than the peaks at irradiation time equal to 20 min (Fig. 10). Insert of the Fig. 10 shows the change of the peak area of this product as function of time. The peak area increases from 0 to 60 min then reach to a plateau, then a decrease can be observed from 90-120 min.

This suggests that the accumulation of the main product occurs in this system and could be due to the selective reaction. 

Conclusion

This study has investigated the photochemical conversion of NaDT into its reduced species (NaDT 1-/NaDT 2 ). The NaDT 1-and NaDT 2-are formed under irradiation in oxygen-free aqueous solution in the presence of methanol with rate of 3.810 -5 M min -1 and 0.310 -5 M min -1 , respectively. These two reduced forms of decatungstate can be oxidized by the persulfate according to the UV-Vis spectroscopy. Photodegradation experiments indicate that the efficiency of SPD degradation increases slightly in presence of PS. This might be due to generation of sulfate radical while reducing PS.

Proposal

Due to the limited time during the PhD period, this part of the work is not complete, and the following work still needs to be completed after the end of the defense:

1) The rate constant of the reaction between PS and two reduced species of NaDT (NaDT 1- /NaDT 2-) need to be calculated.

2) The effect of different parameters, such as pH, different PS concentrations and the presence of different ions, on the degradation of SPD in NaDT/PS/SPD system will be studied.

3) The analysis of products in NaDT/PS/SPD system will be studied via UHPLC-MS system.

4) The reactive oxygen species (ROS) in NaDT/PS/SPD system will be identified with ESR technique.

5) The change of total carbon (TOC) in solution should to be determined.

6)

The degradation mechanism should be investigated in more detail. 

Introduction

Decatungtate (W10O32 4-), as one kind of high-valent early-transition metal-oxygen anion polyoxometalates catalyst, was widely used in organic chemistry and wastewater depollution [1]. Oxidation reactions with sodium decatungstate (NaDT) associated with hydrogen peroxide (H2O2) as "green" methods for organic synthesis have gained significant impetus over the past [2,3]. Franca Bigi and collaborators used silica-bound alkyalmmonium NaDT/H2O2 as heterogeneous catalysts system for selective oxidation of sulfide compounds to the corresponding sulfoxide derivatives [3]. The process appears to be very efficient, giving methyl phenyl sulfoxide in a high yield (92%) and selectivity (95%) under optimal conditions. Gkizis, et. al prepared tetrabutylammonium decatungstate (TBADT) which supported on mesoporous TiO2 nanoparticles working as a catalyst and using H2O2 as oxidant to selectively oxidize various aryl amines [2]. In contrast with TBADT/H2O2 oxidation system, the TBADT/TiO2/H2O2 ternary catalytic system was shown to be much more efficient and present a higher selectivity (the corresponding 10 kinds of nitrosoarenes were formed, with high yields (up to 99%) and selectivity (>90%)). Hence, the above study provides us a strategy to build a selective catalytic system by the combination of decatungstate with other materials.

Nitroso compounds are known to be highly valuable chemical intermediates, that were observed in the process of human metabolism [4] and widely used as powerful reagents in a variety of synthetic chemical transformations [5], such as nitroso aldol reactions [6], nitroso ene reactions [7], Diels-Alder cycloadditions [8], and couplings with amines to yield azoarenes [9]. In addition, in the last years, nitroso compounds chemistry was shown to play a pivotal role in asymmetric catalysis [10]. Since nitroso compounds emergence over one century ago, preparing these reagents has attracted a lot of attention and large number of methods of synthesis of these compounds has been developed [11,12]. Direct substitution of hydrogen by nitroso group, oxidation of other nitrogen-containing functional groups, preparation from nitro compounds and reaction of free radicals with nitric oxide, have been shown to be among the main methods [12]. However, the preparation of nitroso compounds by oxidation of primary amines is one of the widely used method with a variety of oxidizing agents such as caro's acid [13], peracetic acid [14], molecular oxygen [15] and H2O2 [16,17]. Among the oxidants, H2O2

is the most used reagent. As it is largely reported, H2O2 is considered as a "green oxidant"

which is easy to obtain, store and transport [18]. In addition, H2O and O2 represent the main reaction products, so H2O2 is a very environment friendly agent.

However, due to the high reactivity of these nitroso compounds, that could be oxidized to their respective nitro or dimeric derivatives, azo and/or azoxy arenes, the development of a chemo-selective oxidation of amino to nitroso compounds is of great importance [11,16,19]. In the last years, the most popular methodology to synthesize nitroso compounds was the transition metal-catalyzed oxidation, with tungsten (W) [17], molybdenum (Mo) [20], vanadium (V) [21] as metal, in the presence of H2O2. Hence, our system is based on the above strategy which combines NaDT with a support to build a ternary system. Although this ternary system has been initially applied, the scientific knowledge and the work on the catalytic principle of such system is still blank. As well known, Nano-Fe3O4 particles, a kind of iron oxide, were largely used as support because of their large surface area, their magnetic properties and their relatively high reactivity [22]. In addition, the use of Fe3O4 particles has the advantage to be easy to recover and to reuse for another process.

Herein in this study, we used nano-Fe3O4 particles as a support of NaDT in the presence of H2O2 to obtain an innovative ternary catalytic system to selectively oxidize amino compounds into nitroso derivatives. This special system was chosen as an example to carry out in-depth research on the reaction mechanism of the ternary catalytic system. Thus, the objectives of this study are i) to characterize the prepared NaDT and nano-Fe3O4 particles, ii) to identify the reactive species in this system, iii) to study the efficiency of the oxidation as well as the selectivity in the NaDT/Fe3O4/H2O2 system, iv) to optimize the experimental parameters.

In addition, cyclic voltammetry (CV) experiments, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) were also set up to study deeply the mechanism of this ternary catalytic system.

Experimental

Materials

Sulfapyridine (SPD) (≥ 99 %), sodium tungstate (Na2WO4⋅2H2O), sodium chloride (NaCl), hydrochloric acid (HCl), hydrogen peroxide (H2O2 30%), perchloric acid (HClO4), Iron(III) chloride (FeCl3• 6H2O), Iron(II) chloride (FeCl2• 4H2O) and sodium hydroxide (NaOH) were purchased from Sigma Aldrich and used as received. Water (Milli-Q) was purified using a reverse osmosis RIOS 5 and Synergy (Millipore) device (resistivity 18 MΩ cm, DOC < 0.1 mg L -1 ).

Preparation of sodium decatungstate (NaDT) and Fe3O4

The synthesis of sodium decatungstate (Na4W10O32) was performed according to our previous study [1]. The boiling sodium tungstate solution (50 g of Na2WO4⋅2H2O dissolved in 300 mL of ultrapure water) was mixed with 1.0 M boiling hydrochloric acid (300 mL) in a beaker, refluxed for 20 seconds to form a green solution. It was followed by adding 150 g of solid sodium chloride, stirring until the solution is re-boiled and keeping for 20 seconds, then rapidly transferred into the ice-water bath. This suspension solution was maintained in a freezer (-18 C) overnight. The day after, the suspension solution of NaCl and crude Na4W10O32 was filtered and the solid was dissolved into 150 mL of acetonitrile solution. The latter solution was refluxed for 5 minutes at 79 C and filtered in order to remove the insoluble NaCl after cooling at ambient temperature. The acetonitrile solution was gently evaporated in hot-water bath ( 79C) to obtain the yellow-green catalyst.

Magnetite (Fe3O4) was prepared by following the procedure reported in the literature [23].

A mixture of 27.03 g FeCl3• 6H2O and 19.88 g FeCl2• 4H2O in 800 mL Milli-Q water was constantly stirred under nitrogen atmosphere. The pH was adjusted by NaOH aqueous solution to 9-10 and the solution volume was adjusted to 1.0 L with Milli-Q water. Then, the reaction vessel was kept in the dark for 48 h at 60 °C. After centrifugation, the solid was washed with Milli-Q water until the water conductivity after washing was less than 2.0 μS cm -1 , and then dried.

The mixture Fe3O4/NaDT was obtained by simple addition of the two products in aqueous solution to have the desired concentration.

Catalytic tests: sulfapyridine (SPD) oxidation

The conversion of SPD and the formation yield of its corresponding nitroso compound were performed in a batch experiment at room temperature (25°C). 5.0 mg NaDT and 13.2 mg Fe3O4 were added into the 50 mL of SPD solution (30 µM). The concentration of NaDT was then equal to 41 M and the amount of Fe3O4 was 0.264 g L -1 . The pH of solution was adjusted to 3.0 ± 0.05 using perchloric acid and sodium hydroxide (0.1 M). Hydrogen peroxide was added using a concentrated solution, and so with negligible volume, prior to starting the reaction using the magnetic stirrer at 1100 rpm in order to disperse Fe3O4 particles. Then, aliquots of the mixture were taken at different time intervals and were immediately filtrated using PTFE filters of 0.2 µm (CHROMAFIL ® Xtra RC-20/25, 25 mm, Macherey-Nagel).

The effect of pH within the range 2.5 -6.9, of H2O2 concentration within the range 1.0 -20.0 mM, of NaDT concentration within the range 20.0 -246.0 M and of the amount of Fe3O4 within the range 0.1 -1.5 g L -1 , on the whole mechanistic process were also investigated independently.

In order to prove the hydroxyl radicals generating and reactivity in this ternary catalytic system, 2-propanol was chosen as a trap. It efficiently reacts with hydroxyl radical with a rate constant of 2.310 9 M -1 s -1 [24]. Concentrated isopropanol was added into the solution in order to reach a final concentration of 1.0 mM in the mixture.

Preparative LC, NMR Spectroscopy, HRMS-UHPLC and HPLC

Preparative liquid chromatography (LC) was used to separate and purify nitrososulfapyridine (N-SPD) from the reaction mixture. This separation was obtained with Chemical shifts (δ) are expressed in ppm relative to residual peak 4.79 (ppm) of water.

The identification of all the products was performed using high resolution mass spectrometry (HRMS) constituted of an Orbitrap QExactive (Thermoscientific) coupled to an ultra-high performance liquid chromatography (UHPLC) instrument Ultimate 3000 RSLC (Thermoscientific). Analyses were carried out in both negative and positive electrospray modes (ESI + and ESI -). The elution was performed using the following gradient program: a linear increase of acetonitrile from 5 to 99 % within 7.5 minutes followed by 0.5 minutes at 99 % of acetonitrile, a decrease of acetonitrile to 5 % in 0.5 minutes and a final step of 5 % within 3 minutes. The column was a Kinetex EVO C18 (100  2.1mm; 1.7µm particle size (Phenomenex)) and the flow rate was set at 0.45 mL min -1 .

The conversion of SPD and the formation of nitroso-sulfapyridine (N-SPD) percentages were obtained by HPLC (Shimadzu NEXERA XR HPL) equipped with a photodiode array detector and an auto sampler. The column was a Macherey Nagel EC 150/2 NUCLEODUR C18ec (150 mm × 2 mm, 2 m particle size). The analyses were performed using acetonitrile as mobile phase and water with 0.5 % of phosphoric acid at a flow rate of 0.40 mL min -1 . The elution was performed using the following gradient: 5 % of acetonitrile for 2.5 minutes, a linear increase of acetonitrile to 40 % in 4.5 minutes, then an increase of acetonitrile to 95 % in 1.5 minutes, 95 % of acetonitrile for 1 minute and a decrease of acetonitrile to 5 % in 0.5 minute.

Electrochemical measurements

Cyclic voltammetry (CV) experiments were carried out with a potentiostat Autolab PGSTAT204 controlled by the NOVA software (Metrohm) equipped with a three-electrodes system. An Ag-AgCl electrode was used as the reference electrode and a platinum wire as the auxiliary electrode. The working electrode was a pyrolytic graphite electrode (PGE, A = 0.07 cm 2 ). Before its use, the electrode surface was polished with 1 µm diamond paste and washed with acetone and then it was polished again with 0.04 µm alumina slurry to be finally rinsed with ethanol and water. The PGE electrode was modified with a Fe3O4 coating (M-PGE) using a solvent casting reference method [25]. A suspension was prepared with 2.0 mg of Fe3O4 dispersed in 1.0 mL ethanol by sonication for approximately 15 minutes. Then 10 L nafion solution (5%, Sigma Aldrich) was added in the 1.0 mL Fe3O4 suspension followed by sonication for 15 more minutes. 10 L of the slurry was deposited onto the polished PGE then air dried for 30 minutes. With the aim to deoxygenate the electrolyte solution, the electrolyte solution was bubbling with a for 30 minutes prior to the CV experiments. Cyclic voltammograms were recorded under inert atmosphere (Ar) at a scan rate (v) of 10 mV s -1 in a 0.1 M LiClO4 (at pH 2.6) in presence or absence of H2O2 (5 mM) with a bare PGE or a M-PGE electrode, respectively.

The given CVs correspond to the second cycle and CV experiments of two electrodes were performed in the same parameters, each time with fresh LiClO4 electrolyte solution.

Results and Discussion

Characterization

The powder X-ray diffraction reveals that NaDT is crystallized in the monoclinic lattice with a space group P2(1)/n, as previously reported [26]. The characteristic XRD peaks of NaDT is consistent with the position of the NaDT simulated peaks, which can indicate that the sample has good crystallinity and high purity (Fig. 1). In addition, the purity of NaDT can be confirmed by the UV-Vis spectrum (Fig. S1), it shows an absorption band with a defined maximum at 321 nm and a molar absorption coefficient of 12365 M -1 cm -1 in perfect agreement with the published literature data [27]. Moreover, the infrared absorption peaks of NaDT are also clearly observed and are consistent with previous stud [28] (Fig. 2). The main vibration bands of NaDT are observed at 1007 and 965 cm -1 corresponding to the stretching vibration of the W=Ot bond (Ot -terminal oxygen atoms). The bands at 903 and 775 cm -1 are due to the vibrations of W-Ob-W (Ob -corner-sharing-oxygen-bridge) and W-Oc-W (Oc -edge-sharing oxygen-bridge) respectively.

The synthetized Fe3O4 was characterized using several techniques in order to have a better idea about its physical properties such as material composition and morphology. As shown in the XRD patterns (Fig. 1), Fe3O4 presents several peaks at 2θ = 18.44°, 30.30°, 35.67°, 37.18°, 43.32°, 53.78°, 57.29°, 62.95°. These are found in perfect agreement with those reported in a standard pattern of PDF-#89-6466 leading us to the conclusion that Fe3O4 was successfully synthesized. In Fig. 2, the red curve represents the infrared spectrum of Fe3O4, the infrared absorption peaks of Fe3O4 are also clearly observed. The band at 578 cm -1 can be assigned to the Fe-O stretching mode of the tetrahedral and octahedral sites [29]. The Fe-OH vibration band is located at 624 cm -1 29 . Moreover, the TEM image (Fig. S2) shows that it has a globosity morphology with the particle diameter ranging from 20 to 40 nm. This leads us to the conclusion that we are dealing with a nano Fe3O4 particles which presents more likely a large surface area (74  1 m 2 g -1 ) determined by BET. All these analyses show that our Fe3O4 has no impurity. It worth noting that for longer experiment time (Fig. S3) and in the presence of higher concentrations of NaDT (164 M)/H2O2 (5 mM) and Fe3O4 (0.8 g L -1 )/H2O2 (5 mM), the conversion percentage of SPD increased to 41.7 % and 53.3 % within 72 h, respectively. The rate constants were then estimated at 1.3010 -4 min -1 and 3.0110 -4 min -1 , respectively.

Therefore, NaDT /Fe3O4/H2O2 ternary system demonstrates a much better efficiency when compared to NaDT/H2O2 and Fe3O4/H2O2 (around 90 and 40 times higher, respectively).

In order to elucidate the generated products, we undertook analyses by HRMS/UHPLC.

As clearly shown in Fig. S4, the disappearance of sulfapyridine (SPD) leads to the formation of mainly five products among them the nitroso-sulfapyridine (N-SPD) (m/z[M+H+] = 264.0435 (Table S1)) is the main product formed in the ternary system. This leads us to the conclusion that the simultaneous presence of Fe3O4 and NaDT greatly promotes the amino selective oxidation into nitroso compound.

It's important to mention that hydroxy-sulfapyridine product (P2 in Table S1) is observed which may be due to the reactivity of the • OH radicals with the benzene ring moiety via the electron transfer process and/or a hydrogen abstraction process. This is more likely owing the classical Fenton and Fenton-like processes [30]. In order to prove that the • OH radicals were generated in this ternary system, the 2-propanol was used as a trap. In Fig. 4, the SPD conversion efficiency is lightly inhibited in the presence of isopropanol. This indicates that • OH radicals are involved in the process. However, only 5.6 % conversion of SPD is contributed by reaction of • OH radicals and so 94.4% conversion is due to the other processes. The NMR spectrum confirmed this result (Fig. S5). The quantification of nitrososulfapyridine was performed by using NMR technique according to the procedure given in the materials and methods section. The average concentration of N-SPD calculated after quantification by NMR is 44.72 M, and the relative standard deviation is (RSD) 5.1% (Table S2). In addition, the same products were also obtained in NaDT (164 M) /H2O2 (5 mM) binary system after 72h reaction, which indicates that NaDT plays a key role in oxidation of SPD to N-SPD but in a very low efficiency.

Optimization of the experimental parameters for the ternary system

In order to optimize the experimental parameters, the different pH (Table S3), concentration of H2O2 (Table S4), amount of Fe3O4 (Table S5) and concentration of NaDT (Table S6) were investigated. The obtained results demonstrate that the oxidation of SPD into N-SPD is efficient at pH lower than 5.0. As shown in Fig. S6, S7 and S8, the rate constant and the percentage of SPD disappearance reach a plateau when concentrations of H2O2, NaDT and amount of Fe3O4 increase and, the limited concentrations are around 10.0 mM, 0.8 g L -1 and 41 µM , respectively. The use of higher concentrations is detrimental for the oxidation process. In terms of selectivity for the oxidation of SPD into N-SPD, H2O2 concentration has no real impact, the increase of Fe3O4 concentration improves slightly the selectivity and as contrary an increase of NaDT concentration decreases the selectivity.

Recycling experiments

In order to demonstrate that Fe3O4 in this ternary system can be recycled, it was collected after each reaction and reemployed for the same experiments. Table 1 shows the conversion of SPD and selectivity for the formation of N-SPD in this system during repeated experiments.

The SPD conversion remains between 85 -87% in 4 times repeated experiments.

The yield of N-SPD formation at first and second cycle is about 75%. A small decrease can be observed after 3 times reusing, which may be mainly due to the accumulation of NaDT on the Fe3O4 surface. Indeed, after few cycles, the actual amount of NaDT in the solution is higher than the optimized concentration, which leads to the decrease of the of N-SPD yield.

This indicates that the development of the optimal conditions for real application can be the main subject of the more in-depth research work in the future. [NaDT] = 82 μM; [Fe3O4] = 0.4 g L -1 ; [H2O2] = 5.0 mM; [SPD] = 90 μM; pH = 3.0;

Investigation of the interactions in the ternary system

According to the above results, NaDT plays a key role in the selective oxidation of SPD, and Fe3O4 can greatly increase the reaction rate in the presence of H2O2. This is more likely owing to the existence of an interaction between Fe3O4 and NaDT. In order to investigate how Fe3O4 plays an important role in selective oxidation of SPD to N-SPD, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and cyclic voltammetry (CV) experiments were performed.

FTIR

Interactions between NaDT and Fe3O4 are first investigated by the Fourier Transform infrared spectroscopy (FTIR). By comparing the spectra of NaDT and Fe3O4 alone with the mixture of both components, a shift can be noted for the W-Oc-W bond (775 cm -1 ) which corresponds more likely to the interaction between NaDT and Fe3O4 at edge sharing oxygenbridge (Fig. 2). Rakshit et.al indicated that the tungstate can form inner-sphere type bonds on hematite surface [31]. Similarly, Shan et.al indicated that there is a strong interaction between Fe3O4 and tungstate [32].

XPS

In order to confirm the interaction between Fe3O4 and NaDT and to compare the difference of chemical compositions of Fe3O4 before and after reaction, the XPS measurement was performed. A typical full XPS spectrum of Fe3O4 (before reaction) is shown in Fig. 5(a). The spectrum indicates the presence of carbon, oxygen and iron arising from Fe3O4. This shows that the Fe3O4 has no other contaminants, which is consistent with the results of XRD and FTIR.

For the Fe3O4 after 4 times reuse, the spectrum presents the presence of carbon, oxygen, iron and tungsten, which indicates that the NaDT interacts with the Fe3O4 surface.

High resolution Fe 2p spectrum of Fe3O4 (after reaction) is shown in Fig. 5

(b). Fig. S10(a)

shows high resolution Fe 2p spectrum of Fe3O4 before reaction). Two peaks at 710.55 and 724.10 eV correspond to Fe 2p3/2 and Fe 2p1/2 peaks of Fe3O4, respectively [33]. The spin-orbit split Fe 2p peaks are broad due to a small chemical shift difference between Fe 2+ and Fe 3+ present in Fe3O4 [34]. These peaks were both well fitted (with low χ²-distribution) with two components. For the Fe 2p3/2 spectrum, a major peak at 711.92 eV and a minor one at 710.50

eV can be ascribed to Fe 3+ and Fe 2+ , respectively. Similarly, a major peak at 723.84 eV and a minor on at 725.47 eV were observed in Fe 2p1/2 spectrum, which can be also ascribed to Fe 3+ and Fe 2+ , respectively. In addition, a fitting satellite peak can be observed in Fig. 5(b), which was likely due to iron oxidation generating Fe2O3 instate Fe3O4 at the surface 36 . These results are in accordance with previously published data [35,36].

A Fe 3+ /Fe 2+ ratio (~2:1) is calculated from the corresponding area of both components under the spectrum of Fe 2p3/2 and Fe 2p1/2. This indicates that the Fe3O4 is of high purity, which is consistent with XRD result. Table 2 shows the ratios of Fe 2+ and Fe 3+ in Fe3O4 (before and after reaction) and the fitting peaks position in Fe 2p3/2 and Fe 2p1/2 spectra, respectively. It can clearly observe that the Fe 3+ /Fe 2+ ratio is similar (the Fe 3+ percentage increases a little bit after reuse), indicating that the chemical composition and properties of Fe3O4 have not significantly changed after 4 times reuse. Moreover, no obviously change is presented at the peaks position of Fe 3+ in Fe3O4 before and after reaction. However, for the peaks position of Fe 2+ and satellite peak in Fe3O4, a small shift which is about 0.3 eV for Fe 2+ peaks can be observed. This may be due to the interaction between NaDT and Fe 2+ on surface of Fe3O4. The area of fitting satellite peak increases comparing the spectra of Fe 2p before and after reaction which could be due to the further oxidation in the solution in the presence of H2O2. This result is consistent with the result of the small increase in the proportion of Fe 3+ mentioned above.

High resolution O 1s spectra of Fe3O4 before and after reaction are shown in (Fig. S10(b) and Fig. 5(c). In Fig. 5(c), the O 1s spectrum can be divided in to three component peaks centered at 529.24, 530.73 and 531.67 eV. The O 1s peak which appears at 531.67 eV is due to the interacted NaDT on the Fe3O4 surface [35,36]. The O 1s peaks situated at 529.24 and 530.73

eV correspond to Fe-O in Fe3O4 phase and the hydroxyl bonding (Fe-OH) on the surface of Fe3O4 [36][37][38]. Table 3 shows the fitting peaks position of O 1s in Fe3O4 before and after reaction that shows no difference, indicating that the interaction between Fe3O4 and NaDT is not established via the oxygen atoms in Fe3O4.

High resolution W 4f spectrum is exhibited in magnetite sample after reaction (Fig. 5(d).

The two peaks of W 4f5/2 and W 4f7/2 appear at 39.11 and 36.99 eV, respectively [35,36]. Hence, the results of XPS confirm the interaction between NaDT and Fe3O4, which is consistent with the result of FTIR. Therefore, the above results can reveal that there is an interaction between NaDT and Fe3O4, and the Fe 2+ on the surface of Fe3O4 establishes an interaction with the edge oxygen atoms shared by sodium decatungstate. There is no significant change in the composition of Fe 2+ and Fe 3+ during the reaction process, so Fe3O4 can be used repeatedly, and repeated use experiments have also verified this point.  2 represents chi-square distribution, χ²-distribution.

CV experiments

In order to confirm this possible interaction between NaDT and Fe3O4 that leads to an efficiency of SPD conversion, we have also studied, by cyclic voltammetry, the electrochemical behavior of NaDT at a bare pyrolytic carbon electrode (PGE) and Fe3O4 modified electrode (M-PGE) in the presence of H2O2. are consistent with the values reported in the literature [39,40]. The peak separation (E = Epc-Epa) are 69 mV and 76 mV for the first and the second redox couples, showing a good reversibility of the electron transfers which can be assigned to the successive reversible reduction of W10O32 4-to W10O32 5-than to W10O32 6-[39].

The curves c, d, e in Fig. 6 correspond to the electrochemical signal of NaDT in the presence of H2O2 at various concentrations. The shape of the voltammograms changes when H2O2 was added in the electrolyte solution. The reversible curve was replaced by a S shape curve, corresponding to a characteristic electrocatalytic process. The two cathodic peaks are shifted to lower cathodic potentials (roughly -0.12V and -0.32V, respectively) that could be due to a specific interaction between NaDT and H2O2 forming a decatungstate-peroxo intermediate species (W10O32 4-peroxo) [41,42]. The interaction between NaDT and H2O2 was confirmed by UV-Vis as shown in Fig. S12. The sodium decatungstate-peroxo species (W10O32 4-peroxo) generate in the presence of H2O2, which can be assigned to the following equation 1:

W10O32 4-+ H2O2 ⇌ W10O32 4-peroxo + H2O (1) 
The current intensity of the two cathodic peaks gradually increased with the H2O2 concentration. On contrary, the corresponding anodic peak current decreased when increasing H2O2 concentration. These observations are consistent with an electrocatalytic reaction with H2O2. It was noted that the electrocatalytic waves appear on both redox couples: (equation 2 and 3)

W10O32 4-(or W10O32 4-peroxo) + e -→ W10O32 5-+ H2O2 → W10O32 4-+ • OH + OH -(2) W10O32 5-+ e -→ W10O32 6-+ 2 H2O2 → W10O32 4-+ 2 • OH+ 2OH - (3) 
The insert of Fig. 6 represents the current of both cathodic peaks (Ipc1 and Ipc2) as a function of the H2O2 concentration. It clearly shows that the two current peaks present a linear evolution with H2O2 concentration with slopes of 0.537 and 2.522 A mM -1 , respectively (correlation coefficient R 2 = 0.95 and R 2 = 0.94, respectively). Compared to the electrocatalytic current obtained at the first peak (Ipc1), the second one (Ipc2) is greater, showing that the reduced species W10O32 6-is a better electrocatalysts to reduce H2O2 than W10O32 5-. The same feature was reported by Kang et al for phosphotungstate [43].

In Fig. 7, the electrochemical response of NaDT in the presence of 5 mM H2O2, recorded with the bare PGE (curve a) is compared to that obtained with a M-PGE (curve b). It was notable that the catalytic current of NaDT in the presence of H2O2 obtained at M-PGE was much higher than the one recorded at the bare PGE. The potential of the first catalytic wave is shifted toward less negative (Epc1 = -0.11 V/Ag-AgCl), corresponding to the Epc1 of NaDT at M-PGE (Fig. S11), while the catalytic current was increases ( 2.5). For comparison, the insert of Fig. 7 shows the CVs recorded using a bare PGE and a M-PGE with 5.0 mM H2O2 added in the electrolyte solution and without NaDT. With PEG, no cathodic peak is observed in the presence of H2O2 that means no direct reduction of H2O2 is occurring at the bare electrode in the investigated potential window. With M-PGE, a welldefined cathodic peak is clearly observed at 0.08 V which is owing an electro-Fenton process [44,45] that occurs on the M-PGE. This process can be expressed by equations (4 and 5):

Fe 3+ (Fe3O4 surface) + e -→ Fe 2+ (Fe3O4 surface) (4) 
Fe 2+ + H2O2 → Fe 3+ + • OH + OH - (5) 
However, in this case the catalytic current is lower than in the presence of NaDT. This means that with Fe3O4 particles on the electrode surface and NaDT in solution, the electrocatalytic process for H2O2 reduction is definitively improved. The mechanisms of these electrocatalytic processes are probably not the same on both type of electrodes, implying in the latter case, iron species in interaction with NaDT, as suggested by Dong and Liu for Dawsontype tungstatephosphonate anion [46].

-0.6 -0.3 0.0 0.3 

Mechanistic scheme

According to the above results, the main mechanism of selective oxidation in this ternary system can be proposed. CV experiments reveal that interactions occur between NaDT and H2O2 and also between NaDT and Fe3O4. The formation of decatungstate peroxide intermediate species (NaDTperoxo) was shown in UV-Vis.

For the interaction between NaDT and Fe3O4, IR and XPS characterization clearly show that this interaction is between Fe 2+ on Fe3O4 surface and O element at edge sharing oxygenbridge of NaDT, which links Fe3O4 and NaDT, leading to the formation of NaDT/Fe3O4 complex. At the same time, the NaDT reacts with H2O2 as well leading to the formation of sodium decatungstate-peroxo (NaDTperoxo). Hence, NaDT/Fe3O4/H2O2 represents the innovative ternary catalytic system. Such system appears to be a very efficient and interesting catalytic system for the oxidation of amine groups to nitroso derivatives.

In absence of Fe3O4, selective oxidation of SPD occurs but with a low efficiency, NaDTperoxo can take an electron from the amine site of sulfapyridine to NaDT giving rise to the formation of the reduced species W10O32 5-with the simultaneous formation of the radical cation [Ar-NH2] •+ as intermediate which can be oxidized further to Ar-NHOH [7], shown in Scheme 1. The latter species may be oxidized in the presence of hydrogen peroxide to form the nitroso derivative (N-SPD). The catalytic activity of NaDT may then be demonstrated by the reduction of H2O2 leading to the formation of hydroxyl radicals. However, the efficiency can be highly improved in presence of Fe3O4.

Scheme 1. Primary aromatic amines to nitroso aromatic compound through a selective oxidation process in NaDT/H2O2 system While, in the innovative ternary catalytic system (NaDT/Fe3O4/H2O2), owing to the interaction between NaDT and Fe3O4 giving the formation of NaDT/Fe3O4 complex, the electron transfer process between Ar-NH2 and NaDT/Fe3O4/H2O2 is favored leading to the formation of the reduced species of decatungstate (W10O32 5-) which may regenerate the starting substrate through an electron transfer to Fe3O4.The produced radical cation of sulfapyridine is converted, through its oxidation with H2O2, to N-SPD. The formation of hydroxyl-sulfapyridine, is clearly a sign for hydroxyl radical formation. This could be produced via a Fenton reaction.

The efficiency of the process is mainly owing to the interaction of NaDT with Fe3O4 (Scheme 2). Scheme 2. Primary aromatic amines to nitroso aromatic compound through a selective oxidation process in NaDT/Fe3O4/H2O2 system

Conclusion

The ternary system (NaDT/Fe3O4/H2O2) appears to be a powerful system for the efficient (until 97%) and selective conversion (until 81%) of amine substrates to their nitroso-derivatives.

The system consists on a complex material obtained through interaction between Fe3O4 and decatungstate on one side and between decatungstate and hydrogen peroxide on the other side as clearly demonstrated by cyclic voltammetry (CV) experiments. This interaction between NaDT and Fe3O4 is without any doubt the driving for the electron transfer to occur. The catalytic system proceeds through an electron transfer process between sulfayridine and NaDT leading to the formation of the radical cation on the amine group and the reduced species of NaDT. The regeneration of the W10O32 4-is obtained via a second electron transfer with Fe3O4 owing to the interaction. Thus, during this study we clearly demonstrated that the system NaDT/Fe3O4/H2O2 is an innovative and powerful process with a high yield of transformation (> 80%) for the generation of nitroso compounds from amine group. It could be used and implemented easily for the synthesis of such chemical compounds in different applications. The effect of pH was studied within the range 2.5 -6.9 at constant concentration of NaDT, Fe3O4, H2O2 and SPD. As clearly seen in Table S3, the conversion percentage of SPD decreases when the pH increases. The conversion was estimated to around 77% with a rate of 1.2  10 -2

min -1 at pH = 2.5 and 46% at pH = 4.9 with a rate of 0.48  10 -2 min -1 . It dropped rapidly to roughly 6% at pH = 6.9 owing more likely to the lower stability of NaDT at pH > 5.5 [2]. On the other hand, the acid-base equilibrium of SPD (pKa = 8.43) may also interfere in the process leading to a change in the solution composition and thus a different reaction processes could occur with the various forms of SPD. Concerning the yield of N-SPD, it is estimated to 70% at pH = 2.5 and increased to reach a maximum at pH = 4.9 (around 90%). No formation of nitroso derivative was observed at higher pH, once again due to the instability of NaDT. NaDT appears then as a key compound in this novel and promising ternary system for the generation of nitroso compound.

b) Effect of H2O2 concentration

Fig. S6 shows the effect of different H2O2 concentrations (from 0 to 19.2 mM) on SPD conversion. The results were obtained from NaDT (41 µM) /Fe3O4 (0.264 g L -1 )/H2O2 ternary system at pH 3.0 and in the presence of various hydrogen peroxide concentrations. In the absence of H2O2, SPD conversion was found to be very low (0.1 %) while in the presence of H2O2, the SPD conversion increased rapidly. The rate constant reached a limit value (1.47  10 - 2 min -1 ) when the concentration of H2O2 is higher than 10.0 mM, leading us to the conclusion that the concentration of H2O2 does not represent a limiting step. In addition, the yield of N-SPD remains constant at approximately 70% for the concentration of hydrogen peroxide higher than 5.0 mM (Table S4). Thus, in the following experiments, we selected 5.0 mM of H2O2.

c) Effect of the amount of Fe3O4

As we clearly demonstrated above, Fe3O4 and NaDT are the main reactants that lead to the conversion of SPD into N-SPD. In order to find out the optimum concentration of Fe3O4, experiments were performed by varying the amount of Fe3O4 within the range 0.1 -1.5 g L -1 .

The chosen concentrations for the other substrates are [SPD] = 30 M, [NaDT] = 41 M in the presence of 5.0 mM H2O2 at pH = 3.0.

Table S5, shows effect of the amount of Fe3O4 on the SPD conversion percentage and on the selectivity in the ternary system. Concerning the SPD conversion rate, a rapid increase from conversion reaches a plateau value at about 98% for the amount of Fe3O4 higher than 0.8 g L - 1 with a selectively that increases to around 81%.

Moreover, as shown in Fig. S7, an increase of the SPD conversion rate constant is noticed from 0.44  10 -2 to 3.32  10 -2 min -1 when the amount of Fe3O4 increases from 0.1 to 0.8 g L -1 .

In this range, the oxidation rate appears to be proportional to Fe3O4 amount. When the amount of Fe3O4 is increased to 1.5 g L -1 , the conversion rate constant slightly increases to 3.58  10 -2 min -1 indicating that a plateau value is reached.

d) Effect of the sodium decatungstate (NaDT) concentration

The effect of the NaDT concentration was studied within the range 0 -246 µM by maintaining the amount of Fe3O4 at 0.4 g L -1 , SPD at a concentration of 30 M, in the presence of 5.0 mM H2O2 at pH = 3.0. Table S6 shows Effect of NaDT concentration on SPD conversion and the obtained yield of N-SPD after 2 hours. The percentage of SPD conversion increases rapidly from 9.3 % to 88.6 % with increasing the NaDT concentration from 0 to 21 M. And a slight increase (to 95.7%) is obtained when the NaDT concentration reaches 246 µM.

Concomitantly, a fast increase of SPD disappearance rate constant (0.00810 -2 to 1.7710 -2 min -1 ) is observed when NaDT concentration increases from 0 to 21 M. Then the value rapidly levels off for the range 41 to 246 M by reaching a limit rate of approximately 2.510 -2 min -1 (Fig. S8). Under these experimental conditions, it appears that SPD is efficiently and selectively oxidized even with low NaDT concentration. However, N-SPD selectivity decreases from 77.2 % to 34.9% with increasing the NaDT concentration from 21 to 246 M. As seen in Fig. S9, nitrosulfapyridine is generated with higher NaDT concentration, which is due the over-oxidation. In order to confirm the interaction between NaDT and H2O2, NaDT (77 M) and H2O2

(5.0 mM) were mixed in the ultra-pure water. As shown in Fig. S12( Keywords: Tetra-n-butylammonium decatungstate; Magnetite; Hydrogen peroxide; Selective oxidation; Electron transfer process.

Introduction

Nitroso compounds are known to be highly valuable chemical intermediates, which are versatile building blocks in polymer, dyes, agrochemical and pharmaceutical industries [1].

Nitroso compounds can be prepared easily from inexpensive starting material [2]. Among the preparation methods, catalytic oxidation of primary amines appears to be one of the widely used method with a variety of oxidizing agents [3][4][5]. H2O2 known as a milder oxidant is widely used in "green synthesis", since H2O and O2 represent the main reaction products [2,6]. In addition, the less amount of complex mixtures of over-oxidized, non-regio and chemo-selective side products is produced with H2O2 [2].

In the last years, the most popular methodology to prepare nitroso compounds was the transition metal-catalyzed oxidation, with tungstate (W) [2,7], molybdenum (Mo) [1,8], vanadium (V) [8], zirconium (Zr) [9], gold (Au) [10] as metal, in combination with the hydrogen peroxide. However, these catalytic oxidation procedures show low efficiency and it might lead to the formation of undesired products such as azo or azoxy derivatives as well as to over-oxidation to the nitro compounds [11]. Nowadays, improving the high activity and selectivity attracts more attentions and immobilization transition metal on a solid support became an interesting and excellent strategy. Moreover, heterogeneous catalysis has a high potential for the recycling of the catalyst. This might be used efficiently for large-scale production. Fountoulaki, et al. studied the catalytic activity of titania-supported gold nanoparticles (Au/TiO2) for the selective oxidation of amines into nitroso compound using H2O2, and they clearly illustrated that the titania (TiO2) promotes the selective formation of variety of nitroso arenes in high yields and selectivity, even in a large-scale synthesis [10].

Gkizis, et al. investigated the selective oxidation of various aryl amines using decatungstate supported by mesoporous TiO2 nanoparticle assemblies in combination with H2O2 [7]. The experiment showed, in short reaction time, an exceptionally high activity of these catalyst toward aryl amines oxidation with high yields and selectivity at ambient conditions. As an example, with series of substituted anilines high yield (up to 99%) and selectivity ( 90%) were obtained. These studies show high efficiency and selectivity of transition metal complex catalyzed oxidation. Catalytic oxidation of tungstate-activated complex has received considerable interest owing to their high activity and selectivity. Jadidi Nejad, et al. studied selective oxidation with tungstate-supported silica-coated magnetite nanoparticles [2]. This new complex can be reused for the preparation of nitroso compounds up to 6 times in presence of H2O2 with a yield of roughly 70%.

Decatungstate (DT) is a catalyst commonly used often in organic selective synthesis, especially in photo-catalyzed oxidation [12]. In addition, a variety of methods have been developed to prepare heterogeneous DT photocatalysts, including dipping DT on a solid substrate [13], incorporating it into a sol-gel network [14], and combining it on silica [15], connecting to ion exchange resins [16] or polymer membrane [17], respectively. These heterogeneous DT photocatalysis systems are easier to treat and recover catalyst than in a homogeneous DT solution.

Considering the selection of the support material, magnetite as on kind of iron oxide has high value of surface area, and it is often used as support for complex [18]. In addition, previous study proved that the interaction exist between iron oxide and tungstate oxide, which could made the electron more easily transfer from W 6+ sites to Fe 3+ [19]. Rakshit et, al. indicated that tungsten forms inner-sphere type bonds on hematite surface and the strength of the interaction increased with decreasing pH using in situ ATR-FTIR [20]. Sallman, et al illustrate that tungsten surface complexation mode on iron oxide can be affected by pH and phosphate ion [21].

Hence, based on the well understanding interaction between these two species, we used, in this study, nano-magnetite (M) as a support of tetra-n-butlyammonium decatungstate (TBADT) to synthesis the magnetite-decatungstate (M-T) complex. We used M-T complex to obtain an innovative catalytic system to selectively oxidize amino compounds into nitroso derivatives in the presence of H2O2. In addition, the use of heterogeneous complex particles presents the advantage to be easy to recover and reusable. Experiments were performed as a function of various parameters, such as pH, the ratio of TBADT and magnetite, the concentrations of H2O2 and M-T complex. In order to identify the reactive species, to understand the mechanism of the reaction and also to optimize ⅰ) the efficiency of the oxidation of the substrate to nitroso compound as well as the ⅱ) selectivity in the M-T/H2O2 system.

Moreover, cyclic voltammetry (CV) experiments were also performed to deeply study the mechanism of this catalytic system.

Materials and Methods

Materials

Sulfapyridine (SPD) (≥ 99 %), sodium tungstate (Na2WO42H2O), tetra-n-butylammonium bromide (TBABr), hydrochloric acid (HCl), hydrogen peroxide (H2O2 30%), perchloric acid (HClO4), Iron(III) chloride (FeCl3• 6H2O), Iron(II) chloride (FeCl2• 4H2O) and sodium hydroxide (NaOH) were purchased from Sigma Aldrich and used without any further purifications. Water (Milli-Q) was purified using a reverse osmosis RIOS 5 and Synergy (Millipore) device. Its resistivity was 18 MΩ cm and the dissolved organic carbon (DOC) was estimated to < 0.1 mg L -1 .

Preparation of magnetite, TBADT and M-T complex

The preparation of tetra-n-butylammonium decatungstate (TBADT) was performed using the method described elsewhere [22]. To a boiling sodium tungstate solution (8 g of Na2WO42H2O dissolved in 100 mL of ultrapure water) was added 16.75 mL boiling hydrochloric acid (3.0 M). The temperature was maintained at 95 C for 5 min till the change of the solution color to green. Then, the addition of an aqueous solution (95 C) of tetra-nbutylammonium bromide (TBABr, 6.4 g/10 mL) leads to the immediate formation of a white precipitate. The mixture was kept under stirring at a temperature of 95 C. This suspension solution was then filtered after cooling at ambient temperature. The solid was dissolved into dichloromethane and filtered with the aim to remove the insoluble particles. Finally, the obtained dichloromethane solution was gently evaporated at 38 C to obtain the yellow-green catalyst.

Magnetite was prepared by following the procedure reported in the literature [23]. A mixture of 27.03 g FeCl3• 6H2O and 19.88 g FeCl2• 4H2O in 800 mL Milli-Q water was constantly stirred under nitrogen atmosphere. The pH was adjusted by NaOH aqueous solution to 9-10 and the solution volume was adjusted to 1.0 L with Milli-Q water. The reaction vessel was then kept in the dark for 48 h at 60 °C. After centrifugation, the solid was carefully washed with Milli-Q water until the water conductivity was less than 2.0 μS cm -1 and then dried.

The complex magnetite-TBADT (M-T) was prepared by the following procedure. A mixture of 1.0 g tetra-n-butylammonium decatungstate (TBADT) and 2.0 g magnetite was vigorously stirred in 10.0 mL acetonitrile solution. The reaction vessel was then kept in the dark for 24 hours at ambient temperature. After centrifugation the solid was washed with Milli-Q water three times and then dried in the oven at 50 C. The different ratios of magnetite /TBADT (20/1, 10/1, 5/1, 2/1) were prepared using similar process with the equivalent quantities of magnetite.

Characterization

In order to characterize the purity of the synthetized TBADT, the UV-Vis absorption spectra of TBADT were obtained using a Varian Cary 300 UV-vis spectrophotometer. The Xray diffraction (XRD) patterns of TBADT, magnetite and magnetite-TBADT complex (M-T)

were collected using a Siemens Model D500 X-ray diffractometer with a diffracted beam monochromator Cu K source (40 kV-40 mA). Patterns were recorded over the form 2 = 5 to 70 , in steps of 0.08 with a count time of 4 seconds. The FTIR spectra of TBADT, magnetite and M-T complex were recorded with fourier infrared absorption spectrometer (FTIR, Thermo-Nicolet 380) with an advanced diamond ATR accessory (Specac-Golden Gate). For the characterization of the morphology and the size of magnetite, TBADT and M-T complex, the prepared samples were analyzed by transmission electron microscopy (TEM, Hitachi H-7650) at 80 kV acceleration voltage with magnifications up to 200 000. The samples investigated by TEM were suspended in ethanol and dropped onto a 400-mesh holey carbon-coated copper grid and dried at room temperature. With the objective to check whether TBADT is uniformly covered on the surface of nano-magnetite, SEM-EDS element mapping experiment was used to visually study the distribution of elements recording on scanning electron microscopy (SEM, JEOL JSM-6490LV). X-ray photoelectron spectroscopy (XPS) studies were performed on a Physical Electronics/PHI 5300 X-ray photoelectron spectrometer (S 250 Germany) with a hemispherical analyzer and a single-channel detector that was operated at 300 W (15 kV and 20 mA). Mg KR radiation (1253.6 eV) and pass energies of 89.45 eV for survey scans and 17.9

eV for high-resolution scans were used. The BET surface area analyses of adsorbents were carried out in a Quantachrome Nova 3000e Surface Area Analyzer.

Catalytic tests: sulfapyridine (SPD) oxidation

The conversion of SPD and the formation yield of its corresponding nitroso compound were performed in a batch experiment at room temperature (roughly 25°C). 20 mg M-T complex was added into the 50 mL of SPD solution (30 µM). The pH of solution was adjusted to 3.0 ± 0.05 using perchloric acid and sodium hydroxide (0.1 M). Hydrogen peroxide was added using a known volume of a concentrated solution, and so with negligible volume, prior to starting the reaction using the magnetic stirrer at 1100 rpm min -1 in order to disperse magnetite particles. Then, aliquots of the mixture were taken at different time intervals and were immediately filtrated using PTFE filters of 0.2 µm (CHROMAFIL ® Xtra RC-20/25, 25 mm, Macherey-Nagel).

The effect of ratio magnetite/TBADT (20/1, 10/1, 5/1 and 2/1), pH (1.9, 2.5, 3.0, 4.0, 4.6, 5.2 and 7.2), of H2O2 (1, 5, 10, 20, 30, 40 and 50 mM) and M-T (0.1, 0.2, 0.4 and 0.8 g L -1 ) concentration were also investigated. Chemical shifts (δ) are expressed in ppm relative to residual peak 4.79 (ppm) of water.

The concentration of nitroso-sulfapyridine was calculated via the following equation ( 1):

[N-SPD] = 9A0  [TSPd4] b  Aref 1.1 (1) 
Where [N-SPD] is the concentration of nitroso-sulfapyridine (N-SPD), A0 is the area of nitrososulfapyridine resonance in the 1H NMR spectrum, [TSPd4] is the concentration of the reference, Aref is the area of reference resonance in the 1H NMR spectrum, b is the number of protons of N-SPD in the signal integrated, and 9 is the number of protons resonating of TSPd4 at 0 ppm.

The 1.1 factor is owing to dilution of TSPd4.

(3) High Performance Liquid Chromatography (HPLC)

The conversion of SPD and the formation of nitroso-sulfapyridine (N-SPD) percentages were obtained by HPLC (Shimadzu NEXERA XR HPL) equipped with a photodiode array detector and an auto sampler. The column was a Macherey Nagel EC 150/2 NUCLEODUR C18ec (150 mm × 2 mm, 2 m particle size). The analyses were performed using acetonitrile (ACN) as mobile phase and water with 0.5 % of phosphoric acid at a flow rate of 0.40 mL min - 1 . The elution was performed using the following gradient: 5 % of ACN for 2.5 min, linear increase of ACN to 40 % in 4.5 min, then increase of ACN to 95 % in 1.5 min, 95 % of ACN for 1 min and decrease of ACN to 5 % in 0.5 min.

(4) Ultra-high performance liquid chromatography mass spectrometry (UPLC-MS)

The identification of all the byproducts was performed using high resolution mass spectrometry (HRMS) constituted of an Orbitrap QExactive (Thermoscientific) coupled to an ultra-high performance liquid chromatography (UHPLC) instrument Ultimate 3000 RSLC (Thermoscientific). Analyses were carried out in both negative and positive electrospray modes (ESI + and ESI -). Sulfapyridine and its byproducts were separated using the same elution gradient as previously indicated. The column was a Macherey Nagel EC 150/2 NUCLEODUR C18ec (150 mm × 2 mm, 2 m particle size) and the flow rate was set at 0.40 mL min -1 .

Electrochemical measurement

Cyclic voltammetry (CV) experiments were carried out with a potentiostat Autolab PGSTAT204 controlled by the NOVA software (Metrohm) equipped with a three-electrodes

system. An Ag-AgCl electrode was used as the reference electrode and a platinum wire as the auxiliary electrode. The working electrodes were a pyrolytic graphite electrode (PGE, A = 0.07 

Result and Discussions

Characterization (1) UV-Vis spectrometer of TBADT

The purity of tetra-n-bultylammonium decatungstate (TBADT) can be confirmed by the UV-Vis spectra shown in Fig. S1. It shows that TBADT at low concentration exhibits two characteristic peaks in the range of 250-350 nm in UV-vis spectra, in agreement with the previous works [25,26]. The peak at 320 nm is ascribed to oxygen to tungsten charge transition (LMCT) of four linear W-O-W bridge bonds in the W10O32 4-structure [25][26][27] and the other weak peak at 264 nm likely corresponds to LMCT process of the unstable structural subunit

[W5O16] 2- [28]. The molar absorption coefficient of TBADT (W10O32 4-) at 320 nm of 11983 M - 1 cm -1 is in perfect agreement with the published literature data [29][30][31]. This can illustrate that TBADT has high purity.

(2) XRD X-ray diffractometer is used to analyze qualitatively the phase composition of the TBADT, magnetite and M-T complex before and after reaction. As shown in the XRD patterns (Fig. 1), magnetite (black curve) presents several peaks at 2θ = 18.44°, 30.30°, 35.67°, 37.18°, 43.32°, 53.78°, 57.29°, 62.95°. These are in perfect agreement with those reported in a standard pattern of PDF-#89-6466 leading us to the conclusion that magnetite was successfully synthesized. The green curve represents the XRD pattern of the pure TBADT, which shows two high intensity peaks at 7.33° and 7.62° and several small peaks from 5° to 40°, which is quite similar to the previous study [32]. For the XRD pattern of M-T complex (before reaction), the characteristic peaks of magnetite and TBADT can be observed, which means that TBADT was successfully attached to the surface of magnetite. In addition, the intensity of TBADT in M-T complex after reaction did not decrease, which indicate the immobilization of TBADT is quite stable on the surface of magnetite. While the interaction between magnetite and TBADT is not obviously shown in XRD patterns, so more characterization should be used to study. (

) FTIR

In order to confirm that the interaction existing between magnetite and TBADT, the Fourier infrared spectroscopy (FTIR) was used to characterize the M-T complex. Fig. 2 shows the FTIR spectra of TBADT, magnetite and M-T complex. The main vibration bands (in curve a) of tetra-n-butylammonium decatungstate (TBADT) are observed at 992, 953, 944 and 571 cm -1 corresponding to the stretching vibration of the W=Ot bond (Ot -terminal oxygen atoms), and at 886 and 776 cm -1 are due to the vibrations of W-Ob-W (Ob -corner-sharing-oxygenbridge) and W-Oc-W (Oc -edge-sharing oxygen-bridge) [33]. Additionally, three characteristic vibrations resulting from tetra-n-butylammonium (TBA + ) between 1600 to 1100 cm -1 are also observed [34]. The vibrations at a range of 2800 -3000 cm -1 are similar to the previous study [33], which is due to C-H bond stretching [14]. In the curve b, the band at 577 cm -1 can be assigned to the Fe-O stretching mode of the tetrahedral and octahedral sites [35]. The Fe-OH wide vibration band is ranged at 612 -626 cm -1 [36]. By comparing the spectrum of the M-T complex with TBADT, a blue shift (about 19 cm -1 ) can be noted for the W-Oc-W bond (795 cm -1 ) in curve c, which corresponds more likely to the interaction between TBADT and magnetite at edge sharing oxygen-bridge. 

(4) XPS

In order to confirm the interaction between magnetite and TBADT and to determine the chemical compositions and electronic structure of M-T complex, XPS measurements were performed on magnetite, TBADT and M-T complex (before and after reaction). A typical full XPS spectrum of M-T complex (before reaction) is shown in Fig. 3(a). The spectrum indicates the presence of carbon, oxygen, iron, tungsten, arising from internal magnetite and external TBADT. This shows that the M-T complex has no other contaminants, which is consistent with the results of XRD and FTIR. Because the atomic sensitivity factor of Fe is much higher than those of C and O, the negligible and weak peaks of Fe imply that the Fe3O4 is uniformly and continuously coated by TBADT shells [37].

High resolution Fe 2p spectrum of M-T complex (before reaction) is shown in Fig. 3(b).

Two peaks at 710.16 and 724.18 eV correspond to Fe 2p3/2 and Fe 2p1/2 peaks of Fe3O4, respectively [38]. The spin-orbit split Fe 2p peaks are broad due to a small chemical shift difference between Fe 2+ and Fe 3+ present in Fe3O4 [39]. In Fig. 3(b), the Fe 2p3/2 and Fe 2p1/2 spectra were both well fitted with two peaks respectively. For the Fe 2p3/2 spectrum, a major peak at 711.25 eV and a minor one at 709.80 eV are observed, which can be ascribed to Fe 3+ and Fe 2+ , respectively. In addition, like the Fe 2p3/2 spectrum, a major peak at 724.50 eV and a minor on at 723.09 eV were observed in Fe2p1/2 spectrum, which can be ascribed to Fe 3+ and Fe 2+ , respectively. This result is in accordance with the previous research [40]. Fe 3+ /Fe 2+ ratio is calculated from the corresponding area under the spectrum of Fe 2p3/2 and Fe 2p1/2 to be 2:1. This indicates that the magnetite is of high purity, which is consistent with XRD result. Table 1 shows the ratios of Fe 2+ and Fe 3+ in magnetite and M-T (before and after reaction) and the fitting peak position of Fe 2+ and Fe 3+ in Fe 2p3/2 and Fe 2p1/2 spectra respectively. It can be clearly observed that the Fe 3+ /Fe 2+ ratio and peak position in M-T complex (before and after reaction) and pure magnetite show no difference. This illustrate that the chemical composition and properties of magnetite have not significantly changed after M-T complex synthesis and after reaction.

High resolution O 1s spectrum of M-T complex (before reaction) is shown in Fig. 3(c).

The O 1s spectrum can be divided in to three component peaks centered at 529.25, 530.00 and 531.65 eV. Table 2 shows the fitting peak position of O 1s in TBADT, magnetite and M-T complex (before and after reaction). In Table 2, the O 1s peak of TBADT appears at 528.98 eV [12,26] and those of magnetite concentrate at 530.00 and 531.48 eV correspond to Fe-O in magnetite phase [41,42] and the hydroxyl bonding (Fe-OH) on the surface of magnetite, respectively [42]. While in M-T complex, a small shift at O 1s peak of W-O (increased 0.26-0.27 eV) and Fe-OH (increased 0.16-0.17 eV) can be observed (The data was red bold marked in Table 2), comparing the peaks position of M-T complex with pure magnetite and TBADT. This small shift could be due to the interaction between TBADT and the iron hydroxyl group on the surface of magnetite. This result is consistent with above FTIR results. In addition, this interaction is established by oxygen atoms, and iron atoms and tungsten atoms are combined with oxygen atoms. This can be clearly inferred from the results of infrared and XPS.

In Fig. 3(d), High resolution W 4f spectrum is exhibited. The two peaks of W 4f5/2 and W 4f7/2 in TBADT appear at 37.01 and 34.92 eV, respectively [12,26], which show no difference with pure TBADT (Table S1). Hence, the results of XPS confirm the interaction between TBADT and magnetite, which is consistent with the FTIR results.

Moreover, the small shift of O 1S spectrum in the M-T complex after reaction can still clearly be observed via XPS, which means this interaction still makes Fe and W atom combine with each other. This suggests that this interaction is quite strong. Rakshit et, al. indicated that tungsten forms inner-sphere type bonds on hematite surface and the strength of the interaction can be affected by pH, which studied using in situ ATR-FTIR technique [20]. 

TEM

The morphology information was obtained by the transmission electron microscopy (TEM). The Fig. S2 shows the TEM images of magnetite, TBADT and the M-T complex before and after reaction. The TEM image (Fig. S2(a)) of magnetite shows that it has a globosity morphology with the particle diameter ranging from 20 to 40 nm. This leads us to the conclusion that we are dealing with a nano magnetite material which presents more likely a large surface area (74  1 m 2 g -1 ). All these analyses (XRD, FTIR, XPS and TEM) show that our magnetite has no impurity. Fig. S2(b) shows the TEM image of TBADT, TBADT presents a short rod-like morphology with a length of 100 nm. Fig. S2(c) shows the M-T complex before the reaction.

The morphology of M-T complex keeps the same with the morphology of magnetite, while the short rod-like TBADT is not observed in the M-T complex. This is because that in the preparation process of the M-T complex, TBADT is first dissolved in acetonitrile, and then individual clusters of TBADT will be wrapped on the surface of the magnetite through the interaction (inner-sphere type bonds) with magnetite. So we can infer that M-T has a core-shell structure with magnetite as the core and TBADT wrapped in the outer layer. In addition, the morphology of M-T complex does not change after the reaction (Fig. S2 (c)), which proves that the M-T complex has a certain degree of durability. 

) SEM-ESD

In order to verify whether TBADT is uniformly covered on the surface of nano-magnetite, SEM-EDS element mapping technology is used to visually study the distribution of elements.

Fig. 4 shows the SEM image and SEM-EDS element mapping of M-T complex before and after reaction. The elements such as Fe, O, and W have the same distribution both in the M-T complex before and after reaction, indicating that TBAD is evenly distributed on the surface of nano-magnetite. The W element did not decrease or even disappear after the reaction, which

shows that the M-T material has a certain degree of stability. Hence, this result illustrates that the interaction between TBADT and magnetite can ensure the strength of the connection between the two substances. 

Comparison experiment of sulfapyridine conversion

The synthetized complex M-T associated with hydrogen peroxide was used for the oxidation of sulfapyridine (SPD) and the efficiency was evaluated. With this objective, aqueous solution of SPD at a concentration of 30.0 µM was mixed first with M-T2-1 and H2O2 (5.0 mM) at pH =3.0. For the sake of comparison, experiments were also performed with H2O2 alone, magnetite/H2O2, TBADT/H2O2 under the same experimental conditions. Fig. 5, show that in the presence of hydrogen peroxide alone (5.0 mM), almost no SPD oxidation (<1.5% within 2 hours) was obtained under our experimental conditions. Within the same time, the conversion was estimated to 0.4 % with TBADT/H2O2 (0.4 g L -1 /5.0 mM) and to 9.3 % magnetite/H2O2 (0.4 g L -1 /5.0 mM). However, in the presence of 0.4 g L -1 synthetized M-T2-1 (Magnetite/TBADT = 2/1) complex and 5.0 mM of H2O2, the conversion reached 75.8 % within T/H2O2 system toward SPD. Under our experimental conditions, the conversion appears to follow a pseudo first order kinetics and the rate constant was estimated to 1.2010 -2 min -1 .

While performing the experiments in the absence of hydrogen peroxide, we can easily evaluate the SPD adsorption ability of the solid support. As shown in Fig. S3 no adsorption of SPD was observed on TBADT, magnetite and M-T within 2 hours. S2)) and, the hydroxyl-sulfapyridine product (P1) which was mainly formed in magnetite/H2O2 system, more likely owing the classical Fenton and Fenton-like processes 27 . As a contrary, the N-SPD is the main product formed in the M-T/H2O2 system leading us to the conclusion that the simultaneous presence of magnetite and TBADT greatly promotes the amino selective oxidation into nitroso compound. The NMR spectrum confirmed this result (Fig. S4). The quantification of nitrososulfapyridine was performed by using NMR technique according to the procedure given in the materials and methods section. The average concentration of N-SPD calculated after quantification by NMR is 52.03 M, and the relative standard deviation is (RSD) 4.8% (Table S3).

In order to optimize such oxidation process of SPD, the effect of various ratio of magnetite/TBADT (20/1, 10/1, 5/1 and 2/1), concentration of H2O2 (1, 5, 10, 20, 30, 40 and 50 mM), pH (1.9, 2.5, 3.0, 4.0, 4.6, 5.2 and 7.2), and amount of M-T (0.1, 0.2, 0.4 and 0.8 g L -1 )

were investigated.

Effect of main experimental parameters (1) Effect of the ratio between magnetite and TBADT

To study the effect of the different ratio of magnetite and TBADT on SPD conversion, we prepared different M-T samples at a range of the ratio of magnetite and TBADT from 20/1 to 2/1 (M/T = 20/1, 10/1, 5/1 and 2/1). In Fig. S5, SPD conversion percentage increases from 7.8 to 51.5% with the increase of the percentage of TBADT in M-T complex from 4.8% to 33.3%.

Under these conditions, the pseudo first order rate constant increased from 0.69 10 -3 to 6.3 10 -3 min -1 (Table 3). Moreover, concerning the yield of nitroso derivative (N-SPD), Table 3 clearly shows it remains constant to roughly 78%-86%. Such results are clearly in agreement with the fact that M-T complex presents a good and interesting selectivity for the oxidation of SPD. For the coming experiments, M-T with a ratio at 2/1 which is marked as M-T2-1 was chosen.

(

2) Effect of pH

The solution pH is a very important parameter for selective oxidation of sulfapyridine. This was studied within the range 1.9 -7.2 at constant concentration of M-T2-1 (0.2 g L -1 ), H2O2 (5 mM) and SPD (30.0 M). As observed in Fig. S6, the efficiency of SPD conversion decreases with the increase of the solution pH. Meanwhile, the conversion percentage of SPD decreases also when the pH increases (Table 4). The conversion was estimated to around 58.9% with a rate constant of 7.3110 -3 min -1 at pH = 1.9 and 36.6% at pH = 4.0 with a rate constant of 3.6610 -3 min -1 . It dropped rapidly to roughly 7.2 % at pH = 7.2 owing more likely to the lower stability of decatungstate at pH > 5.5, and also due to the interaction between Fe and W decreases when pH increases [20]. On the other hand, the protolytic equilibrium of SPD (pKa = 8.43) may also interfere in the process leading to a change in the solution composition and thus, different reaction processes could occur with the various forms of SPD. Concerning the yield of N-SPD, it is estimated to 82.55 % at pH = 2.5 and small decrease can be observed for pHs between 3.0 and 4.6 (around 75%). While the yield of N-SPD formation (%) is 0% at pH = 1.9, which is due to the excessive oxidation of amino compounds to nitro compounds.

(

3) Effect of H2O2 concentration

The effect of H2O2 was investigated up to the concentration of 50 Mm (Fig. S7). As observed in Table 5, SPD conversion percentage resches a maximum 36.6% (with a rate constant of 3.6610 -3 min -1 ) with H2O2 concentration of 5.0 mM. The SPD conversion percentage levelled off at roughly 35% within the range of 5-20 Mm with a slight increase of the rate constant that reaches 3.8210 -3 min -1 . However, for higher concentrations, a decrease of the yield was observed (roughly 25 %) with a rate constant of about 2.6010 -3 min -1 .

Concerning the selectivity of the reaction, namely nitroso-sulfapyridine (N-SPD) formation, its yield increases from 65.5% to 83.7% when H2O2 concentration increases from 1.0 to 20.0 mM.

In addition, unlike the trend of SPD conversion percentage, the yield of N-SPD remains constant at about 85% when H2O2 concentration increases from 30.0 to 50.0 mM Table 3. Effect of the ratio between magnetite and TBADT on SPD conversion and N-SPD [M-T2-1] = 0.2 g L -1 ; [H2O2] = 5.0 mM; [SPD] = 30 μM.

Investigation of Electrochemical behavior of M-T, magnetite and TBADT

In order to confirm the possible interaction between TBADT and magnetite that leads to an efficient conversion SPD, we have compared, the electrochemical behavior of TBADT The CV of TBADT deposited on PGE (Fig. 6 A, curve a) exhibits two reversible signals.

The potential of the first cathodic peak (Epc1 = -0.18 V/Ag-AgCl) and the second one (Epc2 = -0.37 V/Ag-AgCl) are consistent with the values, reported in the literature [27,43] for sodium decatungstate (NaDT) in aqueous solution. While Yang, et al reported the first cathodic at 0.06 V/ SCE for TBADT dissolved in a mixed solvent (HCl (12 M, 1.0 mL) and MeCN (9.0 mL)) [12], which is due the different polarity of solvent [44]. The peak separation (△E = Epc-Epa) are 60 mV for the first and the second redox couples, showing a good reversibility of the electron transfers which can be assigned to the following reactions: 

The curve a' in Fig. 6A corresponds to the electrochemical signal of TBADT in the presence of 5 mM H2O2. The shape of the voltammograms changes when hydrogen peroxide (H2O2) was added in the electrolyte solution. Although the two cathodic peaks were not obvious, the current intensity of these two peaks seems to increase slightly (current at Epc1= -0.18V and Epc1= -0.37V are -0.43 A and-1.10 A, respectively), while the corresponding anodic peak current decreased. The electrocatalytic reaction with H2O2 seems to be less efficient than with NaDT in solution for which the electrocatalytic waves appear on both redox couples of NaDT 

Mechanistic scheme

The obtained results demonstrate that the oxidation of SPD into N-SPD is efficient at pH lower than 5.0 in M-T/H2O2 system. The rate constant and the percentage of SPD disappearance increase, while the yield of N-SPD formation reach to a plateau, when concentrations of M-T and H2O2 increase, while the use of higher concentrations of H2O2 is detrimental for the yield of N-SPD formmation. The characterization results and CV experiments analysis clearly show that there is an interaction between magnetite and TBADT. The mechanism in M-T/H2O2 system could be explained by an electron transfer from the amine site of sulfapyridine to TBADT giving rise to the formation of the reduced species TBADT 1-with the simultaneous formation of the radical cation [Ar-NH2] •+ . The radical cation [Ar-NH2] •+ further reacts with H2O2 to form N-SPD. Owing to the interaction between W and Fe atom, the electron can efficiently transfer to magnetite. At the same time, the Fe 3+ on the surface become Fe 2+ , and the regeneration of Fe 3+ happens in presence of H2O2 in the solution. The formation of hydroxylsulfapyridine, is clearly a sign for hydroxyl radical formation. This could be produced via a Fenton reaction. The efficiency of the process is mainly owing to the interaction of NaDT with magnetite (Scheme. 1).

Scheme 1. Primary aromatic amines to nitroso aromatic compound through a selective oxidation process using M-T complex in the presence of H2O2.

Conclusion

The heterogeneous M-T/H2O2 system (TBADT-Magnetite-H2O2) appears to be a powerful system for an efficient (until 93%) and selective conversion (until 86%) of amine substrates into their nitroso-derivatives. The system consists on a complex material M-T obtained through interaction between magnetite and TBADT as clearly demonstrated by several characterization and CV experiments. This interaction between NaDT and magnetite is without any doubt the driving for the electron transfer to occur. The catalytic system proceeds through an electron transfer process between sulfapyridine and TBADT leading to the formation of the radical cation on the amine group and the reduced species of TBADT. The regeneration of the W10O32 4- is obtained via a second electron transfer with magnetite owing to the interaction. Thus, during this study we clearly demonstrated that the system M-T/H2O2 is an innovative and powerful process with a high yield of transformation (> 86%) for the generation of nitroso compounds from amine group. It could be used and implemented easily for the synthesis of such chemical compounds in different applications.

Proposal

1. ESR spectroscopy will be used to identify the • OH radicals.

2. The reuse catalytic experiment will be performed to test the stability of M-T complex.

3. The iron leaching experiment should be performed later. The concentration of nitroso-sulfapyridine was calculated with the following equation: In the present Ph.D manuscript, the isopolyoxometalates catalyst decatungstate (W10O32 4-), soluble sodium decatungstate (NaDT) and insoluble tetra-n-butylammonium decatungstate (TBADT), were synthesized. Their performances in photodegradation (NaDT combined with H2O2 or persulfate to degrade antibiotics) and selective oxidation of organic substrate were deeply investigated. NaDT and TBADT combined with magnetite and H2O2 to selectively oxidize aromatic amine compounds.

➢ Photocatalytic degradation

Decatungstate (DT) as photocatalyst combining with oxidant (H2O2 and PS) can promote the efficiency of antibiotics degradation. The substrate can be oxidized by excited NaDT, simultaneously, the oxidant can be reduced and produce the reactive oxygen species (ROS), which can oxidize substrate as well.

In the first part of this thesis, the combination of W10O32 4-and H2O2 at pH = 4.0 under UVA irradiation permitted an efficient degradation of the pollutants (sulfasalazine (SSZ) and sulfapyridine (SPD)). Regarding the results, the combination of NaDT and H2O2 showed more efficient degradation of SPD and SSZ with an initial rate at 1.6  10 -7 mol -1 L s -1 and 7.0  10 - 7 mol -1 L s -1 in the presence of 1.0 mM H2O2, comparing with the NaDT and H2O2 alone. The initial rate and the percentage of substrate disappearance increased with the increase of NaDT concentration and reach to a plateau when the concentration of NaDT, is around 40 M. When increasing the H2O2 concentration, the degradation efficiency increases, detrimental effect of the oxidation process was not observed at higher concentrations. The NaDT/H2O2/h degradation system can effectively degrade pollutants in the pH range of 3 to 6, while the initial rate of SPD and SSZ disappearance decrease when pH value increases. The degradation process involves two ways of reaction for the oxidation of the organic compounds i) an electron transfer reaction with the excited state of decatungstate and ii) also the hydroxyl radical reactivity. • OH is formed from the Fenton like reaction with the reduced species of decatungstate, W10O32 5-and H2O2. The latter process represents under our experimental conditions the main process for the disappearance of the pollutants and it is also a way for the regeneration of starting catalyst, decatungstate. The main primary reactions were found to be hydroxylation, desulfurization and scission at the azo group -N=N-moiety. For prolonged irradiations, the mineralization of the solution was observed which highlights the point that W10O32 4-/H2O2 and light represents an interesting AOP's system for water depollution. Indeed, the two possible pathways for the oxidation of organic compounds in this system are important asset for treating polluted waters leading us to the conclusion that this system could be considered in the future as a promising process for the decontamination of water. As a perspective of this work, the immobilization of the photocatalyst decatungstate on solid supports will be a goal in order to recycle the photocatalyst after treatment.

At second part of the thesis, the photochemical conversion of NaDT into its reduced species (NaDT 1-/NaDT 2-) was investigated. The NaDT 1-and NaDT 2-are formed under irradiation in oxygen-free aqueous solution in the presence of methanol with rate of 3.810 -5 M min -1 and 0.310 -5 M min -1 , respectively. The molar absorption coefficients () of NaDT/NaDT 1-/NaDT 2-were estimated at 321, 360, 635 and 775nm. Those molar absorption coefficients () appear to be of great help for the determination of the concentration of each NaDT species in the solution. These two reduced forms of decatungstate can be oxidized by the persulfate as observed by the UV-Vis spectroscopy. The combination of W10O32 4-and persulfate (PS) under UVA irradiation appears to be more efficient on SPD degradation with a rate constant of 7.710 -2 min -1 in the presence of 2 mM PS, comparing with the NaDT (5.010 - 2 min -1 ) and PS (0.310 -2 min -1 ) alone in the degradation system at pH = 3.

➢ Selective oxidation

DT can also work as catalyst for selective oxidation amine compound in to nitroso compound efficiently combining with magnetite and H2O2. The electron transfer from amine compound to DT and magnetite is an important process of the reaction. The interaction between magnetite and DT, which contribute to the acceeration of the electron transfer, was observed.

Both soluble (NaDT) and insoluble decatungstate (TBADT) combine with H2O2 and magnetite can efficiently oxidize amine compound to nitroso compound with a similar reaction rate and a selectivity of N-SPD formation yield. This illutstrate that it could be used and implemented easily for the synthesis of such chemical compounds in different applications.

In the third part of the thesis, the combination of W10O32 4-, magnetite and H2O2 was used as a novel ternary catalytic system to selective oxidize aromatic amine compounds (sulfapyridine, SPD) into nitroso compounds (nitroso-sulfapyridine, N-SPD). According to the XRD patterns, NaDT and magnetite was successfully synthesized. Regarding the results, the combination of W10O32 4-, magnetite appears to be more efficient on SPD selective oxidation with a rate constant of 1.13  10 -2 min -1 in the presence of 5 mM H2O2, when compared with the system NaDT/H2O2 and magnetite/H2O2. The ternary system (NaDT/Fe3O4/H2O2) appears to be a powerful system for an efficient (until 97%) and selective conversion (until 81%) of amine substrates to their nitroso-derivatives. The system consists on a complex material obtained through interaction between magnetite and decatungstate as clearly demonstrated by FTIR and cyclic voltammetry (CV) experiments. The high efficiency of SPD selective oxidation to N-SPD is due to the interaction between NaDT and magnetite.

The catalytic system proceeds through an electron transfer process between sulfapyridine and NaDT leading to the formation of the radical cation on the amine group and the reduced species of NaDT. The regeneration of the W10O32 4-is obtained via a second electron transfer with magnetite owing to the interaction. The magnetite can be reused up to 4 times with high percentage of SPD disappearance and yield of N-SPD formation. Thus, during this study we clearly demonstrated that the system NaDT/Magnetite/H2O2 is an innovative and powerful process with a high yield of transformation for the generation of nitroso compounds from amine group.

In the fourth part of this thesis, a solid decatungstate and magnetite complex (M-T) was synthesized to selectively oxidize the aromatic amine compounds. According to the XRD, the tetra-n-butylammonium decatungstate (TBADT) and magnetite was successfully synthesized.

The TBADT-magnetite complex (M-T) was prepared when mixing the both compounds in acetonitrile solution. Characterization (XRD, TEM, SEM-EDS mapping, XPS) shows that the TBADT evenly covers the surface of Magnetite, and the interaction between TBADT and magnetite clearly exists. The M-T was used to selectively oxidize aromatic amine compounds (sulfapyridine, SPD) to form nitroso compounds (nitroso-sulfapyridine, N-SPD) in the presence of H2O2. Regarding the results, 0.2 g L -1 M-T is more efficient on SPD selective oxidation with a rate constant of 6.0310 -3 min -1 in the presence of 5 mM H2O2 at pH = 2.5, comparing with the TBADT/H2O2 and magnetite/H2O2. The heterogeneous M-T/H2O2 system (TBADT-Magnetite-H2O2) appears to be a powerful system for the efficient (until 93%) and selective conversion (until 86%) of amine substrates to their nitroso-derivatives. The system consists on a complex material M-T obtained through interaction between magnetite and TBADT as clearly demonstrated by several characterization and CV experiments. This interaction between TBADT and magnetite is without any doubt the driving force for the electron transfer to occur.

The catalytic system proceeds through an electron transfer process between sulfapyridine and TBADT leading to the formation of the radical cation on the amine group and the reduced species of TBADT. The regeneration of the W10O32 4-is obtained via a second electron transfer with magnetite owing to such interaction. Thus, during this study we clearly demonstrated that the system M-T/H2O2 is an innovative and powerful process with a high yield of transformation for the generation of nitroso compounds from amine group.

  4-)是一种高效的催化剂/光催化剂,被广泛用于有机物的降解净 化和有机合成。因此,十聚钨酸盐在有机化合物的光降解和选择性氧化中的应用具有重 要的价值和意义。在这项工作的第一部分,研究了磺胺吡啶和磺胺嘧啶在十聚钨酸钠 (Sodium decatungstate, NaDT)和双氧水(H2O2)存在下的光降解情况。研究了如 pH 值、H2O2 浓度、NaDT 浓度和底物浓度等各种实验参数对光降解效率的影响。在这项工 作的第二部分,探讨了在十聚钨酸钠(NaDT)和过硫酸钾(PS)存在的情况下磺胺吡啶 的光降解问题。同时研究了在光催化过程中产生的不同的 NaDT 还原态物种,以及生成 的还原态 NaDT 物种与 PS 的氧化还原反应,最后对在 NaDT 和 PS 存在下的磺胺的光 降解进行了初步探究。第三部分,构建了三元催化体系(NaDT/Fe3O4/H2O2)来选择性地 将胺类底物氧化成亚硝基化合物。通过傅里叶红外吸收光谱(FTIR)、X 射线光电子能 谱( XPS)、循环伏安法实验(CV)深入研究了该体系的机理。同时研究了不同的参数, 如 pH 值、H2O2 浓度、NaDT 浓度、Fe3O4 的量。最后,在第四部分,为了回收十聚钨酸 盐, 合成并使用了不溶于水的四正丁基十聚钨酸铵 (Tetra-n-butylammonium decatungstate, TBADT)。以该十聚钨酸盐为材料,制备了复合催化剂 M-T(Fe3O4-TBADT),并利用 该复合材料选择性氧化胺类化合物以制备亚硝基化合物。系统地研究了不同的参数如 pH 值、H2O2 浓度和 M-T 量等对选择性催化氧化的影响。 关键字:十聚钨酸盐,光降解,选择性氧化,H2O2,Fe3O4,过硫酸盐 .
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 211 Fig. 2-11. Building-up process from the -Keggin to the A--Dawson structure. Blue
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 13 Dioxygen (O2) is the most common benign oxidant and undergoes reductive activation during the process (O2 •-) that initiates further oxidation (Path VI).

Fig. 2 - 12 .

 212 Fig. 2-12. Various pathways involved in catalytic and photocatalytic process with POMs
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 213 Fig. 2-13. Time resolved UV-vis spectra showing the photoreduction of [P2W17O61 10-]
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 214 Fig. 2-14. The structure of the decatungstate [161].

  ranging from visible light to the near infrared region. The RCD-CTS photocatalyst exhibits excellent performance for photocatalytic removal of petroleum hydrocarbon. The strong chemical interaction between components and partly reduction of reduction of decatungstate cause the plasmonic properties and the absorption of near infrared light was confirmed by the structural characterization and theoretical calculation Wang et al. studied[START_REF] Wang | Electrostatic polypyridineruthenium( ii )⋯decatungstate dyads: structures, characterizations and photodegradation of dye[END_REF] the electrostatic polypyridine-ruthenium(II) ⋯ decatungstate dyads: structures, characterizations and photodegradation of dye. Two hybrids,[Ru(bpy)2(CH3CN)2]2[W10O32]• 2CH3CN (RuW-1) and [Ru(bpy)3]2[W10O32] (RuW-2) (bpy =2,2′-bipyridine), were synthesized by the reaction of (2,2′-dipyridyl) ruthenium complexes and decatungstate. Photodegradation experiments were performed on Rhodamine B (RhB) dye, spectrophotometric analysis showing an absorbance decrease at 544 nm, with a pseudo-firstorder rate constant in the range of 10 -3 to 10 -2 s -1 . These results demonstrate that the hybrids have effective activity and reusability for the photodegradation of RhB.Yang et al. studied[START_REF] Yang | Constructing a novel ternary composite (C16H33(CH3)3N)4W10O32/g-C3N4/rGO with enhanced visible-light-driven photocatalytic activity for degradation of dyes and phenol[END_REF] constructing a novel ternary composite (C16H33(CH3)3N)4W10O32/g-C3N4/rGO with enhanced visible-light-driven photocatalytic activity for degradation of dyes and phenol. A novel binary (C16H33(CH3)3N)4W10O32/g-C3N4 and a ternary (C16H33(CH3)3N)4W10O32/g-C3N4/rGO photocatalysts were successfully constructed. The photocatalytic properties were evaluated in photodecomposition of aqueous methyl orange and phenol under visible-light irradiations. It has been shown that the obtained binary photocatalytic system exhibited improved photocatalytic activity and enhanced reduced charge recombination as compared with those of g-C3N4 and (C16H33(CH3)3N)4W10O32. The ternary photocatalyst was superior to that of the binary one, due to the introduction of graphene revealed a synergistic effect between the (C16H33(CH3)3N)4W10O32 species, g-C3N4 and

  Yang et al. studied[START_REF] Yang | Adjusting effect of additives on decatungstate-photocatalyzed HMF oxidation with molecular oxygen under visible light illumination[END_REF] that adjusting effect of additives on decatungstate-photocatalyzed 5-hydroxymethylfurfural (HMF) oxidation with O2 under visible light illumination. They disclosed that decatungstate can efficiently catalyze the visible light-triggered oxidation of 5hydroxymethylfurfural (HMF) with O2 in MeCN under normal temperature and pressure, affording 2,5-diformylfuran (DFF) and 2,5-furandicarboxylicacid (FDCA) as the oxygenated products. The photo-catalytic efficiency of decatungstate anion depends on its counter cationsregulated synthetic quality and is adjusted significantly by the additives. Among the additives examined, NaBr, dimethyl sulfoxide (DMSO) and 1-butyl-3-me-thyl-imidazolium chloride ([Bimi]Cl) may obviously improve the carbon balance yield (CBY) of this photo-catalytic oxidation owing to their restraining effect on the light-induced HMF polymerization.Laudadio et al. studied[START_REF] Laudadio | Noë l, Selective C(sp3)-H Aerobic Oxidation Enabled by Decatungstate Photocatalysis in Flow[END_REF] selective C(sp3)-H aerobic oxidation enabled by decatungstate photocatalysis in flow. A mild and selective C(sp3)-H aerobic oxidation enabled by decatungstate photocatalysis has been developed. The reaction can be significantly improved in a microflow reactor enabling the safe use of oxygen and enhanced irradiation of the reaction mixture. Their method allows for the oxidation of both activated and unactivated C-H bonds(30 examples). The ability to selectively oxidize natural scaffolds, such as (-)-ambroxide, pregnenolone acetate, (+)-sclareolide, and artemisinin, exemplifies the utility of this new method.
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 3132 Fig. 3-1. The irradiation reactor I setup. 1) Pyrex tube; 2) sample; 3) Cylindrical reactor; 4)

( 1 )

 1 Sulfapyridine (SPD) stock solution18.697 mg SPD were diluted in 500 mL of Milli-Q water and the magnetic stirring was used for several hours to make SPD completely dissolved in water ([SPD]stock = 150 M). This SPD stock solution was stored avoid light. The solution of SPD used in all experiments was diluted from this SPD stock solution. Fig.3-5shows the molecular formula of SPD.
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 35 Fig. 3-5. The molecular formula of SPD

Fig. 3 - 6 . 3 )

 363 Fig. 3-6. The molecular formula of SSZ

( 8 )

 8 HClO4 solution6.04 mL HClO4 (70% wt,  = 1.664 g cm-1 ) were diluted in 100 mL of Milli-Q water. The concentration of HClO4 solution is about 1 M, which is mainly used to adjust the initial pH of the reaction solution. The HClO4 solution was stored in the fridge. (9) NaOH solution 4.0 g NaOH were diluted in 100 mL of Milli-Q water and then stored in the fridge. NaOH stock solution is 1.0 M. NaOH solution is mainly used to adjust the initial pH of the reaction solution. (10) LiOH solution 2.395 g LiOH were diluted in 100 mL of Milli-Q water and then stored in the fridge. LiOH solution (1.0 M) is mainly used to adjust the initial pH of electrolyte solution when we are performing cyclic voltammetry experiments.
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 4341 Purity of catalyst testing➢ UV-Visible absorption spectroscopy

3. 5 . Experimental methods 3 . 5 . 1 . 3 . 5 . 1 . 1 .

 53513511 Photodegradation in presence of decatungstate (NaDT) and H2O2 Photoreaction in the presence of sodium decatungstate (NaDT)

  cm 2 PGE) to perform the CVs experiments. Cyclic voltammograms were recorded in a LiClO4 solution (pH 2.60, 0.1 M) with M-PGE to get the M-PGE baseline, then CVs experiments were performed in a 1 mM LiClO4 solution (pH 2.6, 1 mM) in the presence of NaDT or/and H2O2.

1. 0

 0 mL acetonitrile by sonication for 2 minutes. The 10 L TBADT solution was deposited onto the polished PGE then air dried for 120 min. For M-PGE, a suspension was prepared with 80 mg of magnetite dispersed in 1.0 mL ethanol by sonication for approximately 30 minutes.Then 10 L nafion solution (5%, Sigma Aldrich) was added in the 1.0 mL magnetite suspension followed by sonication for 15 more minutes. 10 L of the slurry was deposited onto the polished PGE then air dried for 120 minutes. Finally, for the M-T-PGE, a suspension was prepared in a centrifuge tube with 40.0 mg of TBADT and 80.0 mg of magnetite (TBADT/M = 1/2) dispersed in 1.0 mL acetonitrile for 24 hours on a rotating reactor (45 rpm min -1 ) at ambient temperature.After centrifugation the solid was washed with acetonitrile and Milli-Q water for three times and then dry in the oven at 50 C. After getting the M-TBADT mixture, 1 mg was added in 1 mL ethanol in this centrifuge tube with sonication for approximately 30 min. Then 10 L of nafion solution (5%, Sigma Aldrich) was added in the 1.0 mL M-TBADT suspension followed by sonication for 30 min more. 10 L of the slurry was deposited onto the polished PGE then air dried for 120 minutes.Cyclic voltammograms were recorded under inert atmosphere (Ar) at a scan rate (v) of 10 mV s -1 in a 0.1 M LiClO4 (at pH 3.5) in presence or absence of H2O2 (5 mM) with a T-PGE, M-TBADT or M-T-PGE electrode, respectively. The CVs shown correspond to the 10 th cycle.
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 74 Fig. 4. Effect of decatungstate concentration on SSZ (A) and SPD (B) removal in the presence
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 6 Fig. 6. Evolution of TOC in a SSZ or/and SPD solution in decatungstate/H2O2 system
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 S4 Fig. S1. The 365 nm irradiation setup
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 2 Fig. 2. Emission spectrum of the MAZDA MAW 125 W lamp.
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 3 Fig. 3. UV-Visible absorption spectra of NaDT at different concentrations. Insert shows the
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 4 Fig. 4. shows the change in the absorption spectra of NaDT in presence of 124 mM of
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 4 Fig. 4. UV-Vis spectra of sodium decatungstate (W10O32 4-) in aqueous solution under
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 15 Fig. 5. Kinetics of NaDT, NaDT 1and NaDT 2concentration in aqueous solution in the
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 6 Fig. 6. Absorbance of NaDT 1-/NaDT 2-at 775 nm and kinetics change of its absorbance after

Fig. 7 .

 7 Fig. 7. Comparison of sulfapyridine degradation experiments. [SPD] = 30 M, [NaDT] = 0.3

Fig. 8 .

 8 Fig. 8. Comparison of sulfapyridine degradation experiments in the dark. [SPD] = 30 M,
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 910 Fig. 9. Chromatogram of HPLC after 90 min of irradiation in three different systems. [SPD] =

  preparative LC (Varian Prep Star 218) equipped with a Varian Pro Star 335 photodiode array detector and an auto sampler. The column was a C18 Varian dynamax Microsorb 60-8 column (250 mm × 41.4 mm, 8 μm particle size). The analyses were performed using acetonitrile and water with 0.1 % of trifluoroacetic acid (TFA), in an isocratic mode at 25/75% respectively, as a mobile phase at a flow rate of 40 mL min -1 . After the separation, N-SPD solution was concentrated using a rotary evaporator during 2 hours at 45 C.For the characterization and the quantification, NMR spectroscopy was used. 100 L at 521.9 M of 3-(Trimethylsilyl) propionic acid-d4 sodium salt (TSPD4) in D2O solution as a reference was added in 900 L concentrated pure N-SPD solution. NMR data were obtained with a Bruker Avance Ⅲ 500 MHz Ultrashield TM plus spectrometer (equipped with 5 mm TCI-13C-15N-2H Prodigy Cryoprobe). All spectra were recorded in 600 µL of H2O (10% D2O).
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 142 Fig. 1. XRD patterns of Fe3O4 and NaDT; a) a standard Fe3O4 pattern of PDF-#89-6466. b)

4 Fig. 3 .

 43 Fig. 3. Conversion kinetics of SPD in the different systems. [SPD] = 30 μM; [H2O2] = 5.0

Fig 4 . 1 ;

 41 Fig 4. Effect of 2-propanol on the conversion of SPD. [NaDT] = 246 μM; [Fe3O4] = 0. 4 g L -

Fig. 5 .

 5 Fig. 5. XPS spectra a) Fe3O4 before and after reaction. High resolution spectra of Fe3O4 after

Fig. 6 6 )

 66 Fig.6shows the cyclic voltammograms of 1 mM NaDT in the absence and in the presence

Fig. 6 .

 6 Fig. 6. CVs of PGE baseline in 0.1 M LiClO4 pH 2.6 under Ar (a), with 1 mM NaDT (b) and

EFig. 7 .

 7 Fig. 7. CVs of 1 mM NaDT in presence of 5.0 mM H2O2 recorded at bare PEG (a) and at M-

  Fig. S1. UV-vis absorption spectrum of sodium decatungstate (NaDT). [NaDT] = 41 μM;

Fig. S2 .

 S2 Fig. S2. TEM image of Fe3O4

Fig. S7 .Fig. S11 .

 S7S11 Fig. S6. Effect of H2O2 concentration on SPD conversion in NaDT/Fe3O4/H2O2 system.

  a), NaDT disappears slowly in the absence of H2O2 with the initial rate of -0.047 M min -1 . On contrary, the absorbance of NaDT disappears quickly with the initial rate of -0.281 M min -1 (Fig.S12(b)), which is due to the interaction between NaDT and H2O2 leading to the formation of sodium decatungstate-

  = 41 μM; [H2O2] = 5.0 mM; [SPD] = 120 μM; pH = 3.0.

2. 5 .( 1 )

 51 Preparative liquid chromatography, NMR Spectroscopy and HPLC Preparative liquid chromatography (LC)Preparative liquid chromatography (LC) was used to separate and purify nitrososulfapyridine (N-SPD) from the reaction mixture. This separation was obtained using preparative LC (Varian Prep Star 218) equipped with a Varian Pro Star 335 photodiode array detector and an auto sampler. The column was a C18 Varian dynamax Microsorb 60-8 column (250 mm × 41.4 mm, 8 μm particle size). The analyses were performed using an eluent composed of acetonitrile (ACN) and water with 0.1 % of trifluoroacetic acid (TFA), in an isocratic mode at 25/75% and at a flow rate of 40 mL min -1 . N-SPD was finally collected after the evaporation of the solvent.(2) NMR spectroscopyFor the characterization and also the quantification, NMR spectroscopy was used. 100 L at 5 mM of 3-(Trimethylsilyl) propionic acid-d4 sodium salt (TSPd4) in D2O solution as a reference was added in 900 L concentrated pure N-SPD solution. NMR data were obtained with a Bruker Advance Ⅲ 500 MHz Ultrashield TM plus spectrometer (equipped with 5 mm TCI-13C-15N-2H Prodigy Cryoprobe). All spectra were recorded in 600 µL of H2O (10% D2O).

cm 2 )

 2 modified with a TBADT coating (T-PGE), with a magnetite coating (M-PGE), and with a mixed magnetite and TBADT coating (M-T-PGE) prepared by adapted solvent casting methods. Before its use, the electrode surface was polished with 1 µm diamond paste and washed with acetone and then it was polished again with 0.04 µm alumina slurry to be finally rinsed with ethanol and water. To prepare the T-PGE, a TBADT solution was prepared with 40.0 mg of TBADT diluted in 1.0 mL acetonitrile by sonication for 2 minutes. The 10 L TBADT solution was deposited onto the polished PGE then air dried for 120 min. The M-PGE was also prepared using a solvent casting method[24]. A suspension was prepared with 80 mg of magnetite dispersed in 1.0 mL ethanol by sonication for approximately 30 minutes. Then 10 L nafion solution (5%, Sigma Aldrich) was added in the 1.0 mL magnetite suspension followed by sonication for 15 more minutes. 10 L of the slurry was deposited onto the polished PGE then air dried for 120 minutes. Finally, for the M-T-PGE a suspension was prepared in a centrifuge tube with 40.0 mg of TBADT and 80.0 mg of magnetite (TBADT/M = 1/2) dispersed in 1.0 mL acetonitrile for 24 hours on a rotating reactor (45 rpm min -1 ) at ambient temperature.After centrifugation the solid was washed three times with acetonitrile and Milli-Q water and then dry in the oven at 50 C. After getting the fresh M-TBADT mixture (110 mg), 1 mL ethanol was added in this centrifuge tube with sonication for approximately 30 min, then 10 L nafion solution (5%, Sigma Aldrich) was added in the 1.0 mL M-TBADT suspension followed by sonication for 30 min more. 10 L of the slurry was deposited onto the polished PGE then air dried for 120 minutes. Cyclic voltammograms were recorded under inert atmosphere (Ar) at a scan rate (v) of 10 mV s -1 in a 0.1 M LiClO4 (at pH 3.5) in presence or absence of H2O2 (5mM) with a T-PGE, M-TBADT or M-T-PGE electrode, respectively. The CVs shown correspond to the 10 th cycle. Recycle of M-TBADT-PGE electrode was also performed in the same parameters, each time with fresh LiClO4 electrolyte solution.
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 1 Fig. 1. XRD patterns of TBADT, magnetite and M-T complex before and after reaction.

Fig. 2 .

 2 Fig. 2. The FTIR spectra of TBADT(a), magnetite (b) and M-T complex (c). Insert shows the

2 Fig. 3 .

 23 Fig. 3. The XPS profile of M-T complex (before reaction) (a), and the high-resolution spectra

Fig. 4 .

 4 Fig. 4. SEM images and SEM-EDS element mapping of M-T complex before and after

Fig. 5 .

 5 Fig. 5. Kinetics of sulfapyridine (SPD) disappearance under various experimental conditions.

  T] = 0.2 g L -1 ; [H2O2] = 5.0 mM; [SPD] = 30 μM; pH = 2.5.

  deposited on a pyrolytic carbon electrode (T-PGE), magnetite modified electrode (M-PGE), and mixed M-T modified electrode (M-T-PGE) in the absence and the presence of H2O2.

Fig. 6 Fig. 6 .

 66 Fig. 6 shows cyclic voltammograms (CVs) of T-PGE (A) and M-T-PGE (B) in the absence

W10O32 4 - 1 )HW10O32 4 -

 414 + H + + e -⇌ HW10O32 4- (+ H + + e -⇌ H2W10O324- 

[Table 7 .

 7 to be published]. The curve b in Fig. 6B represents the CV of the M-T-PGE in 0.1 mM LiClO4 electrolyte at pH 3.5 under argon. A cathodic peak can be observed at Epc1 = -0.23 V/Ag-AgCl (Ic1 = -2.77A ). The presence of H2O2 in the electrolyte causes an increase of the cathodic current (Ipc1  approximately 2 times) and the appearance of a second irreversible peak at Epc2 = -0.48 V/Ag-AgCl. The shape of those catalytic waves is similar to those we have previously reported using mM. These similarities can let us infer that the two systems have the same reaction mechanism and process. Comparison of selective oxidation parameters in soluble and insoluble W10O324- 

  Fig. S1. UV-vis spectra of TABDT at different concentrations. Insert shows the calibration

  Where [N-SPD] is the concentration of nitroso-sulfapyridine (N-SPD), A0 is the area of nitrososulfapyridine resonance in the 1H NMR spectrum, [TSPd4] is the concentration of the reference, Aref is the area of reference resonance in the 1H NMR spectrum, b is the number of protons of N-SPD in the signal integrated, and 9 is the number of protons resonating of TSPd4 at 0 ppm. The 1.1 factor came from dilution of TSPd4. The average concentration of N-SPD calculated after quantification by NMR is 52.03 mM (dropping a sample with a chemical shift of 7.93 ppm), and the relative standard deviation (RSD) is 4.8%.

2 Fig. S6 .

 2S6 Fig. S5. Effect of the ratio between magnetite and TBADT on the conversion of SPD. [M-T] = 0.2 g L -1 , [H2O2] = 5.0 mM; [SPD] = 30 μM; pH = 2.5.

1 Fig. S8 . 1 M

 1S81 Fig. S7. Effect of hydrogen peroxide concentration on the conversion of SPD. [M-T2-1] = 0.2

  T2-1] = 0.2 g L -1 ; [H2O2] = 5.0 mM; [SPD] = 30 μM; pH = 4.0.
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Table 1 .

 1 Molar adsorption coefficients of decatungstate (NaDT

Table 3 - 1 .

 31 The reagents used in the experiment

	Reagent	Purity	Company
	Sodium tungstate (Na2WO4•2H2O)	99.0%	Sigma Aldrich
	Hydrogen peroxide (H2O2)	30%	Sigma Aldrich
	Sulfasalazine (SSZ)	98.0-101.5%	Sigma Aldrich
	Sulfapyridine (SPD)	99.0%	Sigma Aldrich
	Terephthalic acid	98%	Sigma Aldrich
	Sodium chloride (NaCl)	99.0%	Sigma Aldrich
	Hydrochloric acid (HCl)	37%	Sigma Aldrich
	Perchloric acid (HClO4)	70-72%	Sigma Aldrich
	Sodium hydroxide (NaOH)	97%	Sigma Aldrich
	Phosphoric acid	85-88 wt. % in H2O	Honeywell
	Methanol	HPLC, 99.9%	Sigma Aldrich
	Acetonitrile	HPLC, 99.9%	Sigma Aldrich
	Ethanol	96%	Carlo Erba
	Lithium perchlorate	Battery grade, 99.99%	Sigma Aldrich
	Tetra-n-butylammonium bromide	98%	Sigma Aldrich
	2-propanol	HPLC, 99.9%	Sigma Aldrich
	Dichloromethane	HPLC, 99.8%	Sigma Aldrich
	Nifion solution	5%	Sigma Aldrich
	Deuterium water (DO2)	99.9 atom % D	Sigma Aldrich
	3-(Trimethylsilyl) propionic acid-d4		
		98 atom % D	Sigma Aldrich
	sodium salt (TSPd4)		
	Trifluoroacetic acid (TFA)	HPLC, 99.0%	Sigma Aldrich
	pH standerd buffer	pH = 4.01, 7.01, 10.01	Merck, Hanna
	2-Hydroxyterephthalic acid	97%	Sigma Aldrich
	Terephthalic acid	98%	Sigma Aldrich
	Lithium Hydroxide (LiOH)	98%	Sigma Aldrich

Table 3 -2.Table 3 - 2 .

 332 The table of analytical instrument performing in the experiment.

	Instrument	Model
	UV-Vis absorption spectroscopy	Varian Cary 300
	High Performance Liquid Chromatography (HPLC)	Shimadzu NEXERA XR HPL
		THERMO SCIENTIFIC
		UHPLC (Utimate 3000) with
	UHPLC-HRMs	
		U3000 detector (PDA))
		HRMS (Q-Exactive)
	Total organic carbon (TOC) analyzer	Shimadzu TOC 5050A
		Bruker Advance Ⅲ 500 MHz
	Nuclear Magnetic Resonance spectrometer (NMR)	
		Ultrashield TM plus spectrometer
	Electrochemical potentiostat	Autolab PGSTAT204
	Transmission Electron Microscope (TEM)	TEM, Hitachi H-7650
	Scanning Electron Microscope (SEM)	JEOL JSM-6490LV
	X-ray photoelectron spectroscopy (XPS)	OMICRON EA125, Germany
	FT-IR spectrometer	Thermo-Nicolet 380
	X-Ray diffraction spectrometer (XRD)	Siemens Model D500

Table 3 - 3

 33 The table of other instruments using in the experiment

	Instrument	Model
	pH meter	Fiveeasy TM Plus
	Preparative HPLC	Varian Prep Star 218
	Balance	Mettler Toledo-Newclassic FM
	Oven	Memment UM 400
	Magnetic stirrer	IKA  R010
	Centrifuge	Sigma, Fisher Bioblock Scientific 1-6
	Rotary evaporator	Heidolph WB 200

Table 3 -

 3 

		4. HPLC conditions for Analyzing of SPD
	Time (min)	Acetonitrile (ACN)	Water (0.5 % of phosphoric acid)
	0.0	5%	95%
	2.5	5%	95%
	7.0	40%	60%
	8.5	95%	5%
	9.5	95%	5%
	10.0	5%	95%
	19.0	5%	95%
	19.0	stop	

Table 3 -

 3 The injection volume was 15 L and the temperature of column was 30 C. In this condition, the retention time of SSZ was 21.74 min. The calibration curve of SSZ is shown in

		5. HPLC conditions for Analyzing of SSZ
	Time (min)	Methanol	Water (0.5 % of phosphoric acid)
	0.0	40%	60%
	2.5	40%	60%
	20.0	95%	5%
	25.0	95%	5%
	25.1	40%	60%
	45.0	40%	60%
	45.0	stop	

Table 3 - 6 .

 36 The injection volume was between 5 and 15 L. Xcalibur Software is used to analyze experimental data

Table 3 - 6 .

 36 UHPLC-MS conditions for Analyzing of SPD and SSZ

	Time (min)	Acetonitrile (ACN)	Water (0.5 % of phosphoric acid)
	0.0	5%	95%
	7.5	99%	1%
	8.5	99%	1%
	9.0	5%	95%
	11.0	5%	95%
	11.0	stop	

Table 1 .

 1 Molar absorption coefficients of decatungstate (NaDT) and reduced species (NaDT1- 

	4-+ W10O32 6-→	2 W10O32 5-	(2)
		and NaDT 2-)	
	Species		 (10 3 M -1 cm -1 )	
	321 nm	360 nm	635 nm	775 nm
	12.365	3.189		
	NaDT			
	13.2 a (320 nm)	3.3 a		
	(W10O32 4-)			
	13.0 b			
		7.921	2.654	10.772
	NaDT 1-	6.9 a	2.4 a (630 nm)	9.5 a (780 nm)
	(W10O32 5-)	6.7 c		9.8 b
				7.0 c
			13.529	5.058
	NaDT 2-			
	(W10O32 6-)			
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Table 1 .

 1 The conversion and selectivity of SPD in repeated experiments within 2h

	Number of cycles	1	2	3	4
	Rate constant of SPD disappearance				
		1.57	1.67	1.54	1.67
	(10 -2 min -1 )				
	Percentage of SPD disappearance (%)	85.4%	86.5%	84.4%	87.1%
	Yield of N-SPD formation (%)	74.2%	75.9%	60.2%	59.6%

Table 2 .

 2 The ratios of Fe 2+ and Fe 3+ in Fe3O4 before and after 4 times reuse and the fitting peak position of Fe 2+ , Fe 3+ and satellite peak in Fe 2p3/2 and Fe 2p1/2 spectrum respectively

						Peaks position (eV)
		Atomic ratios				
	Sample					Fe 2p1/2	Fe 2p3/2
					Satellite		
		Fe 3+	Fe 2+	 2		Fe 3+	Fe 2+	Fe 3+	Fe 2+
	Fe3O4	0.666 0.334 1.01	717.50	725.47 723.84	711.92 710.50
	Fe3O4 after						
		0.676 0.324 1.17	716.82	725.42 723.54	711.87 710.19
	4 th reuse						
							

2 

represents chi-square distribution, χ²-distribution.

Table 3 .

 3 The fitting peak position of O 1s in Fe3O4 before and after 4 times reuse

		W 4f Peak position (eV)	
	Sample				 2
		W-O	Fe-O	Fe-OH	
	Fe3O4	-	529.22	530.77	2.36
	Fe3O4 after 4 th reuse	531.67	529.24	530.73	0.72

Table S1 .

 S1 MS analysis of SPD products and suggested structures

	R-T			Molecular		Error			
		Products M measured m/z		M accurate m/z	Chemical structure
	min			formula [M+ H] +		(ppm)			
						N	O	O	
	1.99	SPD	250.0642	C11H12O2N3S +	250.0656	-3.008	N H	S	
									NH 2
						N			
	0.89	P1	232.0715	C11H10O3N3 +	232.0728	-2.956	N H		
									NO 2
						N	O	O
	1.81	P2	266.0590	C11H12O3N3S +	266.0605	-3.559	H N	S	OH
									NH
						N	O	O
	3.04	P3	296.0332	C11H10O5N3S +	296.0347	-3.094	H N	S	OH
									NO
						N	O	O
	3.18	P4	280.0383	C11H10O4N3S +	280.0397	-3.112	H N	S	
									NO
		P5							
	3.22		264.0435	C11H10O3N3S +	264.0448	-3.018			
		(N-SPD)							

Table S2 .

 S2 NMR information of N-SPD and TSPD4

	Compounds	TPSD4			N-SPD		
	H number	9	2	2	1	1	1	1
	Chemical shift (ppm)	0.00	8.22	8.06	7.94	7.89	7.27	7.02
	Normalized sum of							
		1.0000 0.1902 0.1706 0.1095 0.0912 0.0860 0.0882
	integral							
	Concentration (M)	52.19	44.67	40.09	51.43	42.84	40.36	41.43
	Average [N-SPD] (M)	44.72	RSD (%)		5.1	

Table S3 .

 S3 Effect of pH on SPD conversion and yield of N-SPD formation in 2h

	pH	2.5	3.0	4.1	4.9	6.9
	Rate constant of SPD disappearance					
		1.20 1.13 0.90 0.48 0.004
	(10 -2 min -1 )					
	Percentage of SPD disappearance (%)	77.1 75.4 68.0 45.9	6.0
	Yield of N-SPD formation (%)	69.8 71.3 76.7 89.6	0.0
	[NaDT] = 41 μM; [H2O2] = 5.0 mM; [Fe3O4] = 0.264 g L -1 ; [SPD] = 30 μM;	

Table S6 .

 S6 Effect of [NaDT] on SPD conversion and yield of N-SPD formation in 2h

	Manuscript 4				
		[NaDT] (M)	0	21	41	82	164 246
	Rate constant of SPD disappearance				
	Tetra-n-	(10 -2 min -1 )	0.008 1.77 2.03 2.23 2.42 2.53
	Percentage of SPD disappearance (%)	9.3	88.6 91.2 93.8 94.5 95.7
	Yield of N-SPD formation (%)	0.0	77.2 76.8 67.7 57.7 34.9
	[H2O2] = 5.0 mM; [Fe3O4] = 0.4 g L -1 ; [SPD] = 30 μM; pH = 3.0		
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Table 1 .

 1 The ratios of Fe 2+ and Fe 3+ in magnetite and M-T complex. The fitting peak position of Fe 2+ and Fe 3+ in Fe 2p3/2 and Fe 2p1/2 spectrum respectively.

						Peak position (eV)
		Atomic ratios				
	Sample				Fe 2P1/2	Fe 2P3/2
		Fe 3+	Fe 2+	 2	Fe 3+	Fe 2+	Fe 3+	Fe 2+
	magnetite	0.668 0.332 3.74	724.46 723.05	711.29 709.83
	M-T (before reaction) 0.667 0.333 3.18	724.50 723.09	711.25 709.80
	M-T (after reaction)	0.667 0.333 5.70	724.44 723.03	711.25 709.79
	 2 represent chi-square distribution, χ²-distribution.			

Table 2 .

 2 The fitting peak position of O 1s in TBADT, magnetite and M-T complex

		O 1s Peak position (eV)	
	Sample				 2
		W-O	Fe-O	Fe-OH	
	TBADT	528.98	-	-	4.04
	Magnetite	-	530.00	531.48	13.12
	M-T (before reaction)	529.25	530.00	531.65	7.43
	M-T (after reaction)	529.24	530.00	531.64	10.93
	 2 represent chi-square distribution, χ²-distribution.		

Table 4 .

 4 Effect of pH on SPD conversion and N-SPD production in 2h

	pH	1.9	2.5	3.0	4.0	4.6	5.2	7.2
	Rate constant (10 -3 min -1 )	7.30 6.03 5.84 3.66 2.09 2.07 0.68
	Conversion (%)	58.9 51.5 49.8 36.6 21.9 21.8 7.2
	Yield of N-SPD formation (%)	0	82.6 75.8 74.6 75.0 6.1	0

Table S1 .

 S1 The fitting peak position of W4f in TBADT and M-T complex

		W 4f Peak position (eV)	
	Sample			 2
		W 4f5/2	W 4f7/2	
	TBADT	37.03	34.92	10.96
	M-T (before reaction)	37.01	34.92	3.07
	M-T (after reaction)	36.99	34.92	4.78
	 2 represent chi-square distribution, χ²-distribution.		

Table S2 .

 S2 MS analysis of SPD products and suggested structures

	R-T			Molecular		Error			
		Products M measured m/z		M accurate m/z	Chemical structure
	min			formula [M+ H] +		(ppm)			
						N	O	O	
	5.75	SPD	250.0642	C11H12O2N3S +	250.0656	-0.935	N H	S	
									NH 2
						N	O	O	
	5.30	P1	266.0591	C11H12O3N3S +	266.0605	-1.159	H N	S	OH
									NH 2
						N	O	O	
	8.03	P2	280.0384	C11H10O4N3S +	280.0397	-0.832	H N	S	
									NO 2
		P3							
	8.11		264.0435	C11H10O3N3S +	264.0448	-1.054			
		(N-SPD)							

Table S3 .

 S3 NMR information of N-SPD and TSPD4

	Compoud	TPSD4			N-SPD		
	H number	9	2	2	1	1	1	1
	Chemical shift (ppm)	0.00	8.22	8.06	7.93	7.90	7.27	7.03
	Normalized sum of integral	1.0000 0.0206 0.0193 0.0121 0.0108 0.0097 0.0099
	Concentration(M)	521.90 53.22	49.86	62.52	55.80	50.12	51.15
	Average [N-SPD] (M)	52.03		RSD (%)		4.8	

H NMR (500 MHz, D2O):  8.22 ppm (d, J = 8.8 Hz,

2H), 8.06 ppm (d, J = 8.5 Hz, 2H),
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Abstract

The degradations of sulfasalazine and also sulfapyridine have been investigated by using the sodium decatungstate Na4W10O32 as a photocatalyst in the presence of hydrogen peroxide as a sacrifial agent. The selective irradiation of decatungstate, W10O32 4-, in the presence of the pollutants at 365 nm and at pH = 4.0 leads to the reduction of hydrogen peroxide via a Fenton like reaction involving the reduced species, W10O32 5-. Such process represents an efficient way for the formation of the highly reactive species, namely the hydroxyl radicals. The process appears then to be highly efficient for the oxidation of the pollutants sulfasalazine and sulfapyridine. Under our experimental conditions, the process was optimized in terms of concentrations of the photocatalyst, hydrogen peroxide and pollutant concentrations and also in term of pH. For both pollutants, the analysis of the generated by-products, using HPLC/MS, shows that the degradation proceeds primarily through three and common chemical processes: i) hydroxylation ii) desulfurization and iii) scission at the azo group -N=N-. The attack of the hydroxyl radical is clearly the main species for the degradation processes. As clearly demonstrated by the TOC experiments, the combination of W10O32 binary system (rate constant = 2.9710 -5 min -1 ), the efficiency increased in NaDT ( 41M)/Fe3O4 (0.264 g L -1 )/H2O2 (5.0mM) ternary system by approximately 380 times (rate constant = 1.1310 -2 min -1 ). The oxidation efficiency and the selective conversion of amine substrates to their nitroso-derivatives were reached up to 97% and up to 81%, respectively. The effectiveness of the system is based on a complex mechanism obtained through interactions between Fe3O4 and NaDT, confirmed by the FTIR and XPS measurements, on one side and between NaDT and H2O2 on the other side, as clearly demonstrated in cyclic voltammetry (CV).

The effects of different parameters (pH, H2O2, Fe3O4 and NaDT concentrations) are also investigated. The obtained results demonstrated that the oxidation of SPD into N-SPD is efficient at pH lower than 5.0 in our ternary system. The rate constant and the percentage of SPD disappearance reach a plateau when concentrations of NaDT, Fe3O4 and H2O2 increased, with limit concentrations approximately 40 µM, 0.8 g L -1 and 10.0 mM respectively.

Keywords: Decatungstate, Fe3O4, H2O2, Selective catalysis, Electron transfer

Characterization

The X-ray diffraction (XRD) patterns of NaDT and Fe3O4 were collected using a X-ray diffractometer (PANalytical X'Pert Pro) with a diffracted beam monochromator Cu K source 

Conversion of SPD in different systems

In order to evaluate the efficiency of the sulfapyridine (SPD) oxidation process in aqueous solution at a concentration of 30.0 µM, reactions were performed with H2O2 as oxidant in different experimental conditions (H2O2 alone, Fe3O4/H2O2, NaDT/H2O2 and NaDT/Fe3O4/H2O2). As can be seen in Fig. 3, in the presence of H2O2 alone (5.0 mM), a negligible conversion was obtained. This represents a conversion of roughly 1.5 % within 120 minutes. In the presence of NaDT/H2O2 (41 µM/5.0 mM) and Fe3O4/H2O2 (0.264 g L -1 /5.0 mM), the SPD conversion reached 1.7 % and 4.5 %, respectively within 120 minutes. In contrast, in the presence of a ternary system containing 41 µM of NaDT, 0.264 g L -1 of Fe3O4 and 5.0 mM of H2O2, a significant increase of the conversion percentage reaching 75.4 % within 120 minutes is obtained demonstrating the oxidation ability of the NaDT/Fe3O4/H2O2 system toward SPD.

Under our experimental conditions, the conversion appears to follow a pseudo first order kinetic process and the rate constant was estimated to 1.1310 -2 min -1 in NaDT/Fe3O4/H2O2 system.

While for H2O2 alone, Fe3O4/H2O2, NaDT/H2O2 systems, the rate constants were estimated to 6.9210 -5 , 7.7210 -5 and 2.9710 -5 min -1 , respectively. This result shows that the efficiency of SPD conversion was improved by more than two orders of magnitude.

Supporting Information

Supporting information

Oxidation 

Abstract

The objectives of this study were to prepare a solid decatungstate-magnetite complex (M-T) for the selective oxidation of aromatic amine compounds in the presence of H2O2. The samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS).

The characterization results show that the TBADT evenly covers the surface of Magnetite, and the interaction between TBADT and magnetite clearly exists. The effects of mixed mass ratios, concentration of H2O2, M-T complex and pH were investigated. 0.2 g L -1 M-T complex shows more efficiency on SPD selective oxidation with a rate constant of 6.03  10 -3 min -1 in the presence of 5 mM H2O2 at pH = 2.5, comparing with the TBADT/H2O2 and magnetite/H2O2.

The M-T/H2O2 selective oxidation system can effectively oxidize SPD to N-SPD in the pH range of 2.5 to 4.6. The heterogeneous M-T/H2O2 system (TBADT-Magnetite-H2O2) appears to be a powerful system for the efficient (until 93%) and selective conversion (until 86%) of amine substrates to their nitroso-derivatives. The system consists on a complex material M-T obtained through interaction between magnetite and TBADT as clearly demonstrated by several characterizations and CV experiments. This interaction between TBADT and magnetite is without any doubt the driving force for the electron transfer to occur. The catalytic system proceeds through an electron transfer process between sulfapyridine and TBADT leading to the formation of the radical cation on the amine group and the reduced species of TBADT. The regeneration of the W10O32 4-is obtained via a second electron transfer with magnetite owing to such interaction. Thus, during this study we clearly demonstrated that the system M-T/H2O2 is an innovative and powerful process with a high yield of transformation for the generation of 

(4) Effect of the amount of M-T complex

The effect of the amount of synthetized M-T was investigated within the range of 0 -0.8 g L -1 (Fig. S8). The SPD conversion percentage increases to reach 93.4% as the M-T concentration increases from 0 to 0.8 g L -1 (Table 6). Under these conditions the rate constant increased from 2.510 -3 up to 22.510 -3 min -1 . This effect shows an interesting benefit for the oxidation of SPD. Moreover, an increase of the yield for nitroso-sulfapyridin formation is also observed (roughly 78.7% for 0.8 g L -1 of M-T), indicating an important selectivity of the process under these conditions. notable that the catalytic currents in the presence of H2O2 obtained at M-T-PGE was much higher than the one recorded at the T-PGE. This indicates that there is an interaction between TBADT and magnetite leading to an enhancement of the electrocatalytic process.

For comparison, Fig. S9 shows the CVs recorded using a M-PGE with and without 5.0 mM H2O2 added in the electrolyte solution. With M-PGE, a well-defined cathodic peak is clearly observed at -0.08 V which is owing to an electro-Fenton process [45,46]. This process can be expressed by equations (3 and 4):

Fe 3+ (magnetite surface) + e -→ Fe 2+ (magnetite surface)

However, in this case the catalytic current (Ipc = 2.05 µA) is lower than with M-T-PGE.

This means that with the mixture of M-T particles on the electrode surface, the electrocatalytic process for H2O2 reduction is definitively improved. The mechanisms of these electrocatalytic processes are probably not the same on both type of electrodes (M-PGE and M-T-PGE), implying in the latter case, iron species from magnetite in interaction with TBADT, as suggested by Dong and Liu for Dawson-type tungstatephosphonate anion [47].

The current stability of M-T-PGE was investigated in CV in absence (a) and in presence of H2O2 (b) for 10 potential cycles (Fig. S10). In absence of H2O2, a cathodic peak at -0.18

V/Ag-AgCl (Ipc1= -7.87 A) can be observed in the first cycle and then the signal was stabilized with the cathodic peak Epc1 at -0.23V/Ag-AgCl. The higher current in the first cycle may be