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Our work has focused on evaluating the use of phenalenone (PN) for phenol photodegradation in aqueous solution. This evaluation was conducted using both free and supported (PN) on halloysite nanotubes (HNTs). The photodegradation study took place in an annular photoreactor with ultraviolet (UV) or visible irradiation, whose emission corresponded to PN absorption wavelength. The influence of operating parameters, namely pH, initial phenol and PN concentrations, light intensity, and type of irradiation (i.e. UV, visible), has been examined. Phenol photodegradation was performed in the presence of sodium azide, propan-2-ol and, lastly, nitrogen (N2) to determine the mechanism pathway. Results reveal pH as the most important parameter affecting phenol photodegradation. A complete phenol transformation could be attained within 120 min under UV irradiation and within 300 min under visible irradiation at pH 12. The PN/phenol ratio alters photodegradation kinetics, especially under UV irradiation. The photodegradation rate was higher with free PN than with a supported photosensitizer. Pseudo-first-order kinetics were observed under both UV and visible irradiation. A type II mechanism proved to be the main pathway in phenol photodegradation, with possible contribution from a type I mechanism.

Introduction

The intensification of chemical industrial activities, involving pharmaceuticals, pesticides, plastics and synthetic dyes, constitutes the main source of phenolic compounds in wastewater [START_REF] Acosta | Evaluation of total phenol pollution in water of San Martin Canal from Santiago del Estero, Argentina[END_REF]. These compounds are characterized by a special aromatic smell and high toxicity for both water fauna and flora. They possess a half-life extending between 2 and 72 days; moreover, due to their stability and solubility in water, their decomposition remains difficult to achieve [START_REF] Vázquez | Adsorption of phenol on formaldehyde-pretreated Pinus pinaster bark: Equilibrium and kinetics[END_REF]. Using photosensitizers (PSs), like Methylene blue [START_REF] Ye | Homogeneous photosensitized degradation of pharmaceuticals by using red light LED as light source and methylene blue as photosensitizer[END_REF], Rose Bengal [START_REF] Bielska | Hybrid photosensitizer based on halloysite nanotubes for phenol-based pesticide photodegradation[END_REF], phthalocyanines [START_REF] Pepe | Supported photosensitizers for the visible light activation of phenols towards oxygen[END_REF], porphyrins [START_REF] Ucoski | Use of iron and manganese porphyrins in solution and immobilized on silica obtained by the sol-gel process as catalyst in the oxidation of organic substrates[END_REF] and phenalenone (PN) [START_REF] Martinez-Haya | Type I vs Type II photodegradation of pollutants[END_REF], seems to offer a promising approach to water remediation. When excited by light irradiation, PSs can generate singlet oxygen ( 1 O2), which is efficient in oxidizing phenolic compounds [START_REF] Gerdes | Photo-oxidation of phenol and monochlorophenols in oxygen-saturated aqueous solutions by different photosensitizers[END_REF]. Among such PSs, phenalenone (PN) deserves attention. PN is an aromatic ketone, easily synthetized, and with well-known photophysical properties. However, its use in the context of water treatment is relatively undocumented compared to the other PSs mentioned above. While PN serves as the universal reference in 1 O2 production, its quantum yield lies close to unity in a large range of solvents, including water [START_REF] Schmidt | and Christian Womb, « Phenalenone a universel reference compound for the determination of the quantum yield of singlet oxygen O2 (1Δg) sensitization[END_REF]. We noticed that its use in a water treatment setting has been limited as a reference in 1 O2 quantification or in photophysical studies to determine the mechanisms involved in photosensitized reactions [START_REF] Martinez-Haya | Type I vs Type II photodegradation of pollutants[END_REF]. Moreover, PN is soluble in water [START_REF] Schmidt | and Christian Womb, « Phenalenone a universel reference compound for the determination of the quantum yield of singlet oxygen O2 (1Δg) sensitization[END_REF], photostable and does not display any of the disadvantages of other photosensitizers, such as aggregation, that can cause changes in their photophysical properties and often require the addition of surfactants in order to keep just the monomeric form of the PS [START_REF] Gerdes | Photo-oxidation of phenol and monochlorophenols in oxygen-saturated aqueous solutions by different photosensitizers[END_REF] or handle them on various supports. This feature also streamlines their separation at the end of the process by means of simple filtration, as well as their reuse. Materials of a different composition were introduced, in most cases inorganic, such as silica [START_REF] Jeong | Removal of Cu(II) from water by tetrakis(4-carboxyphenyl) porphyrin-functionalized mesoporous silica[END_REF], zeolites [START_REF] Nadeem | Synthesis of Metalloporphyrin Encapsulated Zeolite A for Photocatalytic Orange II Degradation[END_REF] or clays [START_REF] Xiong | Photosensitized Oxidation of Substituted Phenols on Aluminum Phthalocyanine-Intercalated Organoclay[END_REF][START_REF] Machado | Cationic and anionic metalloporphyrins simultaneously immobilized onto raw halloysite nanoscrolls catalyze oxidation reactions[END_REF]. Use of clay materials have been reported in photochemistry for the oxidation of organic pollutants during water treatment. Clays have specific sorption properties due to their lamellar or tubular structure and crystallochemistry, which makes them capable of adsorbing organic and inorganic compounds for different fields and applications; they can fix various organic compounds between their sheets or on their surface, and these compounds can be neutral, ionic or polar nonionic, like alcohols and ketones. In most cases, this intercalation is carried out by stirring and transferring the organic compound to the clay in suspension into aqueous solution [START_REF] Shichi | Clay minerals as photochemical reaction fields[END_REF]. The development of processes using such clay has continued to expand within an array of fields. In water treatment, Xiong et al. [START_REF] Xiong | Photosensitized Oxidation of Substituted Phenols on Aluminum Phthalocyanine-Intercalated Organoclay[END_REF] supported aluminum phthalocyanine on bentonite for phenol photooxidation, while Shichi et al. [START_REF] Shichi | Clay minerals as photochemical reaction fields[END_REF] synthesized an iron porphyrin-montmorillonite K10 composite for azo dye oxidation. In another study by Machado et al. [START_REF] Machado | Immobilization of metalloporphyrins into nanotubes of natural halloysite toward selective catalysts for oxidation reactions[END_REF], several metalloporphyrin were deposited onto halloysite nanotubes in order to eliminate organic substrates, then Bielska et al. [START_REF] Bielska | Hybrid photosensitizer based on halloysite nanotubes for phenol-based pesticide photodegradation[END_REF] used the same clay for 4-nnonylphenol photodegradation with Rose Bengal. These authors substantiated Rose Bengal on halloysite by adsorption in a one-step procedure, as opposed to other authors' reliance on more expensive chemical synthetic methods.

Halloysite is an aluminosilicate described for the first time by Berthier [START_REF] Berthier | Analyse de l'halloysite[END_REF] as a dioctahedral 1:1 clay mineral belonging to the Kaolin group. The main difference is the specific tubular morphology classically defined as Halloysite NanoTubes (HNTs). The chemical formula is Al2Si2O5(OH)4. nH2O where n=0 for the dehydrated halloysite-(7Å) and n=2 for the hydrated halloysite-(10Å) [START_REF] Joussein | Halloysite clay minerals -a review[END_REF]. Halloysite increased interest of scientific community in recent years due to its special properties [START_REF] Pasbakhsh | Characterisation of properties of various halloysites relevant to their use as nanotubes and microfibre fillers[END_REF][START_REF] Joussein | Halloysite clay minerals -a review[END_REF][START_REF] Dong | Removal of Zn(II) from aqueous solution by natural halloysite nanotubes[END_REF][START_REF] Zhang | Preparation and intercalation structure model of halloysite-stearic acid intercalation compound[END_REF] , high specific surface area, a good chemical stability and mechanical properties and a high plasticity, which represent a good potential for the nanoscience and nanotechnology alternative to the expensive carbon nanotubes [START_REF] Dong | Removal of Zn(II) from aqueous solution by natural halloysite nanotubes[END_REF].

According to this, halloysite applications are reported in several fields, like polymers [START_REF] Ning | Crystallization behavior and mechanical properties of polypropylene/halloysite composites[END_REF][START_REF] Buruga | A facile synthesis of halloysite nanotubes based polymer nanocomposites for glass coating application[END_REF], medicine and drug delivery [START_REF] Sabbagh | Halloysitebased hybrid bionanocomposite hydrogels as potential drug delivery systems[END_REF][START_REF] Bediako | Modified halloysite nanoclay as a vehicle for sustained drug delivery[END_REF][START_REF] Cheng | Halloysite nanotubebased H2O2-responsive drug delivery system with a turn on effect on fluorescence for real-time monitoring[END_REF], environmental applications such as environmental adsorbents [START_REF] Szczepanik | Adsorption of chloroanilines from aqueous solutions on the modified halloysite[END_REF][START_REF] Yu | Adsorption of iodate on nanosized tubular halloysite[END_REF][START_REF] Song | A novel halloysite-CeOx nanohybrid for efficient arsenic removal[END_REF] and catalysis [START_REF] Nowakowska | Photoactive polymeric and hybrid systems for photocatalytic degradation of water pollutants[END_REF][START_REF] Szczepanik | Photocatalytic degradation of organic contaminants over clay-TiO2 nanocomposites: A review[END_REF][START_REF] Papoulis | Halloysite based nanocomposites and photocatalysis: A Review[END_REF]. Moreover, Papoulis [START_REF] Papoulis | Halloysite based nanocomposites and photocatalysis: A Review[END_REF] has reviewed the application of halloysite based nanocomposites in catalysis for air and water treatment applications. As it is a promising approach, the author has suggested more investigations in these fields with testing various halloysites based materials.

Halloysite has been chosen for purposes of our work program. This clay is abundant and inexpensive; moreover, it has gained popularity as a support material in photocatalysis [START_REF] Papoulis | Halloysite based nanocomposites and photocatalysis: A Review[END_REF].

Its unique tubular structure is not found in any other clay [START_REF] Joussein | Halloysite clay minerals -a review[END_REF], thus allowing for direct use without any particular modification [START_REF]A review on halloysite-based adsorbents to remove pollutants in water and wastewater[END_REF], unlike other swelling clays.

Many articles have shown that halloysites can have many properties depending on the type of deposit. For example, this will play on the state of hydration, on the morphology and thus on the various physico-chemical properties that result [START_REF] Joussein | Chapter 2 -Geology and Mineralogy of Nanosized Tubular Halloysite[END_REF]. According to this, we choose to work with a well-known material from New Zealand classically used as reference in a lot of paper for large applications [START_REF] Joussein | Chapter 2 -Geology and Mineralogy of Nanosized Tubular Halloysite[END_REF]. Briefly, the sample present a nice tubular morphology with long tubes, clearly pure, and representative of large amount of deposit (in volume) around the world.

The present investigation is aimed at studying the reactivity of phenalenone for phenol photooxidation in aqueous solution (homogeneous photooxidation). As a next step, we justify PN on halloysite, and a study of supported phenalenone reactivity to phenol (heterogenous photooxidation) is conducted to compare the two types of photooxidation. A mechanism initiating the photosensitized degradation of phenol using PN in aqueous solution is ultimately proposed.

Materials and Methods

Preparation of the hybrid photosensitizer

The successfully supported PN was achieved according to a slightly modified version of Bielska et al.' [START_REF] Bielska | Hybrid photosensitizer based on halloysite nanotubes for phenol-based pesticide photodegradation[END_REF] protocol. Natural halloysite from New Zealand (Matauri Bay, Imerys) was used without any further purification. The PN was sourced from Sigma Aldrich at a 97% purity. The PN-HNTs preparation was obtained by means of adsorption. A 20-mL volume of 2.7 x 10 -4 M PN aqueous solution was continuously stirred with 25 g of halloysite over a 24hour period in the dark at room temperature. The suspension was then centrifuged and the amount of fixed PN evaluated. The hybrid material derived was dried at 40°C for 24 hours, ground and stored in the dark. In order to evaluate the maximum adsorption capacity of PN on halloysite, PN concentrations varying from 0 to 2.7 x 10 -4 M were prepared with a constant suspended PN / halloysite ratio of 0.8 In each case, the PN concentration in the supernatant was analyzed after sample centrifugation. Finally, the halloysite and the hybrid material (PN-HNTs) have been characterized by X Ray Diffraction (XRD) using a Bruker D8 diffractometer operating with Cu Kα radiation (λ=0.154 nm). The samples were prepared as disoriented powders and scanned between 2 -65 °2θ with a 0.02 °2θ step for 1 s per step.

A desorption test was conducted by stirring a PN-HNTs amount equivalent to a PN concentration of 5 × 10 -5 M in aqueous solution for 24 hours.

Photodegradation experiments

Photodegradation analyses were performed in an annular reactor (see Fig. 1) with immersed lamps emitting in both the ultraviolet (UV) and visible regions. Since PN has an absorbance spectrum between 300 and 450 nm, we chose two lamps whose spectral distribution correspond to their combination in covering the PN absorbance spectrum. The UV lamp spectrum (300 -400 nm) corresponds to the wide PN absorbance spectrum in the UV region, whereas the visible lamp corresponds to the PN absorbance spectrum within the visible region (Fig. 2). The tube holding the lamp was made of quartz for the UV lamp and Pyrex for the visible lamp; in both cases, it featured a double envelope for temperature control. The reactor was continuously stirred and aerated through the gas diffusion input, and samples were extracted from the sampling tap. Two reactors R1 and R2, with a volume of 0.4 and 1 L, were used, with the corresponding irradiation intensity being respectively 500 / 340 lux for UV and 2,650 / 1,780 lux for visible irradiation. hydroxyl radical (OH) [START_REF] Neves | Photodegradation of metoprolol using a porphyrin as photosensitizer under homogeneous and heterogeneous conditions[END_REF]. The presence of nitrogen was also ensured [START_REF] Martinez-Haya | Type I vs Type II photodegradation of pollutants[END_REF].

All experiments were performed at 20°C and under atmospheric pressure.

Quantitative determination of organics

Analyses of phenol and 4-nitrophenol (purity > 99%) were carried out using the Agilent LC 1220 Infinity liquid chromatography system, equipped with a dual-channel gradient pump, a reverse-phase C 18 analytical column (XBridje C18-3.5µm-4.6 x 100 mm, Waters) thermostat at 30°C and a photodiode detector. UV spectra were drawn from 200 to 400 nm, and data were recorded at 280 nm for phenol and at 320 nm for 4-nitrophenol, with these values corresponding to their maximum absorbance with an isocratic mobile phase of 20% acetonitrile and 80% ultra-pure grade water, with a 1 mL/min flow rate and 50-µL injection volume.

The subsequent photodegradation and adsorption of phenalenone on halloysite were analyzed with a UV/visible Cary Varian 50 spectrophotometer at 365 nm. Particle morphology was observed by means of transmission electron microscopy (TEM) using a JEOL 2010 instrument. The samples were prepared by evaporating a small droplet of clay suspension onto a carbon TEM grid.

pH and dissolved oxygen measurements were recorded using a Mettler Toledo pH-meter and Hach Lange oximeter. The pH adjustment was introduced with a concentrated solution of NaOH or HCl.

Data analysis

The residual percentage remaining in the solution of phenol and 4-nitrophenol after a certain irradiation time was calculated as follows:

Residual percentage = × 100% ( 1 
)
where C0 is the initial concentration of phenol or 4-nitrophenol and C their concentration after irradiation.

The data for phenol and 4-nitrophenol photodegradation were adjusted to the first-order kinetic equation, i.e.:

= ( 2 
)
where k is the first-order rate constant and t the irradiation time.

The experimental kinetic data obtained were then fitted by a linear regression, namely:

= (3)

Results and discussion

Characterization of the hybrid photosensitizer

PN was supported on halloysite by adsorption in a one-step procedure. The maximum PN solubility equaled 2.7 × 10 -4 M at 20°C. At this level, the equilibrium concentration was 0.28 mmol/l and the PN adsorbed on halloysite was 17.6 × 10 -5 mmol.g -1 . The tubular structure of halloysite was preserved, as shown on the TEM images (Fig. 3). The inner diameter (lumen pores) ranged from 5 to 30 nm with a high concentration of small pores in accordance with

Joussein. [START_REF] Joussein | Chapter 2 -Geology and Mineralogy of Nanosized Tubular Halloysite[END_REF], with PN surface adsorption being the most likely mechanism. The desorption test did not detect any PN release from the hybrid material; moreover, no reversible adsorption matched the results obtained by Bielska et al. [START_REF] Bielska | Hybrid photosensitizer based on halloysite nanotubes for phenol-based pesticide photodegradation[END_REF] for the sorption of Rose Bengal supported on halloysite. halloysite, new reflections appear on the XRD patterns and the basal spacing increase with intercalation [START_REF] Zhang | Preparation and intercalation structure model of halloysite-stearic acid intercalation compound[END_REF] to the small XRD angle about 10Å. In this study no new reflection and no shift in the (001) reflection has been observed in the XRD patterns in agreement with TEM data. This fact traduces that the organic molecules is not intercalated in the interlayer of halloysite. Moreover, Mataury Bay sample is (i) a pure sample devoid of impurity such as Fe2O3 content [START_REF] Pasbakhsh | Characterisation of properties of various halloysites relevant to their use as nanotubes and microfibre fillers[END_REF] which is known to affect organic molecules interaction, and (ii) dehydrated (halloysite-(7Å)) then limit the interlayer accessibility for non-polar organic molecules. So according to this, the adsorption mechanism in this case is directly linked to the polarity of the PN molecules onto the surface of clays [START_REF] Joussein | Halloysite clay minerals -a review[END_REF].

pH effect

Phenol was photodegraded at pH 7 and pH 12 (Fig. 5). These pH values were chosen based on phenol pKa 9.99 [START_REF] Roy | Predictive QSPR modeling of the acidic dissociation constant (pKa) of phenols in different solvents[END_REF]. Above this value, phenol exists in its phenolate form while below this value, at pH 7, phenol takes on its molecular form. According to the literature [START_REF] Gerdes | Photo-oxidation of phenol and monochlorophenols in oxygen-saturated aqueous solutions by different photosensitizers[END_REF], better reactivity is expected to be observed at pH 12. Before this study began, the phenol was exposed to both UV and visible irradiation at the various pH without free PN, with results revealing the absence of degradation. When introducing PN at pH 7, the phenol degradation remains insignificant, yet within 180 min of irradiation at pH 12, a 97% phenol concentration abatement is observed. This finding is due to the phenolate form at pH 12, which is easier to oxidize, hence in agreement with results obtained in the literature for phenol photooxidation using phthalocyanines [START_REF] Gerdes | Photo-oxidation of phenol and monochlorophenols in oxygen-saturated aqueous solutions by different photosensitizers[END_REF]. 

Irradiation control

During an initial step, we note that the PN stability and UV-visible absorbance spectrum of PN is reached 6 times during 480 minutes of irradiation under the various pH conditions (7 and 12) and irradiation types (UV-visible). Results (not shown here) reveal that for the two pH values and both irradiation types UV and visible, PN is photostable under our experimental conditions.

Next, the effect of irradiation, type and intensity was observed with UV and visible irradiation in both reactors. PN has an absorbance in the UV and visible regions of the spectrum between 300 and 450 nm (Fig. 2). We investigated the excitation wavelength with two specific lamps to investigate PN response in the UV or visible region separately. Results confirm that PN is active under visible irradiation; however, the reaction under visible irradiation is slowed.

Complete phenol degradation occurs within 300 min, at a constant rate of 11.9 × 10 -3 min -1 , under visible irradiation. In contrast, complete phenol degradation is observed within 120 min, at a constant rate of 42.3 × 10 -3 min -1 , under UV irradiation. These results can be effectively compared to those obtained in the literature for phenol photodegradation using semiconductors, like titanium dioxide (TiO2) and zinc oxide (ZnO). TiO2 and ZnO are widely used for phenolic compound decomposition and described as being among the most efficient sensitizers for water remediation. Fu et al. [START_REF] Fu | Enhanced adsorption and photodegradation of phenol in aqueous suspensions of titania/graphene oxide composite catalysts[END_REF] found a phenol degradation rate of 99.3% after a 480-min reaction time at a constant rate of 5.8 × 10 -3 min -1 , while Lee et al. [START_REF] Lee | Phenol degradation catalyzed by metal oxide supported porous carbon matrix under UV irradiation[END_REF]obtained phenol degradation rates of 75% and 85% within 240 min using a metal-supported porous carbon mixture TiO2/AC and ZnO/AC, respectively. A first-order kinetic model describing phenol photodegradation under UV and visible irradiation (Table 1) is classically used in photooxidation processes [START_REF] Chong | Recent developments in photocatalytic water treatment technology: A review[END_REF]. The reaction remains 3.5 times faster under UV irradiation.

The effect of irradiation intensity is less pronounced under UV irradiation compared to visible irradiation. The 2,650-lux intensity under visible irradiation (R1 reactor) appears to force a rather rapid reaction (Fig. 6). The following experiments were therefore conducted in reactor R1. 

O2 transfer

To study the effect of dissolved oxygen (O2) in the medium, phenol photodegradation was examined in the presence of dissolved O2 with a spontaneous O2 transfer in the reactor or with continuous aeration. The same kinetics were observed for both conditions. The first case exhibited a decrease in O2 as the reaction process proceeded. The dissolved oxygen in the medium was sufficient to oxidize phenol, with an O2 consumption of 2 x 10 -4 mol of O2 within 120 min of reaction, which corresponds to the complete phenol oxidation. Hence, 3.63 mol of O2 are needed to oxidize 1 mol of phenol, a result that matches the literature in using another photosensitizer. In this case, a type II mechanism involving singlet oxygen production is recommended [START_REF] Gerdes | Photo-oxidation of phenol and monochlorophenols in oxygen-saturated aqueous solutions by different photosensitizers[END_REF]; an evaluation of the mechanism pathway will be proposed in the last part of this paper.

Effect of the PN/phenol molar ratio

Various ratios (R) (0.005, 0.01, 0.1, 1, 2) of PN/phenol (mol/mol) were evaluated. Results reveal an effect of PN concentration on phenol degradation kinetics (Table 1). When the PN/phenol molar ratio (R) ≥ 1, phenol photodegradation kinetics are not limited by PN concentration; however, for ratios R < 1, the kinetics do become slower and the catalytic reagent production tied to the presence of PN molecules becomes the determinant kinetic factor. The same stoichiometric limit is observed under visible irradiation. 

Effect of the support

An evaluation of the use of PN supported on halloysite in phenol photodegradation was conducted under the same conditions as the use of free PN, with an equivalent PN concentration (Fig. 7).

Experiments in the presence of raw halloysite was checked under UV and visible irradiations and no quantified phenol degradation was observed. This result was expected as halloysite is not a photocatalyst and only synergistic effect in case of supported photocatalysts can be expected [START_REF] Papoulis | Halloysite based nanocomposites and photocatalysis: A Review[END_REF].

The hybrid photosensitizer remained in contact with the solution for 20 min to achieve equilibrium. The adsorption of phenol on halloysite was previously verified, and results (not shown here) reveal the absence of phenol adsorption on either the raw halloysite or hybrid photosensitizer material.

The degradation of phenol using supported PN reveals that PN remains photoactive, even though the photodegradation kinetics slow down. The kinetic constant rate decreases from 42.3 × 10 -3 min -1 with free PN to 34 × 10 -3 min -1 under UV irradiation and from 11.9 × 10 -3 min -1 to 0.4 × 10 -3 min -1 under visible irradiation. This decrease in the kinetic constant rate can be explained by the rate control step that stems from the formation of singlet oxygen [START_REF] Bielska | Hybrid photosensitizer based on halloysite nanotubes for phenol-based pesticide photodegradation[END_REF].

During homogeneous photosensitized reactions in the presence of excess oxygen, the oxidation reactions indeed constitute the first-order process. Yet in heterogeneous photooxidation, only the photosensitizers adsorbed onto the surface are involved in the reaction, and the hybrid photosensitizer surface is constantly saturated with oxygen. Since phenol is not adsorbed on the hybrid photosensitizer, the photosensitized phenol oxidation occurs in solution at the hybrid photosensitizer particle / water interface. This mechanism is in agreement with observations reported by Bielska et al. [START_REF] Bielska | Hybrid photosensitizer based on halloysite nanotubes for phenol-based pesticide photodegradation[END_REF]. The decrease in effective irradiation due to the turbidity resulting from clay dispersion must however be taken into consideration. The diffusion of flow photons is less heavily impacted when applying high energy under UV irradiation and an efficiency loss of only 35% is observed compared to homogeneous photooxidation conditions. These results still compare closely to welldocumented semiconductors (item 3.3) and supporting PN on halloysite offers a good perspective on developing a PN-based photoactive material. respectively at pH = 12. The photodegradation reaction therefore is some 32 times faster for phenol; it would thus seem that the nitro group influences the slowdown in photodegradation kinetics. Like for the pH effect, the negative mesomeric effect of NO2 with resonance stabilization is detrimental to the photooxidation reaction. In their study on the substituent effects on phenol photodegradation using TiO2, Nguyen et al. [START_REF] Nguyen | Substituent effects on photodegradation of phenols in binary mixtures by hybrid H2O2 and TiO2 suspensions under UV irradiation[END_REF] observed that the effect of the electron donor (+I) group methyl CH3 is beneficial to electron mobility and, hence, to ocresol oxidation, while the chloro group Cl is electron-withdrawing (-I) and should be detrimental to oxidation (yet the authors found the opposite to be true). Moreover, it is well known that electron-withdrawing groups stabilize the phenolate ion, making the phenol more acidic, whereas a strong electron donor destabilizes the phenolate ions in making them less acidic [START_REF] Roy | Predictive QSPR modeling of the acidic dissociation constant (pKa) of phenols in different solvents[END_REF].

During a second step, the reaction pathway was investigated. The photosensitized reaction activated by singlet oxygen generators was attributed to a reaction between the pollutant and the singlet oxygen formed (type II mechanism) [START_REF] Gerdes | Photo-oxidation of phenol and monochlorophenols in oxygen-saturated aqueous solutions by different photosensitizers[END_REF]. In aqueous solution, a type I mechanism implies electron transfer could be more heavily favored than a type II mechanism as a result of, i) the higher water permittivity value (ɛH2O = 80.16) compared to polar organic solvents, such as acetonitrile (ɛACN = 35.94), ii) the lower O2 concentration in water (0.29 mM) vs.

(1.29 mM) in acetonitrile [START_REF] Martinez-Haya | Type I vs Type II photodegradation of pollutants[END_REF] and iii) the lower 1 O2 lifetime in water [START_REF] Schmidt | and Christian Womb, « Phenalenone a universel reference compound for the determination of the quantum yield of singlet oxygen O2 (1Δg) sensitization[END_REF]. This study was conducted in the presence of sodium azide which is a scavenger of both 1 O2 and OH, propan-2-ol, a scavenger of just OH [START_REF] Neves | Photodegradation of metoprolol using a porphyrin as photosensitizer under homogeneous and heterogeneous conditions[END_REF] and nitrogen [START_REF] Martinez-Haya | Type I vs Type II photodegradation of pollutants[END_REF]. In the presence of sodium azide, the phenol photodegradation is slowed, whereas in the presence of isopropanol, the kinetics are the same as without scavengers (Fig. 9). This result and the observed O2 consumption (item 4) serve to confirm that singlet oxygen is the main mechanism, induced by energy transfer from the excited triplet sensitizer 3 PN* (1) to the molecular triplet oxygen in the ground state for the formation of singlet oxygen (2), as the main entity responsible for phenol oxidation (3).

Singlet oxygen reacts in an environment close to its formation, which could explain this reaction pathway despite its short lifetime in water:

PN+ hν → 1 PN* 3 PN* (1) 3 PN* + 3 O2 → PN + 1 O2 (2) 1 O2 +phenol → oxidized phenol (3) 
However, with nitrogen bubbling of the solution, a 90% degradation occurs with a constant rate of 8.19 × 10 -3 min -1 of phenol within 300 min of irradiation. On the other hand, phenol photodegradation is slowed in the presence of sodium azide and accelerated without O2 (N2 condition). Such behavior demonstrates that besides the type II mechanism, the type I mechanism via electron transfer between phenol and 3 PN* can participate with the mediation of PN radicals PN .-(4), as indicated by Haya-Martinez et al. [START_REF] Martinez-Haya | Type I vs Type II photodegradation of pollutants[END_REF] in their study on the photodegradation mechanism of diclofenac and acetaminophen using PN in aqueous solution:

3 PN* + phenol → PN .-+ phenol + → oxidized phenol (4)

Moreover, under these conditions, the photoinduced electron transfer between 3 PN* and O2 must be considered [START_REF] Gerdes | Photo-oxidation of phenol and monochlorophenols in oxygen-saturated aqueous solutions by different photosensitizers[END_REF] with the formation of PN + and superoxide anion (O2 .-) [START_REF] Pepe | Supported photosensitizers for the visible light activation of phenols towards oxygen[END_REF]. Phenol can be oxidized by PN .+ with the regeneration of PN [START_REF] Ucoski | Use of iron and manganese porphyrins in solution and immobilized on silica obtained by the sol-gel process as catalyst in the oxidation of organic substrates[END_REF] and by O2 .-with possible formation of the hydroperoxyl radical (HOO -), phenol radical (phenol . ) (7,8): 
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 12 Figure 1: Reactor settings for the phenol photodegradation experiments
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 34 Figure 3: TEM observation of raw halloysite
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 5 Figure 5: Photodegradation of 5.5 × 10 -5 M of phenol in the presence of 5.5 × 10 -5 M of free PN at various pH values under UV irradiation
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 6 Figure 6: Effect of intensity and irradiation type on 5.5 ×10 -5 M of phenol in the presence of 5.5 × 10 -5 M of free PN at pH 12 under UV and visible irradiation
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 78 Figure 7: Photodegradation of 5.5 × 10 -5 M of phenol in the presence of 5.5 × 10 -5 M of free PN and supported PN on halloysite PN-HNTs, with an equivalent of 5.5 x 10 -5 M at pH 12 under UV irradiation
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 79 Figure 9: Phenol photodegradation of 5.5 × 10 -5 M in the presence of 5.5 × 10 -5 M free PN, O2, 0.2 M of sodium azide, 0.2 M of propan-2-ol or nitrogen bubbling at pH 12 under UV irradiation

Table 1 :

 1 Kinetic constants of the effect of two irradiation intensities (reactor type), the PN/phenol molar ratio and irradiation type on phenol photodegradation

	Reactor type	R (PN/phenol) -UV or visible	k (min -1 .10 -3 )	R 2
	R2	1-UV	19 ± 0.3	0.998
	R2	1-Visible	5.36 ± 0.2	0.978
	R1	1-UV	42.3 ± 1	0.995
	R1	1-Visible	11.9 ± 0.4	0.988
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