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Introduction

Water treatment and reuse are key topics with respect to the scarcity of drinking water on earth [START_REF]Human Development Report 2006, beyond scarcity: power, poverty and the global water crisis[END_REF], [START_REF]European Water policies and human health -Combining reported environmental information[END_REF]. A global concern is associated with the elimination of organic micropollutants before a possible reuse or a discharge in the environment [START_REF] Benotti | Pharmaceuticals and Endocrine Disrupting Compounds in U.S. Drinking Water[END_REF], [START_REF] Ratola | Occurrence of organic microcontaminants in the wastewater treatment process. A mini review[END_REF]. Different technologies are implemented for tertiary water treatment including filtration processes (using fixed beds or membranes) and advanced oxidation processes like ozonation [START_REF] Matilainen | Natural organic matter removal by coagulation during drinking water treatment: A review[END_REF]- [START_REF] Van Der Sloot | Characteristics, treatment and utilization of residues from municipal waste incineration[END_REF]. Combining membrane separation and catalytic ozonation is a promising technology for micropollutant removal [START_REF] Mansas | Coupling catalytic ozonation and membrane separation: A review[END_REF]. This should especially be the case when the separative surface of a nanofiltration (NF) membrane is functionalized in order to act as catalytic contactor. Oxidation by ozone can indeed be enhanced by using a suitable catalyst. Catalytic ozonation is mainly based on heterogeneous catalysis; the active solids are usually metals or metal oxides [START_REF] Mansas | Coupling catalytic ozonation and membrane separation: A review[END_REF]- [START_REF] Von Gunten | Ozonation of drinking water: Part I. Oxidation kinetics and product formation[END_REF]. Two types of NF membranes are available, organic and inorganic membranes. With organic membranes it is difficult to deposit a continuous and stable catalytic layer because of different factors, especially the very limited thermal stability and the very high mechanical flexibility of the organic polymers in comparison with inorganic materials [START_REF] Hora | Inorganic Thin Film Deposition and Application on Organic Polymer Substrates[END_REF]. Moreover such membranes exhibit a limited durability in the presence of ozone [START_REF] Mori | Ozone-microfiltration system[END_REF]- [START_REF] Flyborg | Can treated municipal wastewater be reused after ozonation and nanofiltration? Results from a pilot study of pharmaceutical removal in Henriksdal WWTP, Sweden[END_REF]. The use of ceramic nanofilters permits to avoid these difficulties thanks to their good thermal, mechanical and chemical stability [START_REF] Ayral | Chap.25 -Ceramic membrane processing; new approaches in their design and applications[END_REF]. The successful deposition of very thin nanoporous layers of the targeted catalytic materials on nanoporous ceramic membranes has already been demonstrated [START_REF] Gwak | Porous ceramic membranes exhibiting ferri/ferromagnetic properties for separation[END_REF]. The objective of the present work was to prepare a catalytic ceramic nanofilter with very low molecular weight cut-off (MWCO) and to demonstrate its operational performances. To do that, iron oxides have been chosen for several reasons: (i) they are identified in literature as ones of the most active catalysts [START_REF] Lv | Catalytic ozonation of toxic pollutants over magnetic cobaltdoped Fe3O4 suspensions[END_REF]- [START_REF] Yuan | Enhanced photocatalytic degradation of humic acids using Al and Fe co-doped TiO2 nanotubes under UV/ozonation for drinking water purification[END_REF], (ii) robust and low-cost sol-gel routes exist leading to stable colloidal suspensions [START_REF] Bee | Synthesis of very fine maghemite particles[END_REF], (iii) their toxicity is rather limited, (iv) they have been successfully used for the functionalization of ultrafiltration ceramic membranes [START_REF] Karnik | Fabrication of Catalytic Membranes for the Treatment of Drinking Water Using Combined Ozonation and Ultrafiltration[END_REF]- [START_REF] Byun | Mn oxide coated catalytic membranes for a hybrid ozonation-membrane filtration: Comparison of Ti, Fe and Mn oxide coated membranes for water quality[END_REF]. A commercial nanofilter with a very 2 low MWCO of 200 Da was here functionalized by sol-gel deposition of a mesoporous maghemite γ-Fe2O3 thin layer. Preliminary experiments enabled to determine the maximum temperature usable for the thermal strengthening of the catalytic layer without significant permeance change. The catalytic activity of the maghemite equivalent powder was tested in batch reactor with ozone and para-chlorobenzoic acid (pCBA; MW = 156.6 Daltons), which quickly reacts with hydroxyl radicals formed with ozone at the catalyst surface, and only very slowly with ozone itself [START_REF] Park | Characterization of natural organic matter treated by iron oxide nanoparticle incorporated ceramic membrane-ozonation process[END_REF], [START_REF] Ibn Abdul | Ozone combined with ceramic membranes for water treatment: Impact on HO radical formation and mitigation of bromate[END_REF]- [START_REF] Park | Kinetic decomposition of ozone and para-chlorobenzoic acid (pCBA) during catalytic ozonation[END_REF]. The operational performance of the functionalized ceramic membrane was finally evaluated with a dedicated pilot. The obtained results unequivocally showed the catalytic activity of this functionalized membrane.

Experimental 2.1. Materials

Single channel tubular membranes used in this study were supplied by IKTS (Germany). They are 250 mm in length with internal and external diameters of 7 and 10 mm, respectively, and glass sealing of 13 mm on both ends. The effective filtration area (usable length x internal diameter x π) was equal to 4.9 10 -3 m², with the separative layer on the inner side of the tube. Four intermediate layers are deposited between the titania-based microporous top layer and the α-Al2O3 macroporous support. The maghemite (γ-Fe2O3) colloidal sol was synthetized according to the Massart's synthesis [START_REF] Bee | Synthesis of very fine maghemite particles[END_REF]. Synthesis details are given in supplementary information (SI). The catalytic deposit was done by filling the membrane tube with the maghemite sol with a contact time of 4 min and a withdrawal rate of 10 cm min -1 . After drying at room temperature, the functionalized membranes were heated to 300 °C (maximum acceptable temperature considering the thermal stability of the selected ceramic nanofilter; see later) for one hour with a heating rate of 1 °C min -1 . In order to obtained equivalent powder, the hydrosol was poured in a large beaker, dried at 60 °C and then heated to 300 °C for one hour with a heating rate of 1 °C min -1 .

Physicochemical characterization

The equivalent powder was analyzed by X-ray diffraction (XRD) and N2 gas adsorption. Cross-section observations of pristine and functionalized membranes were done by scanning electron microscopy (SEM). The N2 molar permeance, Pe , across the membranes was determined at room temperature by measuring the molar flux density, J, as a function of transmembrane pressure, ∆P, in a dead-end module:

= ∆ (1) 
With: J, the molar flux density (mol m -2 s -1 ); Pe, the molar permeance (mol m -2 s -1 Pa -1 ); ∆P, the transmembrane pressure (Pa). More details about these different experiments are given in supplementary information (SI).

Batch experiment with equivalent powder

In order to test the catalytic activity, pCBA aqueous solutions ([pCBA] = 2 or 3 µmol L -1 depending on the amount of catalyst used) were prepared. The pCBA concentration in water was analyzed by highperformance liquid chromatography (see SI for more details). The ozone concentration in solution was determined by an amperometric O3 micro-sensor (AMT Analysenmesstechnik GmbH) and by using the Indigo method [START_REF] Bader | Determination of ozone in water by the indigo method[END_REF] (see SI for more details). For testing the catalytic activity of the equivalent powder, experiments were done in batch conditions. First, adsorption of pCBA on powder was investigated by mixing a pCBA solution ([pCBA]= 3 µmol L -1 ) and powder ([γ-Fe2O3] = 3 g L -1 ). After a contact time of one hour, the suspensions were filtered using PTFE syringe filters with a pore size of 0.2 µm and the filtrate solution was analyzed. Ozone produced by an ozone generator (Ozonia LAB2B, Suez, France) was continuously bubbled in a Dreschel bottle containing a pCBA solution ([pCBA]= 3 µmol L -1 ) and γ-Fe2O3 powder ([Fe2O3] = 3 g L -1 ) under stirring. The ozone flux was equal to 20 L h -1 and the resulting gas concentration was [O3]g = 11 g.Nm -3 . The concentration of dissolved ozone was about 4 mg O3.L -1 . After one hour bubbling, the suspensions were filtered using PTFE syringe filters with a pore size of 0.2 µm and the filtrate solutions were analyzed.

Assessment of operational performance with a dedicated pilot

The schematic diagram of the home-made pilot and the protocol are given in SI. Experiments were carried out with or without pCBA ([pCBA] = 2 µmol.L -1 ) in the feed tank. The concentration of the injected gaseous ozone was ~ 28 g.Nm -3 . The dissolved concentration of ozone in the transfer reactor and in all the experimental setup was ~3.5 mg O3.L -1 . A phosphate buffer (NaH2PO4/Na2HPO4) was used to maintain the pH of the feed solution equal to 6. Permeation measurements (pure water or pCBA solution) were done both on pristine and functionalized membranes, with a transmembrane pressure equal to 10 bars, and continuous weighting of the collected permeate during one hour. After each experiment, the membrane was rinsed with pure water and cleaned by filtration of ozonized water during 20 min. The pCBA retention, Rf(pCBA) was determined with the two types of membranes, with or without dissolved O3, by measuring the pCBA concentration in the permeate and in the loop:

= - , , (2) 
with: Rf(pCBA), the retention factor of pCBA by the membrane; C(pCBA, loop), the concentration of pCBA in the filtration loop; C(pCBA, permeate), the concentration of pCBA in the permeate.

As proposed by Elovitz and von Gunten [START_REF] Elovitz | Hydroxyl Radical/Ozone Ratios During Ozonation Processes. I. The Rct Concept[END_REF], the Rct concept was here employed:

= • ! " ! (3)
It is defined as the ratio of OH • exposure to ozone exposure and quantifies the production of OH • radicals More details are given in SI.

Results and discussion

Thermal stability of the selected ceramic nanofilter

To the best of our knowledge, the ceramic nanofiltration membrane selected for this study is the unique one commercially available with a very low MWCO of 200 Daltons. Such a low MWCO is required for the retention of the most current organic micropollutants exhibiting molecular weights of few hundred Daltons. Preliminary analyses showed that the titania-based microporous (pore size less than 2 nm) separative layer is amorphous. It can be thus suspected that its thermal stability in terms of microstructure and crystallinity is rather limited. Because the mechanical strengthening of the additional mesoporous catalytic layer requires a thermal treatment after deposition, it was decided to first investigate the thermal stability of the pristine membrane. A same membrane was successively treated for 30 min at different temperatures (from 200 °C to 800 °C). N2 permeation measurements were then performed. Fig. 1 shows the variation of the N2 permeance (determined from Equation (1)) as a function of the temperature of thermal treatment. The N2 permeance significantly increases between 300 and 350 °C. Assuming a viscous flow for nitrogen through the separative layer, a pressure drop across the overall membrane mainly due to its microporous separative layer, and considering the Darcy law (Equation ( 4)), it can be deduced that the increase of the membrane permeance is directly related to an increase of the intrinsic permeablity D of the microporous separative layer.

= # ∆ % & ⁄ (4) 
with: J, the flux density; D, the permeability of the microporous separative layer; ∆P, the transmembrane pressure; ηf, the dynamic viscosity of the fluid; L, the thickness of the separative layer.

From Carman-Kozeny relation, it appears that the permeability of a porous medium increases when its porosity or its pore size increases [START_REF] Brinker | Sol-Gel Science The Physics and Chemistry of Sol-Gel Processing[END_REF]. Considering the expected microstructural rearrangement for such a microporous layer with temperature [START_REF] Sekulic | Synthesis and Characterization of Microporous Titania Membranes[END_REF], it can be deduced that the permeability increase is mainly due to an increase in the pore size and by way of consequence of the MWCO of the membrane. In order to prevent a change of the nanofilter performance, it was decided to limit to 300 °C the temperature of thermal strengthening of the deposited catalytic layer.

Characterization of the equivalent iron oxide powder

The physicochemical properties determined for the equivalent powder thermally treated at 300 °C are summarized in Table 1.

Table 1 Physicochemical properties of the equivalent powder thermally treated at 300 °C.

Colour brick-red

Crystalline phase γ-Fe2O3

Crystallite size (nm) 10.4 ± 0.1 BET specific area (m² g -1 )

99 ± 1

As expected from the literature, its XRD pattern matches with that of maghemite, γ-Fe2O3 (Fig. 2).

From the Full-Width Half-Maximum of the diffraction peaks and the Scherrer equation, the crystallite size can be estimated as equal to 10.4 ± 0.1 nm. Assuming a set of identical spherical crystallites with such a diameter and considering that the maghemite bulk density is equal to 4.9 g cm -3 , the developed specific surface area is equal to 118 m 2 g -1 . This calculated value which neglects the area loss due to the contacts between nanoparticles is in rather good agreement with specific surface area experimentally measuring by the BET method, 99 ± 1 m 2 g -1 . Considering a random close packing arrangement of the nanocrystallites, the expected porosity is around 40 % and the average pore size equal to around one third of the size of the crystallites, i.e. ~ 3.5 nm (mesopores). (peaks with Miller indexes hkl written in black: common peaks between maghemite γ-Fe2O3 and magnetite Fe3O4; peaks with Miller indexes hkl written in red: specific peaks of maghemite).

The maghemite powder was then tested in presence of an adapted concentration of pCBA and ozone in order to quantify its catalytic activity. pCBA retention by adsorption and elimination by ozonation with and without catalyst are presented in Fig. 3. As previously mentioned, the pCBA elimination is directly related to the production of OH • thanks to the presence of the catalyst. As expected without catalyst, the pCBA degradation is very low because very few OH • were formed. Fig. 3 highlights i) a very low adsorption of pCBA on the powder, ii) an important generation of hydroxyl radicals when ozone was injected in presence of the selected catalyst iii) pCBA displays slow reaction rates with ozone. These results confirm that this material is a good candidate for the functionalization of the ceramic nanofilter. (c) pCBA elimination by ozonation 

([Fe2O3]=0 g L -1 , [pCBA]0= 5 µmol L -1 , QgasO3=20 L h -1 , [O3]=10 g Nm -3 )

Microstructural observation of the modified membranes

Operational performance of the modified membranes

The permeance values for pure water and a pCBA aqueous solution were measured using the hybrid pilot, with a pristine membrane or a functionalized membrane, and with or without ozone injection (Fig. 5). The permeance values were quite stable during all the experiments (one hour long). Using pure water without ozone, the permeance was not significantly modified by the membrane functionalization (~ 10 L (h m² bar) -1 . Injection of ozone induces a measurable decrease of permeance only for the pristine membrane. This unexpected result is difficult to explain. It could possibly be assigned to a weak change of pH due to ozone injection, knowing that complex electrokinetic phenomena occur during the forced flow of ionic solutions inside nanopores [START_REF] Mazzoni | Role of electrolyte type on TiO2-ZrO2 nanofiltration membranes performances[END_REF]. This effect would 

not be observed with the functionalized membrane due to a decomposition of ozone in hydroxyl radicals during the crossing the catalytic layer. Another, but less substantiated, explanation would be the possible presence of ozone nanobubbles inside the micropores of the titania layer inducing a partial pore blocking effect and consequently the observed permeance reduction. In fact, nucleation of such ozone nanobubbles would be explained by the confinement of the ozone-saturated water in these very small pores [START_REF] Bories | 11 -Isothermal Nucleation and Bubble Growth in Porous Media at Low Supersaturations[END_REF]. The permeance values for the pristine and functionalized membranes with the pCBA solution are quite the same, around 9 L (h m² bar) -1 . This decrease compared to pure water is usually observed. With ozone injection, as for pure water, the permeance is higher for the functionalized membrane than for the pristine one (~ 8.0 versus ~ 6.5 L (h m² bar) -1 ). In absence of ozone, the retention factor Rf (pCBA) is larger for the functionalized membrane (~ 65 %) than for the pristine one (~ 50 %). Considering that the pH of the treated solution was maintained close to 6 and that the pKa of pCBA is equal to 4, it means than this compound was mainly present in its deprotonated negative form. On the other hand, the zero point of charge (ZPC) of titania depends on its crystalline nature. It is located between 4 and 5 for rutile form and between 6 and 7 for anatase form [START_REF] Parks | THE ZERO POINT OF CHARGE OF OXIDES1[END_REF], [START_REF] Kosmulski | Isoelectric points and points of zero charge of metal (hydr)oxides: 50years after Parks' review[END_REF]. For maghemite (γ-Fe2O3), the ZPC is in the range from 6 to 9 [START_REF] Kosmulski | Isoelectric points and points of zero charge of metal (hydr)oxides: 50years after Parks' review[END_REF]. Based on all these data, it can be concluded that a pH equal to 6 is more favourable to the development of positively charged surfaces in the case of γ-Fe2O3 and by way of consequence to an electrostatic attraction of the negatively-charged molecules of pCBA. The pCBA degradation by ozone using pristine or functionalized membranes is illustrated in Fig. 6 and the calculation details are given in SI. It is clearly enhanced with the catalytic membrane which favours the production of OH • . In order to quantify the catalytic performance of the functionalized membrane, the Rct value was determined by plotting the pCBA elimination as a function of O3 exposure (Fig. 7). As reference a configuration without membrane was also implemented. In such a case, Rct is quite low (2.58 10 -10 ).

With the pristine membrane, Rct increases to 4.26 10 -10 . The pristine membrane thus exhibits a weak catalytic activity. The larger value of Rct, 1.49 10 -9 , is obtained for the functionalized membrane. These results undoubtedly demonstrate the significant enhancement of the catalytic ozonation due the presence of the added mesoporous maghemite thin layer. 

Conclusions

Direct coupling between nanofiltration and catalytic ozonation is a very promising approach for solving the emerging issue of micropollutant elimination in water. The associated key parameters are the development of performing nanofilters exhibiting a low MWCO, an excellent durability in presence of ozone and a high catalytic activity. In this context, a commercial ceramic nanofilter with a MWCO equal to 200 Daltons has been selected and was successfully functionalized using a simple a robust method consisting in the deposition of mesoporous maghemite thin layer on the microporous top-layer of the nanofilter. The preliminary results show that it is possible to functionalize this ceramic nanofilter without disturbing its filtration features. They also demonstrate the good catalytic activity of the deposited iron oxide. Despite a non-optimized design of the used pilot, a significant enhancement of the catalytic activity has been evidenced for the functionalized nanofilter.

The future experiments will deal with the implementation of this functionalized nanofilter for the treatment of aqueous solutions containing one or several micropollutants. Both micropollutant elimination, and also membrane fouling, will be considered for the assessment of its operational performance.
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 1 Fig. 1. N2 permeance versus temperature of thermal treatment.
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 2 Fig. 2. XRD pattern of the equivalent powder thermally treated at 300 °C.

Fig. 3 .

 3 Fig. 3. pCBA removal by the equivalent powder and without after one hour of contact time. (a) pCBA retention by adsorption ([Fe2O3]=3 g L -1 , [pCBA]0= 3 µmol L -1 ); (b) pCBA elimination by OH • resulting from catalytic ozonation ([Fe2O3]=3 g L -1 , [pCBA]0= 3 µmol L -1 , QgasO3=20 L h -1 , [O3]=11 g Nm -3 ). (c) pCBA elimination by ozonation ([Fe2O3]=0 g L -1 , [pCBA]0= 5 µmol L -1 , QgasO3=20 L h -1 , [O3]=10 g Nm -3 )

Fig. 4

 4 shows a SEM image of the functionalized membrane cross-section. It is focused close to the inner side of the single channel tube. It is possible to identify one part of the third intermediate layer, the fourth intermediate layer, the microporous titania-based top layer (thickness of ~ 110 nm) and the additional mesoporous maghemite layer exhibiting a uniform thickness of ~ 80 nm.
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 4 Fig. 4. SEM cross-section image of the functionalized ceramic nanofilter close to the inner side.

Fig. 5 .

 5 Fig. 5. Permeance values after 1h for pure water and a pCBA aqueous solution ([pCBA]0= 2 µmol L -1 )with a pristine membrane and a functionalized membrane, with or without ozone injection.

Fig. 6 .

 6 Fig.6. Percentage of the pCBA elimination for the pristine and catalytic membrane in presence of ozone in permeate and retentate after 2.5h.

Fig. 7 .

 7 Fig. 7. Quantification of the elimination of the pCBA versus O3 exposure in the pilot loop for different configurations in order to determine Rct values.
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