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Introduction

Even if water is in abundance on Earth, preserving its purity in the natural environment is crucial for the future. Over the last few decades, many toxic molecules named micropollutants or endocrine disruptors were detected in the rivers and underground waters, with serious consequences for the environment [START_REF] Thuy | Antibiotic contaminants in coastal wetlands from Vietnamese shrimp farming[END_REF][START_REF] Tong | Disposal practices for unused medications in New Zealand community pharmacies[END_REF][START_REF] Lage | Ciprofloxacin degradation by first-, second-, and third-generation manganese porphyrins[END_REF]. Their occurrence in natural water sources is constantly increasing on a scale ranging from ng.L -1 to µg.L -1 due to anthropogenic activities [START_REF] Krzeminski | Performance of secondary wastewater treatment methods for the removal of contaminants of emerging concern implicated in crop uptake and antibiotic resistance spread: A review[END_REF]. Therefore, global and European legal limits have been lowered to reduce the environmental impacts of these micropollutants [START_REF]Energy, Sustainable Development and the Sea[END_REF]. Conventional wastewater treatments (i.e., filtration, settling, biological processes, etc.) cannot totally eliminate these molecules, and additional treatments are therefore necessary. These techniques include advanced oxidation processes (AOP), separation processes (adsorption, stripping...), and biological processes (membrane bioreactor [START_REF] González-Hernández | Improved integrated dynamic model for the simulation of submerged membrane bioreactors for urban and hospital wastewater treatment[END_REF]). Among all of these techniques, two processes seem to be adequate for micropollutants removal: adsorption and AOP processes. Adsorption processes are some of the most efficient and economic processes [START_REF] Jiuhui | Research progress of novel adsorption processes in water purification: A review[END_REF], and removal rates close to 100% can be achieved [START_REF] Gupta | Environmental water: Advances in treatment, remediation and recycling[END_REF][START_REF] Khan | Occurrence, sources and conventional treatment techniques for various antibiotics present in hospital wastewaters: A critical review[END_REF]. The most common adsorbent is activated carbon which can be found in three different forms (powder, granular, or fiber). Activated carbon is the most widely used adsorbent in the field of wastewater treatment because of its very good cost/efficiency ratio and its excellent adsorption capacity directly linked to its large specific surface [START_REF] Cárdenas-López | Design of an adsorbent employing activated carbon fiber to remove lead[END_REF][START_REF] Pignon | Coupling ultrafiltration and adsorption onto activated carbon cloth: Application to the treatment of highly coloured wastewaters[END_REF]. Activated carbon fibers (ACF), due to their small size (between 10 and 40 µm of diameter), have a much better pore volume/surface area ratio than other adsorbents [START_REF] Chen | Activated carbon fiber and textiles[END_REF]. In addition, these fibers are mostly microporous materials. As the size of the micropollutants is generally small (0.1 -3 nm), the use of this type of adsorbent allows fast kinetics since the internal transfer is more easily achieved (adsorbate size < pore size) [START_REF] Hassan | Recent trends in activated carbon fibers production from various precursors and applications-a comparative review[END_REF]. ACFs have proven to be effective for several micropollutants such as methylene blue [START_REF] Wang | Activated carbon fiber derived from the seed hair fibers of Metaplexis japonica: Novel efficient adsorbent for methylene blue[END_REF], bisphenol [START_REF] Li | Adsorption of ciprofloxacin, bisphenol and 2chlorophenol on electrospun carbon nanofibers: In comparison with powder activated carbon[END_REF][START_REF] Srivastava | Effective elimination of endocrine disrupting bisphenol A and S from drinking water using phenolic resin-based activated carbon fiber: Adsorption, thermodynamic and kinetic studies[END_REF], diclofenac [START_REF] Zhao | Simultaneous scavenging of persistent pharmaceuticals with different charges by activated carbon fiber from aqueous environments[END_REF], and ciprofloxacin [START_REF] Wang | Enhanced adsorption of ionizable antibiotics on activated carbon fiber under electrochemical assistance in continuous-flow modes[END_REF]. The main drawback of the adsorption process is that the molecules are not degraded. Thus, they remain fixed on the adsorbent, and it is, therefore, necessary to regularly change or regenerate the adsorbent in situ (often a very difficult and sometimes almost impossible operation). Advanced oxidation processes (AOP) include many different processes: Fenton reactions, anodic oxidation, oxidation [START_REF] Whyte | Influence of environmental parameters on the photocatalytic oxidation efficiency of acrylonitrile and isoflurane; two operating room pollutants[END_REF], electro-Fenton, photocatalysis [START_REF] Paul | Photolytic and photocatalytic decomposition of aqueous ciprofloxacin: Transformation products and residual antibacterial activity[END_REF][START_REF] Rico-Santacruz | Alveolar TiO2-β-SiC photocatalytic composite foams with tunable properties for water treatment[END_REF], corona discharge [START_REF] Ajo | Hospital wastewater treatment with pilot-scale pulsed corona discharge for removal of pharmaceutical residues[END_REF], catalytic, or UV, or H2O2 coupled with ozonation [START_REF] Agustina | A review of synergistic effect of photocatalysis and ozonation on wastewater treatment[END_REF], sonochemical reactions [START_REF] Labrada | Optimization of ciprofloxacin degradation in wastewater by homogeneous sono-Fenton process at high frequency[END_REF] etc. AOPs have been extensively studied, and their excellent ability to remove and degrade micropollutants has been demonstrated by many authors [START_REF] Krishnan | Removal of emerging micropollutants originating from pharmaceuticals and personal care products (PPCPs) in water and wastewater by advanced oxidation processes: A review[END_REF]. For heterogeneous photocatalysis, the catalyst is a solid semiconductor activated by light radiation. The photocatalyst absorbs light to create free electrons (e -) and holes (h + ), allowing the production of extremely reactive hydroxyl radicals (OH • ) [START_REF] Matthews | Photo-oxidation of organic material in aqueous suspensions of titanium dioxide[END_REF]. Photocatalysis has proven its efficiency for the elimination of many different micropollutants such as, for example, ciprofloxacin [START_REF] Li | Transformation products formation of ciprofloxacin in UVA/LED and UVA/LED/TiO2 systems: Impact of natural organic matter characteristics[END_REF], tylosin [START_REF] Pereira | Integration of nanofiltration, UV photolysis, and advanced oxidation processes for the removal of hormones from surface water sources[END_REF], and triazole [START_REF] Lhomme | Photocatalytic degradation of a triazole pesticide, cyproconazole, in water[END_REF]. Titanium dioxide (TiO2) is the most widely used photocatalyst. However, usually available in powder form, TiO2 must be removed at the end of the process by an expensive separation step. Moreover, there is a suspected risk of chronic intestinal inflammation and carcinogenesis from TiO2 use due to the size of the particles (mainly nanoparticles) [START_REF] Bettini | Food-grade TiO2 impairs intestinal and systemic immune homeostasis, initiates preneoplastic lesions and promotes aberrant crypt development in the rat colon[END_REF]. Consequently, most authors propose the use of a TiO2 coating on multiple materials: glass [START_REF] Dulian | Photocatalytic methylene blue degradation on multilayer transparent TiO2 coatings[END_REF], metal [START_REF] Schiemann | Synthesis of high surface area TiO2 coatings on stainless steel by electrophoretic deposition[END_REF], adsorbent [START_REF] Andriantsiferana | Photocatalytic degradation of an azo-dye on TiO2/activated carbon composite material[END_REF][START_REF] Alalm | Enhancement of photocatalytic activity of TiO2 by immobilization on activated carbon for degradation of pharmaceuticals[END_REF], membrane [START_REF] Tran | Study of permeate flux behavior during photo-filtration using photocatalytic composite membranes[END_REF], etc. When the catalyst is deposited on an adsorbent, the objective is to combine adsorption and an oxidation technique to degrade the adsorbed molecules and thus regenerate the adsorbent [START_REF] Ribeiro | Activatedcarbon/TiO2 composites preparation: An original grafting by milling approach for solar water treatment applications[END_REF]. Therefore, the drawbacks of the two processes (separation step for photocatalysis and saturation of the adsorbent for adsorption) can be overcome. These hybrid processes can be implemented either sequentially or simultaneously. Supported TiO2 has already been studied and showed excellent results [START_REF] Triquet | TiO2 MOCVD coating for photocatalytic degradation of ciprofloxacin using 365 nm UV LEDs-kinetics and mechanisms[END_REF]. However, ACF/photocatalyst composite materials are little studied in the field of wastewater treatment [START_REF] Foo | Decontamination of textile wastewater via TiO2/activated carbon composite materials[END_REF]. In this category, different types of fibers can be found, such as commercial fabrics [START_REF] Chen | Activated carbon fiber and textiles[END_REF][START_REF] Tsai | Adsorption characteristics of acetone, chloroform and acetonitrile on sludge-derived adsorbent, commercial granular activated carbon and activated carbon fibers[END_REF][START_REF] Yue | Activated carbon fibers from meltblown isotropic pitch fiber webs for vapor phase adsorption of volatile organic compounds[END_REF], fibers made from natural resources such as coconut [START_REF] Lopes | Ag/TiO2 photocatalyst immobilized onto modified natural fibers for photodegradation of anthracene[END_REF], carbon nanotubes [START_REF] Martínez | Aqueous degradation of diclofenac by heterogeneous photocatalysis using nanostructured materials[END_REF][START_REF] Barakat | Adsorption and photocatalytic scavenging of 2-chlorophenol using carbon nitride-titania nanotubes based nanocomposite: Experimental data, kinetics and mechanism[END_REF], and graphene-like materials [START_REF] Awfa | Photodegradation of pharmaceuticals and personal care products in water treatment using carbonaceous-TiO2 composites: A critical review of recent literature[END_REF]. For commercial activated carbon fibers, studies are often focused on the materials (i.e., on the synthesis or deposition of the coating and its characterization). In general, these studies follow the evolution of the concentration in the liquid over time for simultaneous or sequential implementation [START_REF] Wang | Hydrothermal synthesis and photocatalytic activity of combination of flowerlike TiO2 and activated carbon fibers[END_REF]; most report the reuse of the material over several cycles [START_REF] Yuan | Photocatalytic degradation of methylene blue by a combination of TiO2 and activated carbon fibers[END_REF][START_REF] Bai | Firmly-supported porous fabric fiber photocatalysts: TiO2/porous carbon fiber cloth composites and their photocatalytic activity[END_REF]. In general, the conclusion is that the catalytic material is highly efficient since most authors report elimination rates higher than 95% [START_REF] Alam | Photocatalytic oxidation of glyphosate and reduction of Cr (VI) in water over ACF-supported CoNiWO4-gCN composite under batch and flow conditions[END_REF][START_REF] Jiang | Hydrothermal deposition of CoFe2O4 nanoparticles on activated carbon fibers promotes atrazine removal via physical adsorption and photo-Fenton degradation[END_REF]. However, the performance may decrease after several reuses. Few authors are interested in the transformation products (TP) formed and the monitoring of their concentrations over time, and most authors choose global measures such as total organic carbon (TOC), chemical oxygen demand (COD), or biological oxygen demand (BOD).

For this study, the antibiotic Ciprofloxacin has been selected as the target molecule. This fluoroquinolone is representative of the recalcitrant micropollutants found in municipal wastewater treatment plants. A sequential process has been selected combining adsorption and photocatalysis. To carry out this coupling process, a hybrid material was synthesized: a TiO2 coating deposited on commercial activated carbon fibers using the Metal Organic Chemical Vapor Deposition (MOCVD) technique. Activated carbon fibers were chosen to concentrate as much as possible the target molecules close to the TiO2 coating and to be able to degrade them afterward by photocatalysis. To evaluate the performances of this process, the liquid phase was completely analyzed by following the CIP concentration, the production and the elimination of transformation products, the concentration of fluoride, and TOC. The objective of this study was to answer the following questions: does this kind of treatment provide better performance than a single adsorption process? Does this process limit the amount of TPs formed? Does it regenerate the catalytic material in situ?

The novelty of this work is to (i) follow all the molecules that are produced and degraded during an adsorption/photocatalysis coupling and (ii) highlight and clearly demonstrate the potential photocatalytic activity of the composite material. Finally, the durability of TiO2 coating is also investigated to make sure that it remains on the ACF fibers and is not dispersed in the treated water.

Materials and Methods

Chemicals

The target molecule for this study was ciprofloxacin, available at high analytical grade (CIP, 98% purity). All of its physico-chemical properties are presented in Table 1. Titanium tetraisopropoxide (TTIP, 99.999%) was used as the source of titanium for the coating of the ACF. Formic acid, CH2O2 (formic acid, >99% purity), and acetonitrile (suitable for HPLC, gradient grade, ≥99.9%) were used for liquid analysis. Each chemical product was purchased from Sigma Aldrich.

Table 1 Chemical and physical properties of CIP.

Activated Carbon Fibers

The Activated Carbon Fibers (ACFs) product used for this study (ACF10) was supplied by KYNOL (Osaka, Japan). The different commercial characteristics of ACF10 are listed in Table 2. 

Deposition of TiO2 Coating on ACF

Metal Organic Chemical Vapor Deposition (MOCVD) was used to synthetized the deposit. A horizontal tubular hot-wall reactor (heated at 500 °C ) was used to grow the TiO2 coating [START_REF] Sarantopoulos | Photocatalyseurs à base de TiO2 préparés par infiltration chimique en phase vapeur (CVI) sur supports microfibreux[END_REF] with titanium tetraisopropoxide (TTIP, 99.999%, Sigma-Aldrich) as the precursor. This titanium source was thermoregulated in a bubbler at 50 °C and carried to the deposition zone under 99.9992% of pure nitrogen flow, which was used as both the carrier gas (25 cm 3 .min -1 ) and the dilution gas (500 cm 3 .min -1 ). The deposition was performed on each side of the ACF. To minimize the gradient of the coating thickness along the substrate, the deposit on each side was made twice, with 180° rotation of the ACF between the two steps. Each material was weighed before and after treatment to estimate the mass of TiO2 coated on ACF.

Experimental Set-up

The experimental setup is shown in Figure 1. The batch process is carried out in a photo-reactor of 12 mL and a stirred storage tank of 100 mL. The circulation of the liquid is ensured by a peristaltic pump operating at a constant flow rate (200 mL.min -1 ). The liquid is pumped from the storage tank through the photo-reactor equipped with a glass Pyrex® window (130 × 10 × 12 mm). The substrate is placed at the bottom of this reactor, and a monochromatic LED panel (365 nm) irradiates its upper face. The temperature inside the system was maintained at 25 °C (±1 °C ) thanks to an aeration system. 

Experimental Protocols

Firstly, adsorption kinetics were measured without any TiO2 coating on the surface, using the system shown in Figure 1. The size chosen for the ACF10 was equivalent to one-third of the total irradiated surface of the Pyrex®-glass window to have a compromise between a sufficient amount of adsorbent and a good-sized area of irradiated surface. The ACF10 piece, corresponding to 193 mg of ACF, was placed at the bottom of the photoreactor. The storage tank was filled with a 100 mL solution at 20 mg.L -1 of CIP, and then the peristaltic pump was started. Samples were taken from the storage tank over a period of 72 h. Each liquid sample was filtered through a 0.45 µm Nylon filter before being analyzed. All experiments were performed three times.

For the adsorption/photolysis experiment, ACF10 (without TiO2 coating) was used while a composite material was selected for the adsorption/photocatalysis process: ACF10 with deposited TiO2 (labeled ACF10-TiO2). Adsorption without UV was performed first for 24 h, followed by 6 h of uniform irradiation (Irradiance = 10 mW.cm -², λ = 365nm). Then, another 18 h of adsorption without UV followed. For adsorption/photolysis experiments alone, a further sequence of 6 h of irradiation and 18 h of adsorption were carried out. In practice, it was found that for adsorption/photolysis experiments, more irradiation and adsorption steps were necessary to eliminate the CIP. Liquid samples were taken in regular intervals from the storage tank, filtered through a 0.45 µm Nylon filter, and analyzed. Each experiment was carried out three times. At the end of the treatment, the composite material (ACF10-TiO2) was characterized.

The irradiance was measured using a UVA light meter -RS232PC serial interface (Ultra-Violet Radiometer) purchased from Lutron (USA).

Liquid Analysis

Measurements of CIP concentration were carried out using a Thermo Accela HPLC-PDA from Shimadzu. For all analyses, a Phenomenex C18 column (2.6 µm, 100 mm x 3 mm) and a diode array UV detector (UV spectrum possible from 190 to 800 nm) were used. Two analytical methods were used (Table 3): one when only adsorption was involved (only CIP present) and one when irradiation was involved (CIP and transformation products present).

Table 3 Operating conditions for the HPLC-UV analysis. Transformation products were identified by an HPLC-MS. A ThermoFisher UltiMate 3000 HPLC was used, coupled with an Orbitrap High-Resolution Mass Spectrometer (HRMS-Exactive) equipped with an Electrospray ionization source (ESI). The monochromatic wavelength was set to 280 nm for the UV detector, and a Gemini C18 column was used (3 µm, 100 mm x 2 mm). A standard mobile phase for HPLC was used (Table 3), and a gradient mode was selected. The flow rate was set to 0.2 mL.min -1 at 40 °C . Initially, the mobile phase was maintained at 10/90 (v/v) for 2 min, then, to reach 90/10 (v/v), a linear increase was performed across 7 min and maintained for 8 min. Finally, the composition of the mobile phase was decreased by a linear decrease across 3 min to reach the initial composition 10/90 (v/v) and then held for 6 min until the next injection. To identify the intermediates, both positive and negative ionization modes of the MS were used.

Method

The amount of aliphatic acid and fluorine were determined by Ionic Chromatography (IC) using a Thermo Scientific ICS 5000+ ion chromatography with a conductimetric detector. An AS19 (4 µm, 2 × 250 mm) anion column was used. The flow rate was maintained at 0.250 mL.min -1 at 25 °C . KOH solution was used as the mobile phase, and a gradient method was employed. A concentration of 5 mmol.L -1 of KOH is maintained for 10 min. To achieve 45 mmol.L -1 of KOH, a linear increase was then carried out across 15 min, and the concentration was maintained for 10 min. Then, a decrease from 45 to 5 mmol.L -1 was done by another linear decrease across 2 min.

A TOC-L (Total Organic Carbon Analyzer) from Shimadzu (Japan) was used for TOC measurements. The value of total carbon was firstly determined by a 20 µL injection, then the inorganic carbon was determined with a second injection of 50 µL with hydrochloric acid (0.1 mol.L -1 ).

ICP measurements were carried out using ICP-AES ( Ultima2, Horiba, Japan) to determine the quantity of titanium in the liquid phase at the end of the treatment. The power source was set at 1,100 W, with a continuous plasma gas flow rate of 12 L.min -1 , a cladding gas flow rate of 0.2 L.min - 1, and a pump speed of 15 tr.min -1 . A glass concentric nebulizer and a glass cyclone chamber were used for every analysis.

Solid Analysis

Scanning Electron Microscopy (SEM) observations were done with an LEO-435 VP-PGT scanning electron microscope to visualize the morphology of both raw and coated activated carbon fibers and an FEI Quanta450 for further analysis of the chemical composition. The crystalline structure was then investigated by X-Ray Diffraction (XRD) on a GI-XRD Bruker D8 instrument.

The tensile tests were carried out on the INSTRON 3367: the elongation of the fabric (mm) as a function of the tensile load (N) was monitored via the Bluehill acquisition software. The speed rate was set at 1 mm.min -1 , and each ACF tested had the same dimension (150 × 20 × 0.5 mm 3 ) with 100 mm placed between the jaws. The tensile tests were performed to characterize both ACF materials (tensile strength, elasticity, Young's modulus).

To determine the BET specific surface area, measurements were carried out with the Autosorb-I_Quantachrome BELMaster, a volumetric gas adsorption device. Before each measurement, the sample was degassed under vacuum at 200 °C for 2 h. For the determination of the BET specific surface area, the BET method was used from the adsorption and desorption isotherms of nitrogen (N2) at -196 °C . This method was proposed in 1938 by Brunauer, Emmett, and Teller and is based on the multilayer adsorption theory [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF].

The pore size distribution was obtained with the same measuring device as that used for the determination of the BET specific surface area, but via a different method: the NLDFT method (Non-Localized Density Functional Theory). The NLDFT method was coupled with the "slit-shaped" geometric pore model, which has been adapted for granular or fiber-type activated carbon materials [START_REF] Lastoskie | Pore size distribution analysis of microporous carbons: A density functional theory approach[END_REF][START_REF] Seaton | A new analysis method for the determination of the pore size distribution of porous carbons from nitrogen adsorption measurements[END_REF].

Results

Adsorption

Characterization of the ACF

The physical properties of ACF10 have been measured. The BET surface area was 926 m².g -1 , a rather low value compared to that of other ACF of up to 3000 m².g -1 [START_REF] Chen | Activated carbon fiber and textiles[END_REF]. The total volume was 0.38 cm 3 .g -1 , and the microporous volume was 0.35 cm 3 .g -1 : 92% of the pores correspond to micropores. Figure 2 shows the pore size distribution of the adsorbent with two significant peaks in the range of microporous sizes. These results confirmed the microporous nature of ACF10. The macroscopic structure and weaving pattern were also investigated (see Figure 3). ACF10 shows particularly strong longitudinal lines (probably the warp direction). Scanning electron microscopy (SEM) confirms this first observation and suggests that ACF10 has a tight weave. Finally, the cross-section shows a compact fiber bundle. Finally, ACF10 was tested under tensile stress to determine whether its resistance and elasticity were affected or not by the thermal treatment (500 °C during 2-3 h) used during the TiO2 deposition step. All results are presented in Table 4. The heat treatment results in a 25% reduction of Young's modulus E and a slight decrease of the ultimate tensile strength and the failure strain. After this treatment, the ACF10 fabric was thus considered to remain resistant and rigid. In this study, an initial concentration (20 mg.L -1 ), which is higher than the value reported in the outlet of domestic wastewater treatment plants (100 ng.L -1 ), has been chosen [START_REF] Krzeminski | Performance of secondary wastewater treatment methods for the removal of contaminants of emerging concern implicated in crop uptake and antibiotic resistance spread: A review[END_REF][START_REF] Botero-Coy | An investigation into the occurrence and removal of pharmaceuticals in Colombian wastewater[END_REF][START_REF] Al-Maadheed | Antibiotics in hospital effluent and domestic wastewater treatment plants in Doha, Qatar[END_REF][START_REF] Morasch | Occurrence and fate of micropollutants in the Vidy Bay of Lake Geneva, Switzerland. Part II: Micropollutant removal between wastewater and raw drinking water[END_REF]. This choice is justified by the strong adsorption capacities of ACF -with lower initial concentrations, all the molecules would have been adsorbed, and nothing would have remained in the liquid phaseafter the different treatment steps. Figure 4 shows the adsorption kinetics for CIP with ACF10 (experimental results and modeled kinetics). The blank curve corresponds to experiments without ACF10 -around 10% of CIP can be adsorbed in the experimental device corresponding to the part of CIP retained in the system (tubes, pump, etc.). The adsorption kinetics obtained with ACF10 is rather slow: total adsorption is reached after 480 h (20 days), and only 71% is adsorbed after 24 h. In addition, several models have been used to represent the adsorption kinetics:

-External diffusion model: in this case, the external diffusion of CIP to the surface of ACF10 is the limitation step. Then the kinetics can be described with the conventional external diffusion model [START_REF] Ruthven | Principles of adsorption and adsorption processes[END_REF][START_REF] Furusawa | Diffusivities from dynamic adsorption data[END_REF]:

- 𝑑𝐶 𝑡 𝑑𝑡 = 𝑘 𝑒𝑥𝑡 (𝐶 𝑡 -𝐶 𝑒 )
Where Ct is the concentration of CIP in the liquid phase, t the adsorption time, Ce the concentration of CIP at the equilibrium, and kext the kinetic constant. Thus, this equation can easily be linearized as follows:

ln [ 𝐶 0 -𝐶 𝑒 𝐶 𝑡 -𝐶 𝑒 ] = 𝑘 𝑒𝑥𝑡 . 𝑡
A simple plot of ln [C0-Ce)/(Ct-Ce)] versus reaction time will allow the determination of the kinetic constant kext.

-Intra-particle diffusion model: in this case, the limitation step is the diffusion of CIP inside the pore of ACF10. This kinetics can be described by the following model [START_REF] Jr | Kinetics of adsorption on carbon from solution[END_REF]:

𝑞 𝑡 = 𝑘 𝑖𝑛𝑡𝑟𝑎 𝑡 0.5 + 𝐴
Where qt the actual quantity adsorbed on ACF, kintra the kinetic constant, t the adsorption time, and A a constant.

-pseudo first-order model. This model is generally applicable for short adsorption kinetics (about 30 min). The partial order is 1 with respect to the free site concentration and 0 with respect to the solute in solution. This model neglects desorption by coupling the adsorption and desorption constants into one [START_REF] Lagergren | About the theory of so-called adsorption of soluble substances[END_REF]:

𝑑𝑞 𝑑𝑡 = 𝑘 1 (𝑞 𝑒 -𝑞 𝑡 )
Where qt the actual quantity adsorbed on ACF, qe the quantity adsorbed on the ACF at the equilibrium, k1 the pseudo first-order kinetic constant. This equation can be linearized:

ln(𝑞 𝑒 -𝑞 𝑡 ) = ln(𝑞 𝑒 ) -𝑘 1 𝑡
-pseudo second-order. A more robust model than the pseudo first-order. This model can be considered as a simplified case of a case where the adsorption kinetics is managed by the surface reaction rate [START_REF] Ho | Pseudo-second order model for sorption processes[END_REF][START_REF] Rudzinski | Kinetics of solute adsorption at solid/solution interfaces: A theoretical development of the empirical pseudo-first and pseudo-second order kinetic rate equations, based on applying the statistical rate theory of interfacial transport[END_REF]:

𝑑𝑞 𝑑𝑡 = 𝑘 2 (𝑞 𝑒 -𝑞 𝑡 ) 2
Where qt is the actual quantity adsorbed on the ACF, qe the quantity adsorbed on the ACF at the equilibrium, and k2 the pseudo second-order kinetic constant. This equation can be linearized as follows:

𝑡 𝑞 = 1 𝑘 2 𝑞 𝑒 2 +

𝑞 𝑒 𝑡

All four models were used to represent the adsorption kinetics of CIP on ACF10, and the different constants obtained are presented in Table 5.

Table 5

Coefficients of the kinetics of CIP adsorption on ACF10 for the different kinetic models.

Limitation External diffusion Intra-particle diffusion

Pseudo first order Pseudo second order kext (h -1 ) 0.0056 kintra (mg.g -1 .h -0.5 ) 0.1227 qe (mg.g -1 ) 3.77 qe (mg.g -1 ) 9.48 A (mg.g -1 )

6.602 k1 (h -1 ) 0.0062 k2 (g.mg -1 .h -1 ) 0.0071 R² 0.9955 R² 0.9949 R² 0.8392 R² 0.9988

The results show that the pseudo first-order model is not suitable for CIP adsorption on ACF10 as confirmed by the theoretical curve calculated by using the specific pseudo first-order parameters. However, even if excellent R² values were found with the other models, only the external diffusion limitation model presents a very good fit between the experimental and model curves (Figure 4). This limitation of external diffusion was due to the tight weave of ACF10.

Coupling Process

The Adsorption and Photolysis Coupling Process

Kinetics of CIP Elimination. As CIP can be degraded by photolysis, it is necessary to study the coupling of adsorption and photolysis (degradation under UV irradiation) before using the material with TiO2 coating to investigate the adsorption/photocatalysis coupling process [START_REF] Triquet | TiO2 MOCVD coating for photocatalytic degradation of ciprofloxacin using 365 nm UV LEDs-kinetics and mechanisms[END_REF]. For this study, the same volume of CIP solution (20 mg.L -1 ) has been used during the following steps of the process:

-First adsorption step: 24 h (UV off) -First irradiation step: 6 h (UV on) -Second adsorption step: 18 h (UV off) -Second irradiation step: 6 h (UV on) -Final adsorption step: 18 h (UV off)

Figure 5 shows the CIP elimination kinetics during the complete process. For comparison, the kinetics of the adsorption on ACF across 72 h has been added to the same figure. Only 71% of CIP was adsorbed by using ACF10 after 24 h of adsorption, and only 80% after 70 h. For the sequential process, after the first phase of UV-irradiation, 95% of the CIP had been removed. This irradiation allowed the elimination of CIP in solution by photolysis and adsorption (simultaneous processes). This behavior has already been observed: faster methylene blue removal when photolysis and adsorption were coupled in a simultaneous process has been reported [START_REF] Fu | Preparation of activated carbon fibers supported TiO2 photocatalyst and evaluation of its photocatalytic reactivity[END_REF]. After the second adsorption step, the CIP amount adsorbed is of the order of the magnitude of the error: this step did not remove any CIP molecules. During the first UV-irradiation, transformation products were formed; thus, competitive adsorption between these molecules and CIP could take place, which would lead to slower adsorption kinetics of CIP. During the second irradiation phase, very little amount of CIP degrades: all the transformation products present in the liquid compete with CIP for photo-degradation. Finally, even if CIP is eliminated with the adsorption/photolysis sequential process, the duration of the treatment is too long to be industrially interesting (70 h). Aromatic Transformation Products. Every aromatic transformation product (A, B, C…) obtained during the photolysis of CIP was identified and their evolution investigated (each letter corresponds to one aromatic transformation product or isomer product -Table 6) [START_REF] Triquet | TiO2 MOCVD coating for photocatalytic degradation of ciprofloxacin using 365 nm UV LEDs-kinetics and mechanisms[END_REF]. Many ATPs were detected. The evolution of their concentration is shown in Figure 6. During the first phase of UV irradiation, most of the ATPs were produced, and some of them had started to be degraded. However, 6 h of irradiation is not sufficient for their total elimination since photolysis is a slow and selective reaction [START_REF] Speight | Redox Transformations[END_REF]. The second adsorption step showed adsorption of ATPs, which could explain the slower adsorption kinetics of CIP in Figure 5. After two UV-irradiation steps and three adsorption steps, some ATPs remained in the liquid phase. Mineralization and Efficiency. For CIP, as shown by Triquet et al. [START_REF] Triquet | TiO2 MOCVD coating for photocatalytic degradation of ciprofloxacin using 365 nm UV LEDs-kinetics and mechanisms[END_REF], further refractory ultimate transformation products could be present such as aliphatic acids (HCOO -and C2O4 2-)and even the fluoride ion F -. These transformation products were searched for in the solution, but only fluorine F -was detected and quantified.

Considering only the CIP present in the solution at the end of the first adsorption step (5.82 mg.L - 1 ), the maximum amount of F -formed could be 0.36 mg.L -1 of F -. The fluorine concentration has been measured at the end of the total treatment (after 72 h) and the value obtained, 0.48 mg.L -1 of F -, was greater than the maximum expected. This result showed that photolysis reactions have taken place with the adsorbed CIP molecules on the ACF10. Therefore, a partial regeneration of the adsorbent could be possible with UV irradiation.

TOC measurements of the final solution showed 76% carbon removal for AFC10 (final TOC 3.15 mgC.L -1 ). The treatment increased the removal rate from 72% (first adsorption) to 76%. This result is in agreement with the results shown in Figure 6: some aromatic transformation products remained after 3 days of treatment.

With the adsorption/photolysis sequential process, the irradiation step allowed an increase of the CIP removal kinetics, but transformation products remained in the liquid at the end of the treatment. These results show that this type of coupling is of little interest.

The Adsorption and Photocatalysis Coupling Process

Characteristic of the Composite Material. TiO2 columnar coatings, as shown in Figure 7, were performed on activated superficial carbon fibers via the MOCVD technique. The deposition only occurred on superficial fibers of the ACF10 (on both sides of the fabric) while the internal fibers remained uncoated -the MOCVD setup not allowing growth by chemical vapor infiltration. A significant number of molecules could then be adsorbed on the uncoated fibers. The XRD patterns shown in Figure 8 confirm the anatase structure of the TiO2 coating on the ACF fibers. Concerning ACF, the wide peaks at 23 and 44° are consistent with graphitic carbon structure with a significant dispersion of interreticular distance, allowing us to consider the ACF fibers as being rather amorphous [START_REF] Descamps | Etats amorphe et vitreux des composés moléculaires et pharamceutiques-Propriétés générale[END_REF]. BET measurements were performed to evaluate the impact of the TiO2 coating on the physical and adsorption properties of the ACF. Table 7 presents the comparison of the physical characteristics of the two ACFs with and without TiO2 deposition. The presence of the catalyst has a low impact on the physical characteristics of ACFs in terms of BET surface and pore volume. 926 965 VT,porous (cm 3 .g -1 ) 0.38 0.39 Vµporous (cm 3 .g -1 ) 0.35 0.37 Vmesoporous (cm 3 .g -1 ) 0.032 0.025 Liquid Phase Monitoring. The kinetics of CIP degradation by coupling adsorption and photocatalysis using the composite material ACF10-TiO2 was compared to that achieved with the adsorption on ACF10 (without UV), and the adsorption/photolysis process presented previously (Figure 9). Different adsorption kinetics were observed between ACF10 and ACF10-TiO2 during the first adsorption step. Faster adsorption was obtained with the composite material, and the adsorbed quantity seems to be higher after 24 h of adsorption: 71% of the CIP was adsorbed by ACF10 without deposited TiO2, whereas 85% of the CIP was adsorbed by the composite material. Huang et al. (2020) reported a similar behavior with a composite material: CIP adsorbed faster and in greater quantity on straw fibers (adsorbent) having a TiO2 deposit on its surface [START_REF] Huang | Photocatalytic hydrogel layer supported on alkali modified straw fibers for ciprofloxacin removal from water[END_REF]. During this first phase of adsorption, the presence of the TiO2 coating could therefore influence the nature of the interactions as reported by several authors for CIP [START_REF] Huang | Photocatalytic hydrogel layer supported on alkali modified straw fibers for ciprofloxacin removal from water[END_REF][START_REF] Tan | Biochar-based nano-composites for the decontamination of wastewater: A review[END_REF]. The difference between the two adsorption kinetics could be due to the influence of TiO2 on the physical properties of the ACF. This deposit can play a role in changing the surface tension of the material and, thus, on its hydrophobicity. Hydrophobicity is known to be a major factor in adsorption kinetics, so a change in surface tension due to the presence of hydrophilic TiO2 could modify the adsorption kinetics [START_REF] Moreno-Castilla | Adsorption of organic molecules from aqueous solutions on carbon materials[END_REF]. Moreover, the deposition temperature (500 °C ) can also affect the material. The surface tension of uncoated fibers could be modified by the desorption/degradation of various molecules (residues from manufacturing steps, surrounding atmosphere, etc.) at this temperature. Modification of the properties of the fiber (elasticity and resistance) could also occur, which may reduce external limitations and so increase adsorption kinetics.

Moreover, by using ACF10-TiO2, 3 h of irradiation are sufficient to fully eliminate the CIP, whereas, as discussed previously, 6 h of irradiation was not sufficient in the absence of TiO2. This result shows that the kinetics of the photocatalytic reactions is much faster than that of photolysis, as already reported by Triquet et al. for CIP [START_REF] Triquet | TiO2 MOCVD coating for photocatalytic degradation of ciprofloxacin using 365 nm UV LEDs-kinetics and mechanisms[END_REF]. Furthermore, since the concentration in the liquid is lower, faster kinetics is expected as reported for UV adsorption/photocatalysis coupling for the removal of bisphenol A and 2-chlorophenol [START_REF] Nguyen | Combination of La-TiO2 and activated carbon fiber for degradation of toxic organic pollutants under the visible light[END_REF].

As with the adsorption/photolysis coupling, aromatic transformation products were detected using ACF10-TiO2 (Figure 10). In this process, most of them are completely degraded. The presence of the TiO2 coating allows, thanks to the action of the UV, the creation of radicals with a strong oxidizing power (OH • type). These oxidants can rapidly degrade organic molecules in a non-selective way. At the end of the treatment, only two ATPs (F and J) remained in the liquid. The second indicator of photocatalytic reaction performance is the presence of aliphatic and fluoride in the effluent. At the end of the treatment with the ACF10-TiO2, only formic acid has been quantified (0.70 mg.L -1 of HCOO -) while oxalic acid C2O4 2-has been just detected. In addition, a pH measurement was performed. An initial pH of 6.8 was recorded. This decreased to 6.3 after 48 h of treatment. This confirms slight acidification of the effluent and the presence of aliphatic acids. However, such a small difference in pH likely has very little influence on the adsorption and photocatalysis processes. Aliphatics are usually refractory to advanced oxidation processes and are usually detected at the end of this treatment [START_REF] Wang | Chlorination decreases acute toxicity of iodophenols through the formation of iodate and chlorinated aliphatic disinfection byproducts[END_REF]. The fluoride concentration was greater (0.33 mg.L -1 of F -) than expected based on the CIP concentration at the end of the adsorption phase ([CIP]= 2.89 mg.L -1 ; 0.17 mg.L -1 of F -expected). This high amount of fluoride in the solution showed that photochemical reactions took place at the surface of composite material, bringing about its partial regeneration.

Figure 11 shows the evolution of TOC measurements for the different couplings (48 h for adsorption/photocatalysis and 72 h for adsorption/photolysis). For ACF10, the TOC removal rate was 76% for the adsorption/photolysis coupling, whereas it was 89% for the adsorption/photocatalysis. With ACF10-TiO2, the removal of the CIP is more efficient and more rapid. On the other hand, considering only the adsorption step, the removal rate was 85% (CIP concentration = 2.88 mg.L -1 ). These values being of the same order of magnitude, it can be concluded that the coupling treatments did not significantly modify the TOC of the solution. The molecules are degraded, but mineralization remained incomplete, and the transformation products (TP) remained in the liquid phase. However, with ACF10-TiO2, most of the TP were aliphatic acids known to be less toxic, confirming the appeal of this process. Figure 12 shows that the deposit survived the 48 h-experiment even if some cracks can be observed. Furthermore, an ICP analysis of the liquid phase showed that very little TiO2 deposit came off the adsorbent. After the 48 h experiment, less than 0.02 mg of Ti were present in the water (0.5% of initial Ti), which was very low in comparison with the initial Ti mass in the deposit (2.2 mg of Ti in 3.7 mg of TiO2). Even if the cracking is not significant, a pre-treatment by the acid of the activated carbon fibers could have improved the adsorbent-photocatalyst interactions and, thus, allowed a better adherence of the deposit [START_REF] Lei | In situ growth of boron doped g-C3N4 on carbon fiber cloth as a recycled flexible film-photocatalyst[END_REF]. No evidence of adsorbed CIP appears in the EDS graphs of ACF10-TiO2 -either no CIP remains adsorbed on the TiO2, or the fluorine signal is so low that it disappears in the continuum background. In contrast, CIP aggregates were detected on regular ACF10 after the adsorption/photolysis process, as shown in Figure 13. 

Conclusions

This study investigated a sequential process combining adsorption and photocatalysis for CIP removal. The ACF selected was microporous, with the same range of pore sizes (from 0.5 to 3 nm) but a smaller BET surface area (926 m²/g) than typical ACFs. SEM observations and tensile tests showed that the fibers were little affected by the heat treatment accompanying the TiO2 deposition step. Moreover, the integrity of the TiO2 coating was shown to be largely preserved following the adsorption/photocatalysis treatment. The adsorption study demonstrated slow kinetics with only 71% of CIP adsorbed after 24 h (total adsorption after 20 days). The kinetics was successfully fitted with an external diffusion limitation model, confirming the limiting of the external transfer due to the tight weave of the ACF. The sequential adsorption/photocatalysis process with ACF10-TiO2 presents better performances with a quasi-total elimination of CIP and the aromatic transformation products -only a few aliphatic acids remained in solution. In addition, the large quantity of fluorine found in the solution showed that photo-oxidation reactions happened at the surface of the material. Consequently, it can be concluded that a partial regeneration of the material occurred.

Figure 1

 1 Figure 1 Experimental setup flow-diagram (a); experimental setup (b); photo-reactor (c) [37].

  CIP alone (Adsorption) CIP and transformation products Mobile phase (A/B) A: Acidified water with 0.1% formic acid (pH = 3) B: Acetonitrile Flow rate (mL.min -1 min -90/10 7 -12 min -90/10 12 -19 min -10/90 19 -25 min -10/90

Figure 2

 2 Figure 2 Pore size distribution of ACF10.

Figure 3

 3 Figure 3 Optical (a) and Scanning Electron Microscopy images of ACF10 at different scales. (b): top view, (c): cross-section.

Figure 4

 4 Figure 4 Adsorption kinetics of CIP on ACF10 (C0 = 20 mg.L -1 ; V = 100 mL; mACF10 = 193 mg; T = 25 ±2 °C).

Figure 5

 5 Figure 5 Elimination of ciprofloxacin by coupling adsorption and photolysis (UV alone) for both ACFs (C0 = 20 mg.L -1 ; V = 100 mL; mKIP1200 = 123 mg; mACF10 = 193 mg; I = 10 mW.cm -²; T = 25 °C ).

Figure 6

 6 Figure 6 Evolution of the aromatic transformation products during the combined adsorption/photolysis process with ACF10.

Figure 7

 7 Figure 7 SEM pictures of ACF10 with TiO2 coating.

Figure 8

 8 Figure 8 XRD patterns of ACF and ACF-TiO2.

Figure 9

 9 Figure 9 Elimination of ciprofloxacin by coupling adsorption and photocatalysis with ACF-TiO2 (C0 = 20 mg.L -1 ; V = 100 mL; mACF10 = 193 mg; I = 10 mW.cm -²; mTiO2,coating = 3,7 mg; T = 25 °C ; Qv = 200 mL.min -1 ).

Figure 10

 10 Figure 10 Evolution of ATPs over time for treatment with the ACF10-TiO2 composite material.

Figure 11

 11 Figure 11 TOC evolution according to the different hybrid processes.

Figure 12

 12 Figure 12 SEM-EDS observation of the ACF10-TiO2 with a backscattered electron detector after a 48-h adsorption/photocatalysis experiment.

Figure 13

 13 Figure13SEM-EDS observation of the ACF10 with a backscattered electron detector after a 48-h adsorption/photolysis experiment.

Table 2

 2 Supplier characteristics of the selected activated carbon fibers.

	Molecule	Formula	Molar (g.mol -1 )	Weight	pKa [50]	Solubility at 25 °C [51]
						75 ±10 mg.L -1 in
						water
		C17H18FN3O3 331.35		3.64 (N1); 5.05 (N1'); 6.95 (OH); 8.95 (N4')	150 ±5 mg.L -1 in acetone
						25 g.L -1 in acidic
						water (pH = 3)
		Supplier			KYNOL (Japan)	
		ACF			ACF 10	
		Supplier references		ACC-5092-10	
		Precursor			Novoïd Fiber	
		Fiber diameter (µm)		10	
		Fabric thickness (mm)		0.66	
		BET specific surface (m².g -1 )		1200	
		Adsorption I2 (mg.g -1 )		1300	
		Pore volume (cm 3 .g -1 )		0.35	
		Mean pore size (nm)		0.8	
		Weight (g.m -²)			205	

Table 4

 4 Young's modulus E, ultimate tensile strength σmax, and failure strain Al of ACF10 with and without (reference) heat treatment (500 °C).

		Reference	Heat treatment
	E(MPa)	640 ±40	480 ±40
	σmax (MPa)	8 ±1	7.5 ±0.7
	Al %	3.5 ±0.1	3.8 ±0.1
	3.1.2 Kinetics of CIP Adsorption on the ACF	

Table 6

 6 Aromatic transformation products after CIP photocatalytic degradation.

	Molecule	Molecule structure [27]	Retention time (min)	Molecule	Molecule structure [27]	Retention time (min)
	A C17H19N3O4		3.0	F C16H16FN3O4		4.6
	B C15H17N3O3		3.1	G C14H11FN2O4		4.72
	C C15H16FN3O3		3.3	H C13H11FN2O3		4.98
	D C17H16FN3O5		4.06	I C17H17N3O5		3.9
	E C13H12N2O3		4.37	J C16H17N3O4		4.3

Table 7

 7 Comparison of ACF physical characteristics with and without TiO2 deposition.

	ACF	ACF10	
	TiO2 coating	Without	With
	SBET (m².g -1 )		
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