Ibrahim Khalil 
  
Karine Thomas 
email: karine.thomas@ensicaen.fr
  
Hicham Jabraoui 
  
Philippe Bazin 
  
Francoise Maugé 
  
Selective elimination of phenol from hydrocarbons by zeolites and silica-based adsorbents -Impact of the textural and acidic properties

Keywords: Phenol adsorption, Toluene adsorption, Selectivity, Zeolite acidity, Breakthrough curves, Highlights

Phenol condensed in Y zeolite supercages but adsorbed on external silanol groups -HY selectively adsorbed phenol in presence of toluene and linear hydrocarbon -Easy regeneration requires low amount of acidic sites

INTRODUCTION

Global energy demand is expected to grow by around the third between 2018 and 2040 [1], resulting an increase in the fossil fuel consumption known as the most common source of energy on our planet [START_REF] Bertero | Fuels from bio-oils: Bio-oil production from different residual sources, characterization and thermal conditioning[END_REF]. However, the serious environmental changes (global warming), caused by the CO 2 emissions produced after burning the fossil fuels in vehicles, restrict their excessive use in the next years [START_REF] Nabi | Fuel characterisation, engine performance, combustion and exhaust emissions with a new renewable Licella biofuel[END_REF][START_REF] Fogassy | From biomass to bio-gasoline by FCC co-processing: effect of feed composition and catalyst structure on product quality[END_REF][START_REF] Reham | Study on stability, fuel properties, engine combustion, performance and emission characteristics of biofuel emulsion[END_REF].

For such a purpose, governments around the world has raised concerns and increased the focus on the research for the development of environmentally friendly renewable sources of fuel and energy [START_REF] Serrano-Ruiz | Catalytic routes for the conversion of biomass into liquid hydrocarbon transportation fuels[END_REF].

New generations of transportation biofuels have recently been introduced, involving a partial or complete replacement of fossil fuels by renewable resources as those derived from biomass [START_REF] Fogassy | Analytical techniques tailored for biomass transformation to biofuels[END_REF].

Biofuels of first generation are produced from food and agriculture [START_REF] Nabi | Fuel characterisation, engine performance, combustion and exhaust emissions with a new renewable Licella biofuel[END_REF]. They are currently used in many countries as pure fuel source (e.g. bioethanol) or in mixtures with fossil fuels (e.g. biodiesel) [START_REF] De Miguel Mercader | Production of advanced biofuels: Co-processing of upgraded pyrolysis oil in standard refinery units[END_REF].

They contribute in the reduction of green-house-gas emissions but they create a negative impact on food security [START_REF] Aro | From first generation biofuels to advanced solar biofuels[END_REF]. Nowadays, a significant effort is deployed on processing second generation biofuel production i.e. that is issued from non-edible biomass [START_REF] Nabi | Fuel characterisation, engine performance, combustion and exhaust emissions with a new renewable Licella biofuel[END_REF], as lignocellulosic biomass from wood and agricultural wastes [START_REF] Chaudhary | Solid base catalyzed depolymerization of lignin into low molecular weight products[END_REF]. Oils obtained from the pyrolysis of this biomass present similar physicochemical and rheological properties to crude oils [START_REF] Fogassy | From biomass to bio-gasoline by FCC co-processing: effect of feed composition and catalyst structure on product quality[END_REF]. However, their high viscosity, corrosiveness and low energetic power related to their high oxygen content (20 -55 wt.%) limit their uses [START_REF] Bertero | Fuels from bio-oils: Bio-oil production from different residual sources, characterization and thermal conditioning[END_REF][START_REF] Bouvier | Effect of H2S and CO on the transformation of 2-ethylphenol as a model compound of bio-crude over sulfided Mobased catalysts: propositions of promoted active sites for deoxygenation pathways based on an experimental study[END_REF]. Therefore to obtain bio-oils compatible with the crude oil feedstock, oxygen should be removed [12,[START_REF] Zhang | Catalytic upgrading of bio-oil using 1octene and 1-butanol over sulfonic acid resin catalysts[END_REF]. In this way, pyrolytic bio-oils can be upgraded by a first hydrodeoxygenation (HDO) step. The upgraded bio-oils are further co-proceeded with a vacuum gas oil (VGO) in a fluid cracking catalytic (FCC) unit [START_REF] Bertero | Upgrading of bio-oils over equilibrium FCC catalysts. Contribution from alcohols, phenols and aromatic ethers[END_REF]. Due to the hydrogen transfer occurring during FCC process, the cracking products contain a lower amount of oxygen (0.5 wt.% to 7 wt.%), mainly composed of substituted phenol type molecules [START_REF] Fogassy | Analytical techniques tailored for biomass transformation to biofuels[END_REF][START_REF] De Miguel Mercader | Production of advanced biofuels: Co-processing of upgraded pyrolysis oil in standard refinery units[END_REF]. However, phenolic compounds are highly toxic compounds for health.

Nabi et al. [START_REF] Nabi | Fuel characterisation, engine performance, combustion and exhaust emissions with a new renewable Licella biofuel[END_REF] have studied the effect of these phenolic impurities on the combustion efficiency of the biofuels. Their results have shown a decrease in the motor efficiency followed by the production of toxic exhaust gases (NO and non-burned hydrocarbons) after the biofuels combustion step [START_REF] Nabi | Fuel characterisation, engine performance, combustion and exhaust emissions with a new renewable Licella biofuel[END_REF]. Such reasons recommend the elimination of these phenol-type impurities to obtain ultra-pure bio-fuel. In this work, we investigate a purification process based on the selective adsorption of phenolic impurities in a semi-model biofuel mixture, using well-selected porous materials, with different properties (porosity, acidity: type, amount and strength…), as adsorbents.

Adsorption is a well-known separation process [START_REF] Ektefa | Computational comparison of the efficiency of nanoporous zeolite frameworks for separation of phenol from water[END_REF]. It allows a selective capture of the undesired product that can be further valorized, after a desorption step, for other applications. The adsorbents must combine both high adsorption capacity and selectivity toward the molecules to eliminate [START_REF] Koubaissy | Adsorptive Removal of Aromatic Compounds Present in Wastewater by Using Dealuminated Faujasite Zeolite[END_REF]. In addition, adsorbents regeneration under mild conditions is an important property that allows the reuse of the adsorbents in several adsorption cycles [START_REF] Koubaissy | Adsorptive Removal of Aromatic Compounds Present in Wastewater by Using Dealuminated Faujasite Zeolite[END_REF][START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF][START_REF] Van De Voorde | Isolation of Renewable Phenolics by Adsorption on Ultrastable Hydrophobic MIL-140 Metal-Organic Frameworks[END_REF][START_REF] Damjanović | The investigation of phenol removal from aqueous solutions by zeolites as solid adsorbents[END_REF]. Most of the studies dealing with the selective adsorption of phenol and its derivates were reported in aqueous solutions, in particular from wastewater [START_REF] Koubaissy | Adsorptive Removal of Aromatic Compounds Present in Wastewater by Using Dealuminated Faujasite Zeolite[END_REF][START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF][START_REF] Van De Voorde | Isolation of Renewable Phenolics by Adsorption on Ultrastable Hydrophobic MIL-140 Metal-Organic Frameworks[END_REF][START_REF] Kujawski | Removal of phenol from wastewater by different separation techniques[END_REF][START_REF] Petkovic | Novel kinetics model for adsorption of pollutant from wastewaters onto zeolites. Kinetics of phenol adsorption on zeolite-type silicalite[END_REF], since phenol and its derivates are considered as priority pollutants even at low concentration [START_REF] Hamdaoui | Modeling of adsorption isotherms of phenol and chlorophenols onto granular activated carbonPart II. Models with more than two parameters[END_REF][START_REF] Sheng | Kinetics and thermodynamics of adsorption of ionizable aromatic compounds from aqueous solutions by as-prepared and oxidized multiwalled carbon nanotubes[END_REF][START_REF] Khan | Adsorptive removal of hazardous materials using metal-organic frameworks (MOFs): A review[END_REF][START_REF] Hameed | Removal of phenol from aqueous solutions by adsorption onto activated carbon prepared from biomass material[END_REF][START_REF] Viraraghavan | Adsorption of phenol from wastewater by peat, fly ash and bentonite[END_REF]. Roostaei et al. [START_REF] Roostaei | Removal of phenol from aqueous solutions by adsorption[END_REF] studied the adsorption of phenol from water (2.2 mmol/L -0.02 wt.%) using Y zeolites. During the adsorption, the equilibrium state was quickly reached (0.27 mmol/g), and a reversible adsorption was obtained, after a regeneration step at 360°C under air atmosphere for 16 hours [START_REF] Roostaei | Removal of phenol from aqueous solutions by adsorption[END_REF]. For the same purpose, Khalid et al. [START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF] used Y zeolites, with different Al loading (5 < Si/Al < 100), as adsorbents. They show that the high aluminum content in the zeolite framework decreases the selectivity toward phenol molecules, due to the high affinity of aluminum atoms for water molecules. At an initial phenol concentration of 17.4 mmol/L, the amount of adsorbed phenol decreased from 50.5 mmol/g to 13 mmol/g when the Si/Al ratio decreases from 100 to 5, respectively [START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF]. The authors reported that, for an adsorption capacity of 50.5 mmol/g, phenol molecules occupy only 20% of the micropore volume of the zeolite (0.285 cm 3 /g). The residual pore volume in the zeolite was or inaccessible or filled by co-adsorbed water molecules that compete phenol adsorption [START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF]. For both studies a comparison of the efficiency of zeolites adsorbents with activated carbon, points out the highest adsorption capacity of this last adsorbent, especially for high phenol concentration (> 13 mmol/L) [START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF][START_REF] Roostaei | Removal of phenol from aqueous solutions by adsorption[END_REF]. However, its high regeneration cost, in comparison to other adsorbents such as zeolites, limits its use for industrial realm [START_REF] Hank | Optimization of phenol adsorption onto bentonite by factorial design methodology[END_REF][START_REF] Babel | Low-cost adsorbents for heavy metals uptake from contaminated water: a review[END_REF][START_REF] Mathialagan | Adsorption of cadmium from aqueous solutions by perlite[END_REF].

On the other hand, only few studies dealt with the elimination of phenol derivates from hydrocarbons.

Two patents published in 1952 [START_REF] Lobban | Process for removing phenols and mercaptans from light petroleum distillates[END_REF] and 1971 [START_REF] Schlicht | Selective adsorption of phenols from solution in hydrocarbons[END_REF], studied respectively the phenol removing by treating with a strong alkali metal hydroxide solution [START_REF] Lobban | Process for removing phenols and mercaptans from light petroleum distillates[END_REF], and the phenol adsorption over polyurethane foams followed by regeneration in acetone [START_REF] Schlicht | Selective adsorption of phenols from solution in hydrocarbons[END_REF]. From that time, environmental standards have widely changed, and these two processes remain far from the requirement of green chemistry. In a previous work [START_REF] Khalil | Selective Capture of Phenol from Biofuel Using Protonated Faujasite Zeolites with Different Si/Al Ratios[END_REF], we have studied the adsorption of phenol from isooctane and 1 wt.% n-nonane using protonated HY zeolites with different Si/Al ratios (from 2.5 to 40). The composition of the mixture was chosen in a way to allow studying the adsorption capacity of the zeolites towards phenol in absence of any competitional adsorbates. Phenol was adsorbed in both supercages and mesoporous of the zeolites. Filling the supercage was conducted by the configuration of adsorbed phenol molecules, whatever the Al loading, 3 phenol molecules were adsorbed in each supercage (≈ 55% of the micropore volume). However, the parameters affecting the phenol adsorption in the mesoporous of the zeolite were not investigated. Solids regeneration was shown to be limited by the number of the total Brønsted (BAS) and Lewis (LAS) acid sites, and the quantification of the acid sites draws us to conclude that one phenol molecule remains over each acid site [START_REF] Khalil | Selective Capture of Phenol from Biofuel Using Protonated Faujasite Zeolites with Different Si/Al Ratios[END_REF]. In another work, DFT calculations were used to calculate the interaction energies of phenol over BAS and LAS of HY zeolite (Si/Al = 47), and results confirm the low regeneration observed over high aluminum loaded zeolites (E phenol-BAS = -79 kJ/mol and E phenol-LAS = -199 kJ/mol) [START_REF] Jabraoui | Ab Initio Screening of Cation-Exchanged Zeolites for Biofuel Purification[END_REF]. Moreover, we showed the presence of two interaction modes of phenol with the surface of the adsorbents: the first via its oxygen atom, while the second corresponds to an interaction via its aromatic ring [START_REF] Jabraoui | Ab Initio Screening of Cation-Exchanged Zeolites for Biofuel Purification[END_REF]. So far, the effect of the presence of aromatic compounds, that corresponds to 30 -50 vol.% of the 2 nd generation biofuels fraction, was not studied for phenol selective adsorption from biofuels. Regarding the used adsorbents, aromatic compounds can widely affect the selectivity toward phenol adsorption, especially when weak interactions take place or when phenol molecules are adsorbed via their aromatic ring. The aim of this paper is to study the phenol selective adsorption for 2 nd generation biofuels purification over low cost materials with different textural properties and acidic strength. An understanding of the parameters that influence the adsorption capacity of various adsorbent materials will be investigated. Moreover, the effect of the strength of the OH groups on the selectivity toward phenol adsorption in presence of different concentrations of aromatic compound (toluene) will be tackled to identify the parameters that can inhibit the selective biofuels purification.

In this context, we propose adsorption process to study the selective removal of phenol from a hydrocarbon mixture using a series of different solid adsorbents. Their performances are assessed in term of the adsorption capacity, selectivity and ease of regeneration of the materials by measurements with different mixtures containing phenol, n-nonane, isooctane and various amount of toluene (model aromatic compound). Protonated Y zeolites with different Si/Al ratios (from 2.5 to 40) were firstly selected to well understand the influence of the Si/Al ratio and the textural properties on the adsorption capacity in batch and flow reactors. Secondly, the influence of the zeolitic structure was assessed by comparing the performances of HY zeolites to that of ZSM-5 zeolite. Moreover, weak acid silicabased solids (mesoporous and amorphous silica) and alumina were added to the series of tested materials, and finally, the activities of all the adsorbents were compared to activated carbon, known as a reference adsorbent. 

EXPERIMENTAL PART

Characterization techniques

The chemical composition of the zeolites was checked by inductively coupled plasma (ICP) optical emission spectroscopy using a Varian ICP-OES 720-ES. Their textural properties were characterized by nitrogen adsorption isotherms at 77K using gas adsorption system ASAP 2020 (Micrometrics) for a relative pressure (P/P 0 ) varying between 0.05 and 1. Total and external surface areas were determined using the Langmuir isotherms for the zeolites samples and -plot method for the MCM-41 silica, with

LiChrospher Si-1000 Silica (surface area of 26.2 m 2 /g) as a reference [START_REF] Kruk | Characterization of the Porous Structure of SBA-15[END_REF]. Over the zeolite samples, the external surface represents the surface of the outside of the zeolite grains as well as that of the pores larger than micropores (>1.3 nm). For all the samples except zeolites, BET adsorption method was applied to calculate the pore volume and the surface area.

The quantification of hydroxyl groups and acidic sites was performed using infrared (IR) spectroscopy. Each sample was pressed, under a pressure of 10 7 Pa, into a precisely weighted selfsupported wafer (10 -15mg) with a surface of 2 cm 2 . Prior to any experiment, sample wafer was pretreated in-situ in the IR cell by heating from 298K to 623K (1 K/min) followed by an isotherm at 623K for 4 hours under secondary vacuum (10 -4 Pa). The FTIR spectrometer used was a Thermo

Fischer 6700 equipped with a MCT detector. 64 scans were accumulated for each measurement with a resolution of 4 cm -1 . Note that the graphical resolution is greater than the spectral resolution and is close to 0.5 cm -1 . The spectra displayed correspond to the difference between the spectrum after adsorption (or desorption) and the spectrum corresponding to the activated (pre-treated) sample. All spectra were normalized to a constant disc mass (5 mg/cm 2 of dried catalyst). To quantify the different OH groups of the zeolites and the silica-based samples, four IR bands were taken into consideration :

(1) the (OH) band at ~3645 cm -1 that refers to zeolitic supercage OH groups of Y zeolites, that presents a molar absorption coefficient of ε(ν OH supercage ) = 7.5 cm/µmol, (2) the (OH) band at ~3550 cm -1 related to zeolitic sodalite cage OH groups of Y zeolites, the molar absorption coefficient of this band is ε(ν OH sodalite cage ) = 5.6 cm/µmol [START_REF] Khabtou | Quantitative infrared study of the distinct acidic hydroxyl groups contained in modified Y zeolites[END_REF], (3) the (OH) band at ~3615 cm -1 characteristic of the framework OH groups of the ZSM-5 zeolite (molar absorption coefficient of ε(ν OH ZSM-5 ) = 3.5 cm/µmol [START_REF] Li | Monomolecular Cracking Rates of Light Alkanes over Zeolites Determined by IR Operando Spectroscopy[END_REF], finally, (4) the combination band (ν+δ)OH located at around 4600 cm -1 that refers to silanol groups. Note that for silanol group, the quantification based on the area of the combination band at 4600 cm -1 is preferred to that of the fundamental ν(OH) at ~3740 cm -1 . Indeed, the molar absorption coefficient of this latter, ε(ν Si-OH ), strongly depends on H-bonding interactions [START_REF] Gallas | Quantification of Water and Silanol Species on Various Silicas by Coupling IR Spectroscopy and in-Situ Thermogravimetry[END_REF], making the area of the whole ν(SiOH) massif not proportional to the Si-OH concentration. By contrast, it is possible to accurately calculate the amount of silanol groups using the sharp (ν+δ)OH combination band located at about 4600 cm -1 with the molar extinction coefficient determined by Gallas et al., ε ()OH = 0.16 cm/µmol [START_REF] Gallas | Quantification of Water and Silanol Species on Various Silicas by Coupling IR Spectroscopy and in-Situ Thermogravimetry[END_REF].

For acid sites characterization, pyridine was used as probe molecule. After pretreating the solid wafer in the IR cell, pyridine vapor was introduced at RT with calibrated doses from 0.05 to 1.70 µmol. A final equilibrium pressure of 266 Pa was further established in the IR cell. Finally, thermal desorption was carried out under secondary vacuum step by step from RT up to 423K for 20 minutes at each temperature. Acidic sites of the solids were quantified from the IR spectra of the pyridine adsorbed (Figure SI-1). The amount of Brønsted acid sites was determined by integrating the area of the characteristic band v8a of the pyridinium ions (PyH + ) at 1545 cm -1 and using its corresponding molar absorption coefficient: PyH  ) = 1.8 cm/µmol [START_REF] Khabtou | Quantitative infrared study of the distinct acidic hydroxyl groups contained in modified Y zeolites[END_REF]. The amount of strong Lewis acid sites was calculated using the molar absorption coefficient, (PyL) = 1.5 cm/µmol, of the band v19b at ~1445 cm -1 characteristic of the coordinated pyridine species (PyL) [START_REF] Khabtou | Quantitative infrared study of the distinct acidic hydroxyl groups contained in modified Y zeolites[END_REF].

Adsorption experiments

Adsorption experiments were performed either in batch or in flow conditions. Phenol purchased from Aldrich (99.5% purity) was used as a model molecule on all the adsorption studies. The liquid solution containing phenol was obtained by dissolving 7.0 g (1 wt.%) of phenol into 1000 ml isooctane (Aldrich 99+% purity). 1 wt.% of n-nonane (Aldrich 99.9% purity) was added as internal standard.

Further, the selective adsorption of phenol was studied by adding, to the previous mixture, various concentrations of toluene (1, 10 and 40 wt.%) in a way to keep the same mass percent of phenol and nnonane (1 wt.%) in the whole mixture. For both batch and flow experiments, solids were pretreated in-situ at 623K for 4 hours under argon flow before performing the adsorption experiments at room temperature (25°C) and under atmospheric pressure. This activation allows the elimination of physisorbed water as well as obtaining the acidic form of the zeolites i.e. H + Y from NH 4 + Y zeolites.

For batch experiments, a specific system was developed allowing in-situ activation and transfer of the powder into the hydrocarbon mixture under inert gas before the adsorption measurements (Figure SI-2). In batch conditions, 0.3 g of solid, with a particle size ranging between 200 and 400 µm, were poured into a two-neck round bottom flask (50 mL) containing 20 ml of the hydrocarbon mixture. The flow adsorption tests were performed in a glass column (300 mm of high and 6 mm of internal diameter). 0.5 g of adsorbent, with a particle size between 200 and 400 µm, were packed giving a bed volume surging from 2 to 3 cm 3 . After the in-situ pretreatment stage, the solution to purify was fed into the column using a Gilson pump allowing a constant flow rate of 1 ml/min. For batch and flow systems, solution was collected periodically and analyzed using a Shimadzu 2010 gas chromatograph equipped by a CP-sil 5CB capillary column (30 m), using a flame ionization detector and nitrogen as carrier gas. Results of flow adsorption experiments were obtained as a breakthrough curve and the amount of phenol adsorbed per gram of solid was calculated using the following formula (F 1 ):

(F 1 )
where q is the amount of adsorbed phenol by gram of solid (mmol/g), C 0 is the initial phenol concentration (mmol/L), D is the flow rate of the charge containing phenol (L/min), t R corresponds to the retention time (min) when the ratio of C t /C 0 is equal to 0.5, and m ads is the mass of the adsorbent (g). The capacity of the most promising adsorbents to perform several runs was tested on additional adsorption cycles performed after a thermal desorption at 473 K for 4 hours under Argon flow (90 ml/min).

RESULTS AND DISCUSSION

Adsorbents characterization

Textural properties

Table 1 gathers chemical and textural properties of the studied solids. N 2 adsorption isotherms are presented in Figure SI-3. HY2.5 zeolite presents high surface area and high microporous volume. The low external surface area and the negligible mesoporous volume is consistent with the quasi-absence of defects in the zeolite structure. HY2.9 zeolite was obtained after dealuminating the parent HY2.5 zeolite without performing any acid washing, which explain its lower surface area, its slightly higher external surface as well as the presence of some mesoporous volume in its structure, in comparison to the parent HY2.5 zeolite. The greater Si/Al ratio of the USY zeolites (dealuminated zeolites) is associated with the creation of mesopores (up to ~0.20 cm 3 /g) that increase the external surface area.

The ZSM-5 zeolite presents a total pore volume of 0.28 cm 3 /g, formed by both microporous (0.15 cm 3 /g) and mesoporous (0.13 cm 3 /g). The surface areas of the non-zeolitic metal oxides, i.e. SiO 2 , ASA, alumina and MCM-41, range from 203 to 984 m 2 /g. These non-zeolitic materials do not present any micropores. By contrast, activated carbon presents a high surface area (1076 m 2 /g) and a pore volume almost exclusively formed by micropores. ; e External surface = Surface of the outside of the zeolite grains and of the pores larger than 1.3 nm ; f Determined using t-plot

Hydroxyl groups

Figure 1 displays the IR spectra in the (OH) region of the most representative samples. HY2.5

features the well-known bands of bridged hydroxyls HF (high frequency) at 3645 cm -1 (supercages OH groups) and LF (low frequency) at 3550 cm -1 (sodalite cages OH groups) of the Y zeolite, whereas dealuminated HY2.9 zeolite shows the presence of three major additional OH bands at 3665, 3599 and 3535 cm -1 characteristic of the presence of the amorphous phase. The band at 3599 cm -1 is attributed in the literature to superacid hydroxyl groups obtained from the interaction between the OH groups of the supercage and the extraframework aluminum phase (EFAL) [START_REF] Khabtou | Quantitative infrared study of the distinct acidic hydroxyl groups contained in modified Y zeolites[END_REF]. By analogy, the band at 3535 cm -1 can be attributed to sodalite cages OH groups perturbed by the EFAL phase, and the band at 3665 cm -1 is attributed to the OH groups of the EFAL phase. The steamed USY faujasites (only the spectra of USY22 is shown) displayed an intense sharp band at almost 3740 cm -1 , assigned to external silanol groups, in addition to low intense HF and LF (OH) bands, which is in a good agreement with their high Si/Al ratios. On ASA, SiO 2 and MCM-41, an intense and sharp SiOH band appears at 3747 cm -1 , with a broad signal that extends down to 3400 cm -1 , associated to H-bonded SiOH groups. The spectra of the ZSM-5 zeolite presents two bands: the first band at 3613 cm -1 is characteristic vibration of the framework OH groups whereas the second band at 3745 cm -1 is attributed to the terminal silanol groups of the external surface (Table 1) [START_REF] Jacobs | Framework hydroxyl groups of H-ZSM-5 zeolites[END_REF]. All these observations agree with the OH spectra expected for the various adsorbents. The results of the quantification of the silanol groups, the HF and LF zeolitic OH groups of the various adsorbents are presented in Table 2. For silica-based samples, the amount of silanol groups increases with the surface area of these solids (Table 1). Over H-faujasites, the amount of silanol groups increases with the dealumination amount of the zeolitic framework (from 0 mmol of silanol per gram of HY2.5 zeolite up to 1.5 mmol of silanol per gram of USY40 zeolite). The formation of these silanol groups is related to the extraction of an aluminum atom from the zeolite structure that creates structural defects. 

Acid sites

The pyridine adsorption spectra, of the most representative samples, are shown in the Figure SI-1.

HY2.5 presents almost exclusively BAS sites (bands at 1630-1620 and at 1545 cm -1 ). The amount of BAS detected on this sample is consistent with the amount of supercage OH groups detected (Table 2 -1263 µmol/g BAS in comparison to 1160 µmol/g supercage OH groups). This points out that pyridinium ions cannot be formed over the sodalite OH groups of HY zeolite in particular for steric reasons [START_REF] Thibault-Starzyk | In situ thermogravimetry in an infrared spectrometer: an answer to quantitative spectroscopy of adsorbed species on heterogeneous catalysts[END_REF]. Very few Lewis acid sites are detected on this sample in agreement with its absence of extraframework phase.

Over HY2.9 zeolite, pyridine adsorption confirms its dealumination by the detection of large amount of LAS (109 µmol/g -Table 2). Pyridinium species are also present, however, the comparison with the amount of the OH groups in supercages and sodalite cages is not possible regarding the complexity of the IR spectrum (Figure 1).

For USY zeolites, the amount of pyridinium species formed is strongly smaller than for the parent HY2.5. This is consistent with the decrease of the amount of the zeolitic OH groups, due to dealumination. It should be noted that comparison between pyridinium species amount and concentration of OH groups reveals that the amount of BAS is greater to the total amount of supercage plus sodalite OH groups (USY22 -OH groups of supercage + sodalite cages = 103 µmol/g; BAS = 136 µmol/g). Hence, contrary to HY, the strong acidic character of the zeolitic OH group of the dealuminated samples increases the mobility of the proton. This enables the protonation of pyridine molecules by the OH groups located in the sodalite cages [START_REF] Khabtou | Quantitative infrared study of the distinct acidic hydroxyl groups contained in modified Y zeolites[END_REF]. The presence of acidic OH groups on the extraframework ASA phase of the USY zeolites should explained the greater amount of BAS detected compared to the amount of zeolitic OH groups [START_REF] Cairon | Brønsted acidity of extraframework debris in steamed Y zeolites from the FTIR study of CO adsorption[END_REF]. The presence of some extraframework phase is confirmed by the detection of strong LAS over USY. We can note that, as expected, the strength of Brønsted acid sites increases with the dealumination of zeolite [START_REF] Thomas | Hydrogenation of Toluene over Supported Pt and Pd Catalysts: Influence of Structural Factors on the Sulfur Tolerance[END_REF][START_REF] Crépeau | Nature, Structure and Strength of the Acidic Sites of Amorphous Silica Alumina: An IR and NMR Study[END_REF].

The ZSM-5 zeolite presents both Brønsted and Lewis acid sites, as evidenced by the bands respectively at 1547 and 1456 cm -1 , giving a total number of 282 µmol/g of acid sites. The amount of Brønsted acid sites and that of zeolitic OH groups are in good agreement (240 µmol/g OH per versus 282 µmol/g acid sites). Over the SiO 2 and the MCM-41, no acid sites were detected which is in a good agreement with the non-presence of aluminum atoms in these samples. In the case of ASA solid, low amount of BAS and LAS was detected, as consequence with the high Si/Al ratio of this sample (Si/Al = 54).

Phenol adsorption capacities

Pretreatment effect on the phenol adsorption

As shown in Table 2, all the studied zeolites present acid sites, that are known by their affinity toward water adsorption [START_REF] Ektefa | Computational comparison of the efficiency of nanoporous zeolite frameworks for separation of phenol from water[END_REF][START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF]. Hence, the inhibitory effect of water on adsorbents over the phenol adsorption was studied on zeolites and mesoporous MCM-41 silica in batch reactor.

In batch reactor, thermal treatments were performed in two different conditions. Firstly, ex-situ pretreatment was performed to remove water from the adsorbents (623 K -4h under Argon flow). The pretreated solid was then quickly transferred under air atmosphere to the hydrocarbon solution. In a second experiment, adsorbents were treated similarly using a home-built pretreatment cell (Figure SI-2) that allows the transfer of the adsorbents, into the hydrocarbon solution, under inert atmosphere (Argon), to avoid any water re-adsorption (in-situ pretreatment). Table 3 compares the amount of adsorbed phenol measured for different adsorbents, after following different pre-treatments conditions.

Whatever ex-situ or in-situ, the pretreatment improves the adsorption capacity of all the studied adsorbents except for MCM-41 (Table 3). The type of the pretreatment setup (ex-situ or in-situ) did not lead to any beneficial effect over MCM-41 as well as over the zeolites with low aluminum loading.

Conversely, the in-situ pretreatment appears to be recommended to reach the maximum adsorption capacity over high Al loaded zeolites. In the case of the ex-situ pretreatment, the short contact time of these latter zeolites with the air moisture is enough to decrease their capacity toward phenol adsorption (Table 3). Figure 2 points out a direct correlation between the negative effect of the water contact on the amount of adsorbed phenol and the total amount of acidic sites (LAS + BAS -Table 2). Indeed, the phenol interaction energy with the protonic sites of H-faujasite (-85 kJ/mol), calculated using Grand Canonical Monte Carlo (GCMC) simulations, was found to be close to water interaction energy over the same site (-87.6 kJ/mol) [START_REF] Ektefa | Computational comparison of the efficiency of nanoporous zeolite frameworks for separation of phenol from water[END_REF]. Similar findings were observed by DFT calculations for the phenol and water interaction energies over extraframework LAS model (-199 kJ/mol for phenol in comparison to -190 kJ/mol for water) [START_REF] Jabraoui | Ab Initio Screening of Cation-Exchanged Zeolites for Biofuel Purification[END_REF]. Thus, phenol molecules cannot displace all the water molecules, if these latter were already adsorbed on the acidic sites. We should mention that the absence of pretreatment effect for the MCM-41 agrees with the absence of any strong or medium acidic sites, as detected by pyridine adsorption (Table 2). Experiments performed under batch conditions points out that the pretreatment conditions (in-situ, exsitu, no pretreatment) can strongly modify the adsorption capacity of the adsorbent. The more hydrophilic the zeolite is (low Si/Al ratio), the stronger is the inhibitory effect of water. This result is consistent with the numerous studies that points out the importance of hydrophobic character for phenol removal from wastewater [START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF][START_REF] Kowalczyk | Super-sieving effect in phenol adsorption from aqueous solutions on nanoporous carbon beads[END_REF]. Thus, as shown for HY2.5, even a very short contact with air atmosphere largely rehydrates the adsorbent and spoils its adsorption capacity (Table 3). Since the in-situ pretreatment can strongly improve the adsorption capacities (more than a factor 3 for HY2.5), in all the following experiments, solids were in-situ pre-treated prior adsorption tests. 

Phenol adsorption in the batch reactor

Figure 3 presents the adsorbed amounts of phenol by the different adsorbents, in batch reactor after insitu activation at 623 K. Whatever the adsorbent, the adsorption phenomena is fast, and the equilibrium state is reached within few minutes. Figure 3 gives the percentage of phenol adsorbed after 1 hour over the various solids. In term of adsorption capacity, the most efficient adsorbents were mesoporous silica (MCM-41) and activated carbon, with almost 3.75 mmol of adsorbed phenol per gram of solid. For the silica-based solids (SiO 2 , ASA, MCM-41), the amount of adsorbed phenol is related to their surface area of these materials, as shown in Figure 4. The maximum adsorption capacity was obtained for MCM-41 that possesses the highest surface area in this series (984 m 2 /g).

However, Y zeolites that also present high surface areas (937 -1015 m 2 /g), have shown lower performances. Whatever their Si/Al ratio, all the H-faujasites present similar adsorption capacities (between 1.79 and 2.18 mmol/g), except for the HY2.9 zeolite that shows greater adsorption capacity (3.07 mmol/g). The high adsorption capacity of HY2.9 zeolite, in comparison to HY2.5 zeolite, can be caused by its relative higher accessibility obtained from the creation of mesoporous cavities (Table 1).

The amount of adsorbed phenol over ZSM-5 zeolite (1.88 mmol/g) was similar to that obtained over the HY2.5 and USY zeolites. By contrast, ZSM-5 is the only adsorbent over which the n-nonane molecules were also adsorbed. This can be due to the small apertures of ZSM-5 pores (5. that limit the accessibility of phenol molecules (kinetic diameter = 5.6 Å), in comparison to the big apertures of the Y zeolites supercages (7.4 x 7.4 Å) [START_REF] Baerlocher | Atlas of zeolite framework types[END_REF]. These small pores, non-filled with phenol, will be only accessible to the linear molecules, such as n-nonane. Hence, contrary to the Y zeolites, the ZSM-5 structure is not selective toward phenol adsorption in presence of linear hydrocarbons.

Consequently, the ZSM-5 zeolite will not be studied in the flow adsorption section. Two main parameters should affect the phenol adsorption capacities of the adsorbents: (i) textural properties (the surface area, the porous volume and the pores size) and (ii) acidic properties (nature, strength, amount and accessibility of the acid sites).

Effect of the textural properties

As previously reported on a series of faujasite [START_REF] Khalil | Selective Capture of Phenol from Biofuel Using Protonated Faujasite Zeolites with Different Si/Al Ratios[END_REF], the amount of phenol adsorbed on HY and USY strongly depends on the microporous volume of their supercages. Whatever the H-faujasite considered, a constant value of 3 phenol molecules per supercage was depicted through both experimental studies and theoretical calculations. On activated carbon that mainly presents micropores, the adsorption of phenol is due to capillary condensation inside the micropores.

Nevertheless, phenol can be also adsorbed into the mesopores, as shown by the high adsorption capacities obtained on the solids that do not present any micropore system i.e. SiO 2 , ASA and MCM-41 (Table 1 and Figure 3). Over these adsorbents, no correlation could be obtained between the amounts of phenol and the mesoporous volume (not shown) whereas a good link with the surface area of the adsorbents was observed (Figure 4; circle). Hence the greater the specific surface of mesoporous solids, the greater the amount of phenol adsorbed. For USY zeolites that present both microporous and mesoporous systems, the amount of phenol specifically adsorbed into the micropores or into the mesopores can be assessed. Considering the total amount of adsorbed phenol and the fraction of microporous volume into the total porous volume (V micropores /V total ), the quantity of "internal" phenol was calculated as reported in a previous work [START_REF] Khalil | Selective Capture of Phenol from Biofuel Using Protonated Faujasite Zeolites with Different Si/Al Ratios[END_REF].

Consequently, from the total amount of adsorbed phenol and from the amount of "internal" phenol, the amount of "external" phenol can be deduced (External phenol = Total phenol -internal phenol) (Table 4). For all the USY samples, the amount of "external" phenol represents more than 60% of the total amount of phenol adsorbed. Table 4 pointed out that the ratios between the amount of "external" phenol and external surface stays close (~5 phenol molecules per nm 2 ). 

Effect of the surface sites

The nature and the amount of superficial sites can also influence the adsorption phenomena. Indeed, a comparison of the amount of adsorbed phenol and the amount of silanol groups of silica-based samples shows a linear regression, that goes through the origin point (Figure 5). Moreover, from the value of the slope of the correlation (≈ 1), we can correspond one adsorbed phenol molecule to one silanol group. Table 1 and Table 2 allow us to calculate the density of silanol per square nanometer. It appears that the silanol density is lower on MCM-41 (2 SiOH/nm 2 ) than on silica and ASA ( 4SiOH/nm 2 ) [START_REF] Martin | Dissipative water intrusion in hydrophobic MCM-41 type materials[END_REF][START_REF] Cauvel | Hydrophobic and Hydrophilic Behavior of Micelle-Templated Mesoporous Silica[END_REF]. The variation of silanol group density among the silica-based sample explains why the relationship presented Figure 4 does not go through the origin point. Hence, these observations identify the increase in the density of silanol groups of silica-based samples as a key parameter to improve their phenol adsorption capacity.

As for silanol groups of the USY zeolites, it has been previously reported that on dealuminated zeolites, (SiOH) band at 3740 cm -1 characterizes both external silanol (located in the mesopores and on the outside surface of the zeolite grains) and internal silanol groups (defect sites of the supercage and sodalite cages). These latter although not accessible, appears at the same frequencies than external SiOH. Hence the amount of the silanol groups of USY reported on Figure 5 comprised both internal and external SiOH groups. This explains why the total amount of silanol groups does not correlated with the amount of external phenol. Thus, from this graph (see arrows of Figure 5), one can estimated that the amount of silanol exceeding the linear correlation (= total silanol -external phenol) can be attributed to internal silanol groups. This can be proposed as a method for determining the accessibility of silanol groups of such zeolites. 

Phenol adsorption in flow reactor

The adsorption in a flow reactor is the most commonly adsorption method used in the industries. This method has the double advantages of making easier the in-situ activation of the adsorbent as well as its re-use for several adsorption runs after its in-situ regeneration between each two cycles. Only a selection of specific adsorbents was tested under flow conditions. In addition to MCM-41 (only silanol groups), alumina (strong acid sites) and activated carbon (reference adsorbent), a selection of Y zeolites was studied under these conditions. The zeolites were chosen in order to compare the effects of the Si/Al ratio and the acidity (and ratio) of the different OH groups (zeolitic OH groups and silanol groups). mmol/L in isooctane and 1 wt.% n-nonane. Using the formula (F1), from the section 2.3, and the specific retention time for each adsorbent, the amount of adsorbed phenol at saturation was calculated for each solid (Figure 7 -Cycle 1). Similar trends were observed in flow and batch conditions. The Si/Al ratio does not affect the adsorption capacity of HY2.5, and USY40 (~2 mmol/g) and HY2.9 still presents the greatest adsorption capacities (2.6 mmol/g) among the zeolite samples. A comparison of the mass-transfer zone or, equivalently, the difference between breakthrough and equilibration times, for HY2.5 and HY2.9 zeolites shows a shorter mass-transfer zone over the HY2.9 zeolite. The shorter the mass-transfer is, the most efficient is the adsorbent. The short mass-transfer zone of the HY2.9 zeolite can be the reason of the higher accessibility, and thus the higher adsorption capacity, of HY2.9 zeolite in comparison to HY2.5 zeolite. Al 2 O 3 presents a lower adsorption capacity (1.7 mmol/g) compared to the other adsorbents, while MCM-41 and activated carbon maintained their high adsorption capacities with 2.7 and 3.2 mmol of adsorbed phenol per gram of solid, respectively. Hence, if the amount of adsorbed phenol was the only considered parameter, activated carbon would be considered as the best adsorbent. This result is not surprising since activated carbon is known for its high capacity of adsorption due to its high surface area and the capillary condensation occurring inside the pores [START_REF] Khalid | Removal of Phenol from Water by Adsorption Using Zeolites[END_REF][START_REF] Roostaei | Removal of phenol from aqueous solutions by adsorption[END_REF][START_REF] Mohd Din | Batch adsorption of phenol onto physiochemical-activated coconut shell[END_REF]. However, another important parameter must be considered for larger scale C/C 0 adsorption application: "the breakthrough time (t B )", that corresponds to the time during which the solids produce ultra-clean biofuel by adsorbing all the phenol molecules from the solution. Indeed, within the objective of developing an industrial process, the adsorption time during which ultra-pure biofuels are obtained (phenol molecules are completely removed) is the most important parameter.

Figure 6 points out that the shape of the breakthrough curves can be very different as between the 3 most performant adsorbents: HY2.9, MCM-41 and activated carbon. The activated carbon presents the shortest breakthrough time -t B = 4 min. However, the phenol diffusion into the pores of activated carbon is slow and adsorption requires almost 50 minutes before reaching saturation. Otherwise, the breakthrough time is greater over MCM-41 -t B = 11 min and similarly, due the low diffusion rate, the saturation takes almost 60 min to get reached. By contrast, HY2.9 zeolite was able to produce ultraclean biofuel during 13 min, exceeding the breakthrough time of MCM-41 and activated carbon. A comparison between the adsorption capacities of HY2.9, MCM-41 and activated carbon using specific retention times and breakthrough times is shown in Table 5. By looking to the amount of phenol adsorbed at the breakthrough time, the zeolite HY2.9 shows the most promising results (1.9 mmol/g) in terms of providing the largest amount of ultrapure biofuel in one adsorption cycle, followed by the MCM-41 (1.3 mmol/g) and the USY40 zeolite (1.6 mmol/g), whereas the adsorption capacity of activated carbon drops to not more than 0.6 mmol/g, as shown in Table 5. 

Regeneration capacity of the adsorbents

The regeneration ability of the solids was studied on two adsorption-desorption cycles. To remove phenol molecules adsorbed after cycle 1, a thermal desorption under Argon flow (90 cm 3 /min) at 473 K for 4 hours was applied. After returning to 298 K, a second adsorption cycle was performed in the same conditions as the first. Adsorption capacities of cycles 1 and 2 were compared in Figure 7. Figure 7 points out that Al 2 O 3 presents the lowest regeneration capacity (29%). This is in line with previous studies that showed that chemisorption of phenol over the strong Lewis acid sites of alumina leads to the formation of phenolates species strongly held on surface [START_REF] Popov | Bio-oil hydrodeoxygenation: Adsorption of phenolic compounds on sulfided (Co)Mo catalysts[END_REF]. By contrast, the activated carbon presents a somewhat high regeneration capacity (81%) that is line with the phenol condensation into AC micropores. After two adsorption cycles, AC presents equivalent adsorption capacity than MCM-41. MCM-41 presents very high regeneration capacity equal to 93% over 2 adsorption cycles which is explained by the interaction of phenol molecules with the very weakly acidic silanol groups located into the mesopores of MCM-41

Over the H-zeolites, the regeneration capacity increases with the Si/Al ratio (HY: 43%; HY2.9: 65%; USY40: 95% quantified in Table 2) [START_REF] Khalil | Selective Capture of Phenol from Biofuel Using Protonated Faujasite Zeolites with Different Si/Al Ratios[END_REF]. Hence, the presence of strongly acidic OH groups of the zeolites and Lewis acid sites (Al 3+ ) limit the regeneration capacity of the different zeolites.

The results on the various zeolites also reveal that, for given conditions of regeneration, regenerability changes with the amount of OH groups but not with their acidic strength. Once the strength is above a certain value (in the present case: greater than that of silanol), the regeneration is limited. From the adsorption and regeneration properties, mechanisms for phenol adsorption on MCM and Hfaujasite can be proposed in Figure 8. For silica-based samples, the relationship between the amount of phenol adsorbed and that of silanol groups (Fig. 5) indicates that one phenol is H-bonded to one silanol groups, as depicted in Figure 8-B. The interaction with weakly acidic silanol groups is also confirmed by the good regeneration capability of the MCM.

On the Y zeolites, the greater the amount of acidic sites, the lower the capability of regeneration (Figure SI-4). This indicates that phenol interacts with zeolitic OH groups. This agrees with the DFT computed model in a previous study [START_REF] Khalil | Selective Capture of Phenol from Biofuel Using Protonated Faujasite Zeolites with Different Si/Al Ratios[END_REF], that shows that phenol interacts by its oxygen atom with the proton zeolitic of the zeolite as depicted in Figure 8-A. The zeolitic OH group acidic strength being greater than that of silanol groups, they retain more strongly the phenol, limiting the regeneration capacity of Y zeolites with low Si/Al ratio.

B A

These sections allow identifying the most promising adsorbents considering their adsorption and regeneration capacities. The challenge that arises now concerns the selectivity of these adsorbents toward phenol into a more complex hydrocarbon mixture containing an aromatic compound.

Selective phenol adsorption in presence of toluene

The selectivity toward phenol adsorption was tested under flow conditions from a mixture of 1 wt.% phenol (74.4 mmol/L), 1 wt.% n-nonane and different concentrations of toluene (1 -40 wt.%) into isooctane. In a first step, the experiments were performed by flowing a solution of isooctane + 1 wt.% n-nonane containing similar weight amount of phenol and toluene (1 wt.%) over a column filled with 0.5 g of the studied adsorbents. Six adsorbents were tested: HY2.5, HY2.9 and USY40 (to account for the effect of the Si/Al ratio and absence/presence of EFAL phase), MCM-41 (to account for the selectivity of the silanol groups), Al 2 O 3 (to account for the selectivity of the aluminum coordinative unsaturated sites) and activated carbon as a reference. The obtained breakthrough curves for phenol and toluene are shown in Figure 9. Over all the series of adsorbents, initially phenol and toluene are both adsorbed. However, toluene is eluted very rapidly and before the breakthrough of phenol. Phenol adsorption is preferred over toluene for all adsorbents. It should be noted that at the beginning of the toluene elution, a roll-up effect appears i.e. the concentration of toluene in the liquid phase is greater than in the initial solution. This is explained by the fact that phenol molecules displace the already adsorbed toluene molecules, and thus, the toluene concentration in the effluent surpass temporarily that of the feed. Even if all the solids show this roll-up effect for toluene indicating their preferential adsorption for phenol, its extent depends on the adsorbents. The ratio of the adsorbed toluene over the displaced toluene (A/D) was calculated for the various adsorbents by integrating the zones of adsorbed and displaced toluene as mentioned in Figure 9 (HY2.5).

Over activated carbon, the A/D value is 1.9 for a solution containing 1% toluene. This shows that activated carbon maintains some adsorbed toluene molecules in its cavities. Over activated carbon, the adsorption only occurs by capillary condensation inside the pores. Thus, there are no adsorption sites that can move the adsorption toward a specific molecule. For such a reason, the selectivity of activated carbon toward phenol is very weak in presence of toluene. As shown on Figure 9 and Table 6, the presence of toluene did not affect the adsorption capacity of Al 2 O 3 . Indeed, as mentioned before, phenol is so strongly adsorbed on alumina since the selectivity toward phenol reaches high values. On protonated zeolite acid sites, HY2.5 (BAS), HY2.9 (BAS + LAS) as well as USY40 (lower amount of BAS and LAS), phenol completely displaced all the adsorbed toluene molecules (A/D ≈ 1). These results can be explained by the respective strength of adsorption of phenol and toluene molecules with the surface sites of the adsorbents. As shown previously by theoretical calculation on zeolites, the toluene molecules can only be adsorbed by their aromatic cycle whereas phenol molecules can be adsorbed both by their aromatic cycle or by their OH groups, even if this latter mode is favored [START_REF] Jabraoui | Ab Initio Screening of Cation-Exchanged Zeolites for Biofuel Purification[END_REF].

Computed adsorption energy showed that, on zeolitic OH groups adsorption energy of phenol (-79 kJ/mol) is greater than that of toluene (-56 kJ/mol), confirming the preferential adsorption of phenol on protonic zeolites. Over weak acid Si-OH groups (MCM-41 and main superficial sites over USY40) the phenol is weakly adsorbed via its OH group; as confirmed by the high regeneration capacity of these solids (Figure 7). However, this weak interaction was strong enough to maintain a selective adsorption of phenol in presence of 1wt.% of toluene.

In a second step, the selectivity toward phenol adsorption was also tested with different mixtures containing higher amount of toluene (10 and 40 wt.%, this latter corresponds to the amount of aromatic compounds in second generation biofuels). The amount of adsorbed phenol was calculated, as in the previous section (using the formula F1) and results are given in Table 6. As for activated carbon, the increase of the concentration of toluene makes its poor selectivity more marked. Hence, activated carbon is not satisfying adsorbent to purify a mixture of hydrocarbons. As for Al 2 O 3 , whatever the toluene concentration, selectivity toward phenol remains intact. The less affected zeolites by the increase of the amount of toluene are HY2.5 and HY2.9 zeolites, which reports the high efficiency of strong acidic OH groups and LAS for the selective removal of phenol even in presence of large amount of aromatic compounds. Regeneration experiments under the aforementioned conditions (section 3.3) were also performed over HY2.5 and HY2.9 zeolites in presence of 40 wt.% toluene in the mixture (Figure SI-6). Similar regeneration capacities as in the case of absence of toluene were observed (45% and 63% for HY2.5 and HY2.9 zeolites, respectively). Over MCM-41 and USY40, the selectivity of weak acidic Si-OH groups was maintained until a concentration of 10 wt.% of toluene in the solution. However, for 40 wt.% of toluene, the amount of adsorbed phenol markedly decreases over these 2 solids (from 2.0 to 0.9 mmol/g over USY40 and from 2.7 to 1.0 mmol/g over MCM-41). Since the adsorption being performed under dynamic conditions, toluene molecules present in large quantity in the flow may train the weakly adsorbed phenol molecules by π-π interaction (aromatic rings interaction). To verify this hypothesis, adsorption experiments were performed after substituting the toluene by methylcyclohexane (MCH) in order to remove the effect of the π-π interactions. Results, presented in Table 7, prove that the adsorption capacities for phenol of the MCM-41 and USY40 are not affected by the presence of methylcyclohexane. This confirms that a solvation effect occurs with π-π interaction of the molecules in the flow prevents the trapping of phenol on the weak adsorption sites (Si-OH groups) of the adsorbents. 

CONCLUSION

The present study deals with the selective removal of phenol from a semi-model biofuel mixture.

Various types of adsorbents i.e. Y, USY and ZSM-5 zeolites, silica-based oxides, aluminum oxide and activated carbon, that present different structural, textural and acidic properties were tested.

-Micropores and mesopores of the Y zeolites are both involved in the phenol adsorption although in a very different way. Phenol is condensed into the micropores of the Y zeolites and an amount of 3 phenol molecules per supercage was measured on the different faujasites. Such fraction of phenol called "internal phenol" is directly related to the porous volume of the crystalline fraction of the zeolite. In the same manner, AC with its great microporous network also presents high phenol adsorption capacities. Note that, in the zeolitic micropores with entrance lower than 6 Å, as for Y sodalite cage and ZSM-5 pores, the phenol adsorption is very limited. Additional amount of phenol, called "external phenol" are adsorbed on the silanol groups of the mesoporous cavities of the zeolites (created by dealumination). On silica-based solids that present only mesopores, the present study establishes that one phenol molecule interacts with one silanol group. Thus, the phenol adsorption capacity in the mesopores is directly correlated to the concentration of silanol groups.

-Acidic properties of the adsorbents strongly impact their selectivity. In presence of 1 -10 wt.% toluene, HY and USY zeolites and MCM-41 present good phenol adsorption capacities. By contrast, a greater amount of toluene (40 wt.%) strongly decreases the selectivity for phenol adsorption over USY and MCM-41. This is explained by the solvation effect that affect the weak acidic silanol groups, largely present over these solids, and thus prohibits them from adsorbing phenol under such condition.

Although activated carbon that presents high phenol adsorption capacities in simple mixture, has shown a very poor selectivity toward phenol in more complex hydrocarbon mixtures, due to the absence of acidic properties. Hence to selectively adsorbed phenol, large amount of strongly acidic sites is required as over HY2.5 and HY2.9 zeolites.

-Acidic properties were shown to negatively influence the regenerability of the adsorbents. To regenerate the adsorbents under mild conditions, the amount of strong Brønsted or Lewis acidic sites must be limited since they strongly retain phenol. Thus, the best regeneration capacities are obtained on USY and MCM-41.

Hence, this study allows rationalizing the impact of the micro-and mesoporous texture as well as the location, nature and strength of the acidic sites on their adsorption capacities, selectivity and regeneration abilities. The best compromise between adsorption capacity, selectivity toward phenol and regeneration ability was obtained with HY2.9 zeolite, i.e. the solid that presents large amount of micropores, some mesopores and an intermediate amount of strongly acidic sites. This allows obtaining good adsorption capacity, maintaining a high selectivity and acceptable regeneration.
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 2 Figure 2 -Relation between the total amount of acid sites and the influence of the pretreatment over the different adsorbents. Δ = amount of adsorbed phenol with in-situ pretreatment at 623K minus amount of adsorbed phenol without pretreatment (batch reactor).
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Figure 3 -

 3 Figure 3 -Amount of adsorbed phenol from isooctane and 1 wt.% n-nonane mixture (C phenol = 74.4 mmol/L ; V = 20 mL) over the different solids after 1 h in batch reactor. The error bar values (3%) were calculated by carrying out 3 experiments under the same conditions.
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 4 Figure 4 -Relationship between the amount of external phenol adsorbed (= total adsorbed phenol minus phenol adsorbed in micropores) and the external surface area of silica-based adsorbents and USY zeolites. Mixture of isooctane and 1wt.% n-nonane in batch reactor.

Figure 5 -

 5 Figure 5 -Relationship between the amount of external phenol (= total adsorbed phenol minus internal phenol) and the amount of silanol groups of silica-based adsorbents and USY zeolites.

Figure 6 -

 6 Figure 6 -Breakthrough curves of the phenol adsorption from isooctane mixture over the different adsorbents (C 0 = 74.4 mmol/L). Between the brackets is given the amount of adsorbed phenol over each adsorbent in mmol/g.

Figure 6

 6 Figure 6 compared the breakthrough curves of the adsorbents for a phenol concentration of 74.4

Figure 7 -

 7 Figure 7 -Amount of adsorbed phenol over two consecutives adsorption cycles. Values in circles correspond to the regeneration percentages between the two adsorption cycles after a desorption step of 4 hours at 423K under Argon flow.

Figure 8 -

 8 Figure 8 -Scheme for phenol adsorption on A) Acidic OH groups of zeolites; B) External silanol groups of silica-based samples and USY zeolites.

Figure 9 -

 9 Figure 9 -Breakthrough curves of phenol/toluene co-adsorption over various adsorbents. Full circle = Phenol; Open circle = toluene. A/D represents the ratio of the areas of adsorbed (A) and displaced (D) toluene (see Supplementary Information Figure SI-5).

2.1 Adsorbents NH 4

  

	2 in the text), known as a
	volatile material due to it very low density, was mixed with water (120% of its total pore volume) and
	then calcined at 673 K to facilitate its use. The alumina and the amorphous silica-alumina (called
	ASA in the text -99.1 wt.% SiO 2 , 0.9 wt.% Al 2 O 3 ) solids were supplied respectively by Sasol and
	Grace Davison. The activated carbon (called AC in the text), used as a reference adsorbent, was
	provided by Norit.

+ Y zeolites with Si/Al ratio of 2.5 and 2.9 were supplied by Union Carbide. Ultra-stable HY (USY) zeolites with various Si/Al ratios

(22, 33, and 40) 

as well as proton exchanged ZSM-5 zeolite (Si/Al = 42) were supplied by Zeolyst International. MCM-41 was prepared following the procedure of Grün et al.

[START_REF] Grün | Novel pathways for the preparation of mesoporous MCM-41 materials: control of porosity and morphology[END_REF]

. Amorphous silica (Aerosil 200 from Degussa, called SiO

Table 1 -Chemical and textural properties of the studied adsorbents.

 1 

	Adsorbents	Si/Al a at. ratio	Surface area (m 2 /g)	External surface area (m 2 /g) e	Pore volume (cm 3 /g) f Total Micro Meso
	HY2.5	2.5	1063 b	49 b	0.39	0.36	0.03
	HY2.9	2.9	897 b	56 b	0.39	0.30	0.09
	USY22	22	932 b	97 b	0.51	0.31	0.20
	USY33	33	928 b	92 b	0.47	0.28	0.19
	USY40	40	937 b	112 b	0.52	0.31	0.21
	ZSM-5	42	458	150	0.28	0.15	0.13
	SiO 2	-	203 c	203	1.13	-	1.13
	ASA	54	352 c	352	1.46	-	1.46
	MCM-41	-	984 d	984	0.65 d	-	0.65 d

a Measured by ICP ; b Determined using Langmuir isotherm ; c Determined using BET nitrogen sorption ; d Determined using -plot

[START_REF] Kruk | Characterization of the Porous Structure of SBA-15[END_REF] 

Table 2 -Amount of silanol groups, zeolitic OH groups and acid sites over the various solids, as determined by IR spectroscopy.

 2 

	Adsorbent	Amount of OH groups (µmol/g)* SiOH Supercage Sodalite cage	Amount of acid sites (µmol/g)* BAS LAS Total
	HY2.5	Ε	1160	2040	1263	22	1285
	HY2.9	Ε	nd	nd	772	109	881
	USY22	1210	45	58	136	189	325
	USY33	1500	30	22	101	62	163
	USY40	1550	22	25	60	17	77

Figure 1 -Region of (OH) bands (3000 -4000 cm -1 ) of the different adsorbents after activation at 623 K under secondary vacuum.

Table 3 -Effect of the pretreatment conditions on the phenol adsorption capacity for the different adsorbents in batch reactor.

 3 

		Amount of adsorbed phenol in batch reactor (mmol/g)
	Adsorbents	No pretreatment	Ex-situ retreatment	In-situ pretreatment
	HY2.5	0.64	1.15	2.18
	USY22	1.35	1.42	1.79
	USY33	1.71	1.90	1.97
	USY40	1.85	1.97	2.07
	MCM-41	3.77	3.74	3.72

Table 4 -Density of "external" phenol on the external surface of USY zeolites.

 4 

	Zeolites	Total phenol (µmol/g)	Internal phenol (µmol/g)	External phenol (µmol/g)	External surface (m 2 /g)	External phenol (molecules/nm 2 )
	USY22	1790	1088	702	97	4.4
	USY33	1970	1174	796	92	5.2
	USY40	2070	1234	836	112	4.5

Table 5 -Comparison between the amounts of phenol adsorbed using retention and breakthrough values for the most promising adsorbents.

 5 

	Adsorbents	Retention values t R (min) Adsorbed phenol (mmol/g)	Breakthrough values t B (min) Adsorbed phenol (mmol/g)
	HY2.9	17.7	2.6	13	1.9
	USY40	13.4	2.0	9	1.3
	MCM-41	18.3	2.7	11	1.6
	AC	21.3	3.2	4	0.6

  ). As shown in FigureSI-4, the amount of residual phenol (non-desorbed phenol species by treatment at 473K) directly depends of the amount of acidic sites of the zeolites (BAS + LAS

			4									
	Amount of adsorbed phenol	(mmol/g)	1 2 3	2.1	0.9	2.6	1.7	2.0 Cycle 1 Cycle 2 2.7 1.9 2.5	1.7	0.5	3.2	2.6
			0									
				HY2.5	HY2.9	USY40	MCM-41	Al2O3	AC
				43%	65%	95%	93%	29%	81%

Table 6 -Amount of adsorbed phenol, measured in the flow reactor, in presence of different concentrations of toluene.

 6 

			Amount of adsorbed phenol (mmol/g)	
	Adsorbents	1% phenol 0% toluene	1% phenol 1% toluene	1% phenol 10% toluene	1% phenol 40% toluene
	HY2.5	2.1	2.0	2.1	2.2
	HY2.9	2.6	2.7	2.6	2.4
	USY40	2.0	1.9	1.7	0.9
	MCM-41	2.7	2.5	2.5	1.0
	AC	3.2	2.7	1.7	0.4
	Al 2 O 3	1.7	1.7	1.6	1.6

Table 7 -Amount of adsorbed phenol over MCM-41 and USY40 in presence of 40 wt.% of toluene or MCH.

 7 

		Amount of adsorbed phenol (mmol/g)	
	Adsorbents	1% phenol 0% toluene	1% phenol 40% toluene	1% phenol 40% MCH
	USY40	2.0	0.9	1.9
	MCM-41	2.7	1.0	2.8
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