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Mimosa tannin has been used to produce two different types of carbons materials: hydrothermal carbon (HTC) on the one hand, and ordered mesoporous carbon (OMC) on the other hand. Both were obtained after pyrolysis at 1173 K, resulting in materials with similar BET areas, close to 580 m 2 /g, but very different pore size distributions (PSDs). HTC was essentially microporous while OMC had a large fraction of mesopores. Tetracycline (TC) adsorption on these carbons was studied at equilibrium but kinetics experiments were also carried out at two different temperatures. The TC adsorption data were fitted by different mathematical, classical models, and new kinetic models were introduced to take into account their very different PSDs. While the two materials presented similar BET areas (A BET ), the OMC had a TC adsorption capacity six times higher than that of the HTC. Adsorption kinetics were also strongly affected by the PSD. The importance of having high accessible pore volumes and not only high surface areas in order to have good performances in TC adsorption has been evidenced not only with our materials but also in the light of the TC adsorption data reported in the open literature. We proved that A BET , while easy to calculate and always reported, is not the best tool to assess the potential suitability of an adsorbent to the removal of aqueous pollutants.

INTRODUCTION

Antibiotics like tetracycline (TC) are frequently used to treat bacterial infections, as food additives, and to keep the control of microbiological growth in industry [START_REF] Han | Effects of tetracycline on growth, oxidative stress response, and metabolite pattern of ryegrass[END_REF]. In fact, TC is one of the most used antibiotics, due its low price and broad spectrum of antimicrobial activity [START_REF] Daghrir | Tetracycline antibiotics in the environment: A review[END_REF].

However, its massive use and inefficient management have led to substantial accumulations in the environment [START_REF] Xia | Effects of tetracycline residuals on humification, microbial profile and antibiotic resistance genes during vermicomposting of dewatered sludge[END_REF]. The main problem lies in the ineffective absorption of TC by the body, which means that 30 to 90% of the ingested TC is evacuated and ends up in wastewater, which traditional treatments fail to eliminate [START_REF] Daghrir | Tetracycline antibiotics in the environment: A review[END_REF][START_REF] Kay | Transport of veterinary antibiotics in overland flow following the application of slurry to arable land[END_REF][START_REF] Wang | Evolution of microbial community and drug resistance during enrichment of tetracycline-degrading bacteria[END_REF]. As a consequence, antibiotics such as TC are found in water bodies, which is dangerous because they are designed to have a biological effect but also because their presence could increase the number of bacteria resistant to antibiotics [START_REF] Baquero | Antibiotics and antibiotic resistance in water environments[END_REF][START_REF] Atoyan | Effects of tetracycline on antibiotic resistance and removal of fecal indicator bacteria in aerated and unaerated leachfield mesocosms[END_REF].

Several methods are applied to treat wastewater and remove antibiotics residues, such as ozonation [START_REF] Wang | In-situ sludge ozone-reduction process for effective removal of fluoroquinolone antibiotics in wastewater treatment plants[END_REF][START_REF] Iakovides | Continuous ozonation of urban wastewater: Removal of antibiotics, antibiotic-resistant Escherichia coli and antibiotic resistance genes and phytotoxicity[END_REF], electrocoagulation [START_REF] Baran | Removal of veterinary antibiotics from wastewater by electrocoagulation[END_REF][START_REF] Ahmadzadeh | Removal of ciprofloxacin from hospital wastewater using electrocoagulation technique by aluminum electrode: Optimization and modelling through response surface methodology[END_REF], biodegradation [START_REF] Leng | Use of microalgae based technology for the removal of antibiotics from wastewater: A review[END_REF][START_REF] Cha | Biodegradation of veterinary antibiotics in lagoon waters[END_REF], membrane separation [START_REF] Pan | Separation of tetracycline from wastewater using forward osmosis process with thin film composite membrane -Implications for antibiotics recovery[END_REF][START_REF] Lan | High removal efficiency of antibiotic resistance genes in swine wastewater via nanofiltration and reverse osmosis processes[END_REF], advanced oxidation process [START_REF] Rizzo | Tertiary treatment of urban wastewater by solar and UV-C driven advanced oxidation with peracetic acid: Effect on contaminants of emerging concern and antibiotic resistance[END_REF][START_REF] Michael | Solar photo-Fenton oxidation followed by adsorption on activated carbon for the minimisation of antibiotic resistance determinants and toxicity present in urban wastewater[END_REF] and adsorption [START_REF] Peng | Amine-functionalized magnetic bamboobased activated carbon adsorptive removal of ciprofloxacin and norfloxacin: A batch and fixed-bed column study[END_REF][START_REF] Staudt | Ciprofloxacin desorption from gel type ion exchange resin: Desorption modeling in batch system and fixed bed column[END_REF][START_REF] Wang | Core-shell TiO2@C ultralong nanotubes with enhanced adsorption of antibiotics[END_REF]. Adsorption is a very competitive process that allows pharmaceutical compounds removal from aqueous solutions due to its ease of use and low cost compared to other methods [START_REF] Xiong | Adsorption of tetracycline antibiotics from aqueous solutions on nanocomposite multi-walled carbon nanotube functionalized MIL-53(Fe) as new adsorbent[END_REF]. Nevertheless, in the adsorption process, the critical parameter that makes it work well or not is the selection of the adsorbent [START_REF] Kyzas | New approaches on the removal of pharmaceuticals from wastewaters with adsorbent materials[END_REF]. In this way, several adsorbents have been applied for the removal of pharmaceutical compounds, such as zeolites [START_REF] De Sousa | Equilibrium and kinetic studies of the adsorption of antibiotics from aqueous solutions onto powdered zeolites[END_REF], metal organic frameworks (MOFs) [START_REF] Li | Simultaneous removal of tetracycline and oxytetracycline antibiotics from wastewater using a ZIF-8 metal organic-framework[END_REF] and activated carbons [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF]. The latter are porous materials with highly developed pore texture, large surface areas and a broad variety of functional groups [START_REF] Querejeta | Measuring heat capacity of activated carbons for CO2 capture[END_REF][START_REF] Yu | Adsorptive removal of antibiotics from aqueous solution using carbon materials[END_REF]. Biomass such as algae [START_REF] Afshin | Data of adsorption of Basic Blue 41 dye from aqueous solutions by activated carbon prepared from filamentous algae[END_REF], rice crops byproducts [START_REF] Schaefer | Rice straw-based activated carbons doped with SiC for enhanced hydrogen adsorption[END_REF][START_REF] Basta | 2-Steps KOH activation of rice straw: An efficient method for preparing high-performance activated carbons[END_REF][START_REF] Fierro | Rice straw as precursor of activated carbons: Activation with ortho-phosphoric acid[END_REF][START_REF] Basta | Effect of deashing rice straws on their derived activated carbons produced by phosphoric acid activation[END_REF], lignin [START_REF] Xiang | Carbon-based materials as adsorbent for antibiotics removal: Mechanisms and influencing factors[END_REF], and others [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF][START_REF] Negara | Nanopore structures, surface morphology, and adsorption capacity of tabah bamboo-activated carbons[END_REF][START_REF] Pessôa | Açaí waste beneficing by gasification process and its employment in the treatment of synthetic and raw textile wastewater[END_REF][START_REF] Zhou | Persulfate activation by swine bone char-derived hierarchical porous carbon: Multiple mechanism system for organic pollutant degradation in aqueous media[END_REF][START_REF] Jeder | The severity factor as a useful tool for producing hydrochars and derived carbon materials[END_REF] have been used as adsorbents to prevent water contamination from various types of pharmaceutical and personal care products (PPCPs). Activated carbons can be produced by "physical" or "chemical" routes, both methods increasing the surface area but requiring either a second step of activation after pyrolysis (for physical activation) or extensive washing (for chemical activation).

Different methodologies, such as hydrothermal carbonisation or templating have been implemented to increase the heteroatoms content or the mesopore volume, respectively.

Hydrothermal carbonisation implies the treatment of precursors in aqueous solution at moderates temperatures and under self-generated pressures [START_REF] Braghiroli | Kinetics of the hydrothermal treatment of tannin for producing carbonaceous microspheres[END_REF][START_REF] Braghiroli | Hydrothermal carbons produced from tannin by modification of the reaction medium: Addition of H + and Ag +[END_REF]. Soft-templating [START_REF] Khan | Soft-template carbonization approach of MOF-5 to mesoporous carbon nanospheres as excellent electrode materials for supercapacitor[END_REF] and hard-templating [START_REF] Chen | Structure and electrochemical performance of nitrogen-containing nanoporous carbon from diphenylcarbazide via a template carbonization route[END_REF][START_REF] Tang | ZIF-8-derived hollow carbon for efficient adsorption of antibiotics[END_REF] allow the production of micro-mesoporous carbons after pyrolysis of a mesophase or a composite, respectively. In the case of hard-templating, the resultant carbon is a negative replica of the template. In the case of soft-templating, an amphiphilic surfactant, usually a triblock copolymer, is used in solution to form micelles that act as porogen in the carbon precursor. A subsequent pyrolysis then eliminates the surfactant, producing mesoporosity in the final carbon material. Soft-templating became popular because it is a less expensive, simpler and greener method than hard-templating [START_REF] Hu | Magnetic ordered mesoporous carbon materials for adsorption of minocycline from aqueous solution: Preparation, characterization and adsorption mechanism[END_REF], for which silica or zeolite is used as a template and must be removed after pyrolysis, using hazardous chemicals such as HF [START_REF] Benzigar | Recent advances in functionalized micro and mesoporous carbon materials: Synthesis and applications[END_REF].

Due to the low cost and high availability of carbon precursors, the application of porous carbon materials to clean water streams containing TC has increased. The affinity of carbon materials produced from several precursors and different methodologies have been tested. Some biochars produced from ground coffee [START_REF] Nguyen | Influence of pyrolysis temperature on polycyclic aromatic hydrocarbons production and tetracycline adsorption behavior of biochar derived from spent coffee ground[END_REF], loblolly pine [START_REF] Jang | Adsorption isotherm, kinetic modeling and mechanism of tetracycline on Pinus taeda-derived activated biochar[END_REF] and others [START_REF] Wei | High-efficiency adsorption of tetracycline by the prepared waste collagen fiber-derived porous biochar[END_REF][START_REF] Zhu | Thermal treatment of biochar in the air/nitrogen atmosphere for developed mesoporosity and enhanced adsorption to tetracycline[END_REF] have shown TC adsorption capacities up to 593 mg g -1 . Hydrothermal carbons produced by different precursors (e.g. American agave [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF], orange peels [START_REF] Fernandez | Development and characterization of activated hydrochars from orange peels as potential adsorbents for emerging organic contaminants[END_REF] and others biomass [START_REF] Zhu | A novel porous carbon derived from hydrothermal carbon for efficient adsorption of tetracycline[END_REF][START_REF] Antero | A new approach to obtain mesoporous-activated carbon via hydrothermal carbonization of Brazilian Cerrado biomass combined with physical activation for bisphenol-A removal[END_REF]), and templated carbon materials produced from various templates (e.g. silicas [START_REF] Ji | Adsorption of pharmaceutical antibiotics on template-synthesized ordered micro-and mesoporous carbons[END_REF][START_REF] Sui | Rapid removal of bisphenol A on highly ordered mesoporous carbon[END_REF], zeolites [START_REF] González-Ramos | A hierarchical porous carbon -Mn+[FAU] (Mn+ = Ni2+ or Cu2+) adsorbent: Synthesis, characterization and adsorption of salicylic acid from water[END_REF] and MOFs [START_REF] Bhadra | Adsorptive removal of ibuprofen and diclofenac from water using metal-organic framework-derived porous carbon[END_REF]) have been used to eliminate PPCPs. Some of these carbon materials [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF] exhibited tetracycline adsorption capacities above 50 mg g -1 .

Tannins are traditionally used in several industrial domains (e.g. leather [START_REF] Sreeram | Sustaining tanning process through conservation, recovery and better utilization of chromium[END_REF], food [START_REF]The Use of Plant Antimicrobial Compounds for Food Preservation[END_REF][START_REF] Rescigno | Protective and Restorative Effects of Nutrients and Phytochemicals[END_REF], medicine [START_REF] Yang | Composition and biological activities of hydrolyzable tannins of fruits of phyllanthus emblica[END_REF][START_REF] Vu | Antibacterial activity of tannins isolated from Sapium baccatum extract and use for control of tomato bacterial wilt[END_REF] and others [START_REF] Harbertson | Impact of exogenous tannin additions on wine chemistry and wine sensory character[END_REF][START_REF] Sánchez-Martín | Surface water and wastewater treatment using a new tannin-based coagulant. Pilot plant trials[END_REF]). However, in recent years, their use has been extended to the manufacture of environment-friendly products (e.g. resins [START_REF] Li | Novel wood adhesives from condensed tannins and polyethylenimine[END_REF][START_REF] Pizzl | Condensed tannins for adhesives[END_REF][START_REF] Sealy-Fisher | Increased pine tannins extraction and wood adhesives development by phlobaphenes minimization[END_REF], foams [START_REF] Nie | Comparison of water scrubbing and propylene carbonate absorption for biogas upgrading process[END_REF][START_REF] Marie | First approach for modelling the physical foaming of tannin-based thermoset foams[END_REF][START_REF] Marie | Experimental investigation of the physical foaming of tannin-based thermoset foams[END_REF][START_REF] Tondi | Tannin-based carbon foams[END_REF] and others [START_REF] Amaral-Labat | Pore structure and electrochemical performances of tannin-based carbon cryogels[END_REF][START_REF] Beltrán-Heredia | Natural adsorbents derived from tannin extracts for pharmaceutical removal in water[END_REF][START_REF] Rey-Raap | Towards a feasible and scalable production of bio-xerogels[END_REF]). They have also been applied to the production of ordered mesoporous carbons (OMCs) and hydrothermal carbons (HTCs) [START_REF] Braghiroli | Nitrogen-doped carbon materials produced from hydrothermally treated tannin[END_REF], because the tannins in question here are essentially based on flavonoid-type polyphenols, which have a good carbon yield after crosslinking [START_REF] Castro-Gutiérrez | High-Rate Capability of Supercapacitors Based on Tannin-Derived Ordered Mesoporous Carbons[END_REF] and are easy to enrich with nitrogen [START_REF] Braghiroli | High surface -Highly N-doped carbons from hydrothermally treated tannin[END_REF]. Mimosa tannins (MT) in particular have been used as precursors of OMCs and HTCs for several applications (e.g. supercapacitors [START_REF] Castro-Gutiérrez | High-Rate Capability of Supercapacitors Based on Tannin-Derived Ordered Mesoporous Carbons[END_REF][START_REF] Braghiroli | Hydrothermally treated aminated tannin as precursor of N-doped carbon gels for supercapacitors[END_REF][START_REF] Braghiroli | Electrochemical performances of hydrothermal tannin-based carbons doped with nitrogen[END_REF][START_REF] Sanchez-Sanchez | Ordered mesoporous carbons obtained by soft-templating of tannin in mild conditions[END_REF] , and adsorbents [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF]).

Mathematical modelling is a relevant tool to evaluate the adsorption efficiency and to determine which phenomena play a role in the adsorption process [START_REF] Yao | A new simplified method for estimating film mass transfer and surface diffusion coefficients from batch adsorption kinetic data[END_REF]. Thus, depending on the adsorbent characteristics (e.g. presence or absence of a hierarchical structure) or the process conditions (e.g. temperature and stirring speed), the kinetics of the process can be controlled by one or more phenomena simultaneously [START_REF] Sausen | Efficiency maximization of fixed-bed adsorption by applying hybrid statistical-phenomenological modeling[END_REF]. In the literature, there are different models that consider a single phenomenon acting during adsorption (e.g. pseudo first [START_REF] Lagergren | Zur theorie der sogenannten adsorption geloster stoffe[END_REF] or second order [START_REF] Ho | Pseudo-second order model for sorption process[END_REF]), or two phenomena occurring in series (e.g dual resistance models [START_REF] Staudt | Ciprofloxacin desorption from gel type ion exchange resin: Desorption modeling in batch system and fixed bed column[END_REF]).

However, there is a lack of models that consider the existence of different phenomena acting simultaneously in a parallel way.

The present study aimed at comparing two different carbon materials produced from mimosa tannins (MT), obtained by a first step of either hydrothermal treatment or softtemplating, and followed by pyrolysis. No additional activation step has been applied. The resultant textural and chemical proprieties of both kinds of adsorbents were very different, and they have been studied to understand their performance in the adsorption of TC.

Depending of the material, the kinetics of TC adsorption were adequately predicted taking into account the diffusion resistance in micropores or a combined diffusion resistance in micropores and mesopores.

MATERIAL AND METHODS

Materials preparation

Two kinds of carbon materials were prepared using mimosa tannin (MT) as carbon precursor by applying hydrothermal carbonisation or soft-templating followed by pyrolysis.

The production methodologies of hydrothermal carbons (HTCs) were explained in detail by Braghiroli et al [START_REF] Braghiroli | High surface -Highly N-doped carbons from hydrothermally treated tannin[END_REF] (see Fig. 1). In short, 4g of MT were dissolved in 40 mL of water. The solution was poured in a Teflon-lined autoclave, which was hermetically closed and placed in an oven at 453 K for 24 h. The recovered hydrochar was submitted to pyrolysis at 1173 K under nitrogen atmosphere, using a constant heating rate of 1 K min -1 up to the final temperature, which was held for 1 hour. Finally, the sample was cooled under nitrogen atmosphere.

Soft templating was performed using the surfactant Pluronic PE 6800® as pore-directing agent. The method is similar to that reported by Sanchez-Sanchez et al [START_REF] Sanchez-Sanchez | Ordered mesoporous carbons obtained by soft-templating of tannin in mild conditions[END_REF] (see Fig. 1). In short, 4g of MT were dissolved in 16 mL of water and 4g of Pluronic PE 6800® were dissolved in other 16 mL of water. The two solutions were then poured together in a glass vial and placed in a thermostatic bath at 303 K for 3 h. After this time, phase separation occurred.

The supernatant was separated and eliminated, and the solid fraction was dried in an oven at 333 K for 12 h, before subjecting it to pyrolysis. The mesophase was heated at 1 K min -1 until 673 K, a temperature maintained for 4 h, followed by a second ramp of 2 K min -1 until 1173 K, maintained for 1 h. Heating, pyrolysis and cooling were carried out under nitrogen atmosphere. 

Materials characterisation

The elemental composition of the HTC and OMC materials in terms of hydrogen, carbon, oxygen, nitrogen and sulphur contents (wt. %) was determined using a CHONS elemental analyser (Vario EL Cube, Elementar). Infrared spectra were obtained in the range of wavenumbers 600-4000 cm -1 using a Fourier-Transform Infrared (FTIR) spectrometer (Frontier Spotlight 400, Perkin-Elmer).

Small-angle X-ray diffraction (XRD) patterns were recorded with a Panalytical X'Pert Pro diffractometer. The latter was equipped with a Cu (K α radiation) anticathode and a high-speed multichannel X'Celerator detector (scanning range 2 = 0.4  4°; step size = 0.01671°; time per step size = 1.26 s), and was used in Bragg-Brentano configuration in reflection mode. The interplanar distance, d 100 (nm), was calculated by applying Eq. ( 1): [START_REF] Han | Effects of tetracycline on growth, oxidative stress response, and metabolite pattern of ryegrass[END_REF] where n is a positive integer (we assume n = 1), λ is the wavelength (0.15418 nm) of the incident radiation, and θ is the Bragg angle.

The unit cell parameter (a, nm) of the carbon mesostructure was calculated by applying Eq.

(2):

(2) where d 100 (nm) is the interplanar spacing obtained from XRD patterns.

The pH at which the net surface charge is zero, called point of zero charge (pH PZC ), is affected by the nature and amount of functional groups existing on the surface of the materials. Six 0.1 mol L -1 aqueous solutions of NaNO 3 were prepared and the pH was adjusted using either NaOH or HCl to values ranging from 2 and 12 by steps of two pH units. In each solution, 25 mg of carbon were added and left under stirring for 24 h to obtain the pH at equilibrium. The latter was measured and the difference between its value and the initial one was plotted against the initial pH. The pH at which the curve goes through zero was taken as the pH PZC [START_REF] Carrott | Thermal treatments of activated carbon fibres using a microwave furnace[END_REF].

The textural properties of the two carbons were determined by adsorption of nitrogen and carbon dioxide at 77 K and 273 K, respectively, using ASAP 2020 and ASAP 2040 automatic adsorption devices (Micromeritics), respectively. The BET area, A BET (m 2 g -1 ), was calculated by applying the BET (Brunauer-Emmet-Teller) method [START_REF] Brunauer | Adsorption of Gases in Multimolecular Layers[END_REF]. All the calculations were done with the MicroActive® software provided by Micromeritics. The pore size distribution (PSD) was determined by applying the non-local density functional theory (NLDFT), combining both N 2 and CO 2 adsorption isotherms by the SAIEUS® software provided by Micromeritics.

We applied the 2D version of this theory, which takes into account heterogeneous surface (2D_NLDFT-HS) [START_REF] Jagiello | Dual gas analysis of microporous carbons using 2D-NLDFT heterogeneous surface model and combined adsorption data of N2 and CO2[END_REF][START_REF] Jagiello | Enhanced resolution of ultra micropore size determination of biochars and activated carbons by dual gas analysis using N2 and CO2 with 2D-NLDFT adsorption models[END_REF]. The PSD results were used to calculate the following parameters: the specific surface area, S NLDFT (m 2 g -1 ); the total pore volume V T (cm 3 g -1 ); volume and surface area of ultramicropores (pore size below 0.7 nm), V uµ (cm 3 g -1 ) and S uµ (m 2 g -1 ), respectively; volume and surface area of supermicropores (pore size between 0.7 and 2 nm) summing the super-and ultra-micropore volumes and areas), V µ (cm 3 g -1 ) and S µ (m 2 g -1 ), respectively; and surface area of mesopores (by subtracting the micropore area from S NLDFT ), S m (m 2 g -1 ).

The kinetics and equilibrium studies of tetracycline adsorption (CAS 60-54-8, 98% pure, provided by Sigma Aldrich) were carried out in a batch system. The adsorption isotherms, at 288 and 308 K, were done as follow: 25 mL of tetracycline (TC) solutions at concentrations ranging from 10 to 500 mg L -1 , at pH 6, were brought into contact with 25 mg of carbon in a tightly closed flask under stirring for 24 h. The adsorption kinetics were determined at 288 and 308 K using 25 mg of carbon and 25 mL of TC solution at a concentration of 500 mg L -1 , at pH 6. Eight data points of concentration as a function of contact time were recorded, the contact time varying between 15 min and 24 h.

The TC concentrations of the solutions were measured, after filtration with a Nylon® membrane with a pore diameter of 0.25 µm, by UV-vis spectrometry at a wavelength of 358 nm (Lambda 35 Perkin Elmer).

Mathematical modelling of TC adsorption

Adsorption kinetics

The pseudo-first order (PFO) kinetics model was first proposed by Lagergren [START_REF] Lagergren | Zur theorie der sogenannten adsorption geloster stoffe[END_REF] and is generally applied to liquid-phase adsorption [START_REF] Ma | Enhanced adsorption for the removal of antibiotics by carbon nanotubes/graphene oxide/sodium alginate triple-network nanocomposite hydrogels in aqueous solutions[END_REF]. The PFO model is represented by the following equation:

(3) where q t and q eq (mg g -1 ) are the amounts adsorbed at time t and at equilibrium, respectively, and k 1 (h -1 ) is the PFO constant.

The pseudo-second order (PSO) kinetics model is also largely used to describe adsorption in the liquid phase [START_REF] Ma | Enhanced adsorption for the removal of antibiotics by carbon nanotubes/graphene oxide/sodium alginate triple-network nanocomposite hydrogels in aqueous solutions[END_REF]. This model was first proposed by Ho and McKay [START_REF] Ho | Pseudo-second order model for sorption process[END_REF]. The PSO model is described by the following equation: [START_REF] Kay | Transport of veterinary antibiotics in overland flow following the application of slurry to arable land[END_REF] where k 2 (g mg -1 h -1 ) is the PSO rate constant.

The dual resistance model (DRM) considers that resistance to external mass transfer and intraparticle diffusion simultaneously affect the adsorption kinetics. The resistance to external mass transfer is generally associated with the existence of a layer of fluid around the adsorbent, which could be represented as a liquid film where the solute diffuses from the solution (C t , mg L -1 ) to the adsorbent surface (where the local concentration is C s , mg L -1 ).

Mathematically, this can be represented by a linear expression where the driving force is the solute concentration gradient (C t -C s ), according to: [START_REF] Wang | Evolution of microbial community and drug resistance during enrichment of tetracycline-degrading bacteria[END_REF] where k F (L g -1 h -1 ) is the coefficient of mass transfer in the liquid film between the boundary layer and the adsorbent surface.

The intraparticle diffusion of TC in the carbon micropores was evaluated by a linear approximation of Fick's law by applying the following equation: [START_REF] Baquero | Antibiotics and antibiotic resistance in water environments[END_REF] where Dif (h -1 ) is the coefficient of volumetric TC diffusivity in the carbon micropores and q iso (mg g -1 ) is the equilibrium uptake predicted by the isotherm.

To take into account the existence of a hierarchical porosity, we proposed to evaluate the contribution of the mass transfer for each class of porosity. Therefore, a mathematical expression for the combined intraparticle diffusion, in which the PSD is taken in account, was proposed as follows: [START_REF] Atoyan | Effects of tetracycline on antibiotic resistance and removal of fecal indicator bacteria in aerated and unaerated leachfield mesocosms[END_REF] where N is the number of peaks found in the PSD, Dif i (h -1 ) is the average diffusivity of the pores at the peak i, S i and S T (m 2 g -1 ) are respectively the area corresponding to the porosity of each peak i and the total surface area accessible to the TC molecules.

Since the models have different numbers of adjustable parameters, the adjusted coefficient of determination was applied to evaluate the performance of each kinetic model. The adjusted coefficient of determination is mathematical related to the traditional R 2 by the following equation [START_REF] Miles | Adjusted R Squared[END_REF]: [START_REF] Wang | In-situ sludge ozone-reduction process for effective removal of fluoroquinolone antibiotics in wastewater treatment plants[END_REF] where R 2 is the traditional coefficient of determination, and n dat and n p are respectively the numbers of experimental points and adjustable parameters.

Adsorption isotherms

Herein, we applied three isotherm adsorption models: Langmuir, Freundlich and Temkin.

Langmuir's model [START_REF] Langmuir | The constitution and fundamental properties of solids and liquids. Part I. Solids[END_REF] is mathematically represented by: [START_REF] Iakovides | Continuous ozonation of urban wastewater: Removal of antibiotics, antibiotic-resistant Escherichia coli and antibiotic resistance genes and phytotoxicity[END_REF] where C eq (mg L -1 ) is the liquid phase concentration at equilibrium, q m (mg g -1 ) is the maximum monolayer adsorption capacity and b L (L mg -1 ) is the Langmuir parameter, related to the free energy of adsorption.

The Freundlich model is mathematically represented by: [START_REF] Baran | Removal of veterinary antibiotics from wastewater by electrocoagulation[END_REF] where K F (mg 1-1/n L 1/n g -1 ) and n F (dimensionless) are the parameters of the Freundlich model related to the adsorption capacity and adsorption intensity, respectively. In addition, the parameter 1/n F defines if the isotherm is favourable and reversible (values between 0.1 and 1), unfavourable (values above 1.0) or irreversible (values below 0.1) [START_REF] Zhou | Modification of biochar derived from sawdust and its application in removal of tetracycline and copper from aqueous solution: Adsorption mechanism and modelling[END_REF][START_REF] Saadi | Monolayer and multilayer adsorption isotherm models for sorption from aqueous media[END_REF].

The Temkin model considers that the heat of adsorption decreases when the coverage fraction increases, due to the adsorbate-adsorbent interaction [START_REF] Ayawei | Modelling and Interpretation of Adsorption Isotherms[END_REF]. The Temkin [START_REF] Temkin | Kinetics of Ammonia Synthesis on Promoted Iron[END_REF] models is represented by: [START_REF] Ahmadzadeh | Removal of ciprofloxacin from hospital wastewater using electrocoagulation technique by aluminum electrode: Optimization and modelling through response surface methodology[END_REF] where K T (L mg -1 ) is the Temkin isotherm constant and B (mg g -1 ) is the constant related to the heat of adsorption. Usually, B has a positive value, which is indicative of the endothermic character of adsorption in the liquid phase.

The fits of the models to the experimental data were carried out employing as an objective function the sum of the squared errors, Eq. ( 12), and applying the Nelder-Mead [START_REF] Nelder | A simplex method for function minimization[END_REF] method available in the Maple® software. [START_REF] Leng | Use of microalgae based technology for the removal of antibiotics from wastewater: A review[END_REF] where F OBJ is the objective function value, n dat is again the number of experimental points and Y i,exp and Y i,mod are the experimental and predicted values for the experimental point i, respectively.

RESULTS AND DISCUSSION

Materials composition, structural and textural properties

Table 1 shows the elemental composition of raw mimosa tannin (MT) and the two carbon materials derived from MT. The C, H, O and N contents of the latter are close to those already reported in previous studies [START_REF] Braghiroli | Hydrothermal carbons produced from tannin by modification of the reaction medium: Addition of H + and Ag +[END_REF][START_REF] Zhu | Thermal treatment of biochar in the air/nitrogen atmosphere for developed mesoporosity and enhanced adsorption to tetracycline[END_REF][START_REF] Braghiroli | Nitrogen-doped carbon materials produced from hydrothermally treated tannin[END_REF][START_REF] Chang | Enhanced cyclic CO2/N2 separation performance stability on chemically modified N-doped ordered mesoporous carbon[END_REF]. Moreover, the ultimate analysis of MT is also in good agreement with the elemental composition of the main flavonoid unit contained in mimosa tannin (Fig. 2). After pyrolysis, there is a carbon enrichment due to heteroatoms evolution by dehydration [START_REF] Schaefer | Assessment of hydrogen storage in activated carbons produced from hydrothermally treated organic materials[END_REF], crosslinking and aromatisation reactions, producing tars and gases [START_REF] Ahmed | Adsorption of quinolone, tetracycline, and penicillin antibiotics from aqueous solution using activated carbons: Review[END_REF]. The oxygen content of the carbon produced after hydrothermal treatment (HTC), 11.90 wt.%, is much higher than that of the carbon produced by soft templating (OMC), 3.45 wt.%. This high oxygen content in HTC might lead to a decrease in the TC adsorption capacity [START_REF] Rivera-Utrilla | Tetracycline removal from water by adsorption/bioadsorption on activated carbons and sludge-derived adsorbents[END_REF], since the oxygen content is correlated with the decrease in electron-rich sites in the carbon sheets of the adsorbent, which have high affinity for aromatic compounds [START_REF] Leon Y Leon | Evidence for the protonation of basal plane sites on carbon[END_REF]. Both carbons show low H, N and S contents, all less than 1.00 wt. %, although HTC has a higher amount of heteroatoms. The values of pH PZC of HTC and OMC are very similar, 7.0 and 6.6, respectively. At pH below pH PZC , the surface is positively charged due to an excess of H + ions, and on the contrary, at pH above pH PZC , the surface of the carbon is negatively charged due to an excess of OH -ions.

By analysing the results of pH PZC (Fig. 4.c) with the TC speciation diagram (Fig. 4.d), it is possible to identify a narrow region where there are differences in charges between the adsorbate and the adsorbent surface. Due to this, the electrostatic interaction and the hydrogen bonds should not have a significant influence on the adsorption mechanism. Therefore, the ππ electron donor-acceptor interaction between the polarised aromatic rings on the carbon surface and the TC molecule remains the main explanation for the adsorption mechanism [START_REF] Rivera-Utrilla | Tetracycline removal from water by adsorption/bioadsorption on activated carbons and sludge-derived adsorbents[END_REF][START_REF] Yang | Adsorption interaction of tetracyclines with porous synthetic resins[END_REF][START_REF] Liao | Adsorption of tetracycline and chloramphenicol in aqueous solutions by bamboo charcoal: A batch and fixed-bed column study[END_REF]. nm. OMC presents a tri-modal PSD, with contributions to the cumulated S NLDFT of 79, 7 and 13% for pore diameters narrower than 0.9 nm, between 0.9 and 2.4 nm, and wider than 2.4 nm, respectively (see again Fig. 5.d). Similar results have been reported in the literature for other hydrothermal carbons [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF][START_REF] Shi | Activated Carbons Derived from Hydrothermally Carbonized Sucrose: Remarkable Adsorbents for Adsorptive Desulfurization[END_REF] and other ordered mesoporous carbons [START_REF] Wu | Preparation of activated ordered mesoporous carbons with a channel structure[END_REF][START_REF] Wang | Ammonia-treated ordered mesoporous carbons as catalytic materials for oxygen reduction reaction[END_REF][START_REF] Castro-Muñiz | Ordered mesoporous carbons obtained from low-value coal tar products for electrochemical energy storage and water remediation[END_REF]. Table 2 shows the textural properties of HTC and OMC. Both carbons have close values of A BET , but HTC has a higher S NLDFT , 955 m 2 g -1 compared to 792 m 2 g -1 for OMC. This is due to the micropore content of HTC, 0.27 cm 3 g -1 (100% of the total pore volume V T ), higher than that of OMC, 0.20 cm 3 g -1 (44% of V T ), whereas the average micropore size remains the same for both HTC and OMC: 0.6 nm. Nevertheless, OMC presents a pore volume almost twice that of HTC, which is mainly due to mesopores, which represent 56.5% of V T . The surface area due to mesopores in the OMC is, however, only 113 m 2 g -1 .

Table 2. Textural properties of the carbon materials.

Material A BET (m 2 g -1 )
S NLDFT (m 2 g -1 )

S m * (m 2 g -1 ) S µ * (m 2 g -1 )
S sµ * (m 2 g -1 )

S uµ * (m 2 g -1 )
V T (cm 3 g -1 )

V meso * (cm 3 g -1 )

V µ * (cm 3 g -1 )

V sµ * (cm 3 g -1 )

V uµ * (cm * The percentages given in brackets correspond to the contributions of the various pore volumes and surfaces to the total pore volume and surface, respectively V T and S NLDFT .

Tetracycline adsorption

Fig. 6 shows the TC adsorption isotherms at two different temperatures, 288 K and 308 K, together with the fits using Langmuir, Freundlich and Temkin adsorption models. The TC adsorption capacity increases with temperature for both carbons. We can also observe that the Freundlich model fits better the TC adsorption isotherms of OMC while the Langmuir model fits better those of HTC. This might be due to the fact that the experimental TC isotherms on HTC and the OMC are type I(a) and mixed types Ia and II, respectively [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF].

Table 3 shows the isotherm parameters obtained and the determination coefficients obtained by fitting the models to the experimental data. The TC adsorption capacities of OMC are around 6 times higher than those of HTC. This behaviour cannot be attributed to the surface chemistry, which is quite similar as indicated above, nor to A BET or S NLDFT . The only significant difference between the two carbon materials is their mesopore volume.

Table 3. Estimated parameter values from the fits of the TC isotherms.

T (K)

Langmuir Freundlich Temkin

q m (mg g -1 )
b As expected for liquid-phase adsorption, the Langmuir monolayer adsorption capacity (q m ) increases with temperature, whereas the adsorption constant (b) decreases. The 1/n parameter of the Freundlich model was in all cases in the range corresponding to the favourable and reversible isotherm (0.1 < 1/n < 1.0). The parameter B of the Temkim isotherm model increases with the temperature according to the mathematical relationship [START_REF] Şeker | Equilibrium, thermodynamic and kinetic studies for the biosorption of aqueous lead(II), cadmium(II) and nickel(II) ions on Spirulina platensis[END_REF],

(L mg -1 ) R 2 K F (mg 1-1/n L
where b T is a factor related to adsorbent-adsorbate interactions. The Temkim adsorption constant (K T ) follows the same temperature behaviour as that of Langmuir. Fig. 7 shows the maximum TC adsorption capacities obtained in this study as well as those reported in the literature for other carbons [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF][START_REF] Jang | Adsorption isotherm, kinetic modeling and mechanism of tetracycline on Pinus taeda-derived activated biochar[END_REF][START_REF] Zhu | Thermal treatment of biochar in the air/nitrogen atmosphere for developed mesoporosity and enhanced adsorption to tetracycline[END_REF][START_REF] Rivera-Utrilla | Tetracycline removal from water by adsorption/bioadsorption on activated carbons and sludge-derived adsorbents[END_REF][START_REF] Álvarez-Torrellas | Removal of antibiotic compounds by adsorption using glycerol-based carbon materials[END_REF][START_REF] Kong | Enhanced tetracycline adsorption using alginategraphene-ZIF67 aerogel, Colloids Surfaces A Physicochem[END_REF][START_REF] Liao | Adsorption of tetracycline and chloramphenicol in aqueous solutions by bamboo charcoal: A batch and fixed-bed column study[END_REF][START_REF] Marzbali | Tetracycline adsorption by H3PO4-activated carbon produced from apricot nut shells: A batch study[END_REF][START_REF] Liu | A novel Biochar modified by Chitosan-Fe/S for tetracycline adsorption and studies on site energy distribution[END_REF][START_REF] Yang | Ultrahigh adsorption of tetracycline on willow branche-derived porous carbons with tunable pore structure: Isotherm, kinetics, thermodynamic and new mechanism study[END_REF][START_REF] Acosta | Tetracycline adsorption onto activated carbons produced by KOH activation of tyre pyrolysis char[END_REF][START_REF] Huang | Characterization of Activated Carbon Fiber by Microwave Heating and the Adsorption of Tetracycline Antibiotics[END_REF][START_REF] Yang | Batch interaction of emerging tetracycline contaminant with novel phosphoric acid activated corn straw porous carbon: Adsorption rate and nature of mechanism[END_REF], as a function of either A BET or V T . The determination coefficient when using A BET is much lower, R 2 = 0.60, than that obtained when using V T , R 2 = 0.82. This poor relationship with A BET is because the value of A BET mainly corresponds to the contribution of micropores (pore diameter < 2 nm), which sometimes are not fully accessible to the TC molecules. Moreover, as shown in Fig. 4.b, the size of the TC molecule varies from 0.38 to1.2 nm, depending on its orientation. The better correlation of q m with V T could be related to the fact that mesopores and macropores, which are fully accessible to the TC molecule, have a higher impact on the value of V T . Event like that, the correlation between q m and V T is not excellent. A much better correlation should be obtained using the mesopore volumes instead of V T . Unfortunately, these data are not always available in the open literature. Fig. 8 shows the TC uptake at 288 K and 308 K for the two carbon adsorbents as a function of time. The equilibrium was reached after 9 h for both HTC and OMC. The TC adsorption kinetics on HTC is adequately fitted by the PFO kinetic model. However, the behaviour of TC adsorption kinetics on the OMC is somewhat different but in a good agreement with the results already reported in a previous study [START_REF] Álvarez-Torrellas | Removal of antibiotic compounds by adsorption using glycerol-based carbon materials[END_REF], where the adsorption of TC on a mesoporous carbon was studied. Taking into account the existence of three different diffusion rates controlling the adsorption kinetics in the OMC, i.e., applying Eq. ( 7) with N = 3 and assuming that the mass transfer at the mesoporous peak is only governed by external diffusion, the kinetic model proposed takes the form of a Triple Dual Resistance Model (TDRM). This model was able to describe the experimental data with a good accuracy (R 2 > 0.99) for both temperatures, see below. Table 5 shows the parameters obtained by taking into account the contribution of each range of porosity. The traditional dual resistance model (DRM), described by equations ( 5) and ( 6), is better adapted to the TC adsorption data on HTC than other conventional models (PFO, PSO) are. However, a triple dual resistance model becomes a better alternative for describing the TC adsorption kinetics on OMC. The TDRM allowed us estimating the surface area accessible in the OMC (see Table 5), and the exclusion pore size diameter, i.e., the pore diameter below which the TC molecule cannot access. Such exclusion diameter was calculated from the accessible surface area and the cumulative surface curve shown in Fig. 5.d). The calculation of the latter led to values of 0.54 and 0.59 nm at 308 K and 288 K, respectively. By applying these pore diameters to the PSD of the HTC, it was possible to obtain an estimate of the surface area accessible to TC.

(K) K 1 (h -1 ) K 1 (h -1 ) K 2 (g mg -1 h -1 ) K 2 (g mg -1 h -1 ) 288 
DRM TDRM K f (L g -1 h -1 ) Dif (h -1 ) K f (L g -1 h -1 ) Dif 1 (h -1 ) Dif 2 (h -1 ) S (m 2 g -
Fig. 9 shows q m as a function of the theoretical accessible pore volume (APV), obtained from the exclusion pore diameter and the cumulative pore volume shown in Fig. SI 2,and from the total pore volume (V T ) for the two materials of this study and some others from the open literature [START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF][START_REF] Zhu | Thermal treatment of biochar in the air/nitrogen atmosphere for developed mesoporosity and enhanced adsorption to tetracycline[END_REF][START_REF] Yang | Ultrahigh adsorption of tetracycline on willow branche-derived porous carbons with tunable pore structure: Isotherm, kinetics, thermodynamic and new mechanism study[END_REF][START_REF] Acosta | Tetracycline adsorption onto activated carbons produced by KOH activation of tyre pyrolysis char[END_REF]. There are less points than in Fig. 7 because PSDs were not always available and they are necessary to calculate the APV. q m follows a linear trend as a function of the V T (R 2 = 0.65) although the determination factor when representing q m as a function of APV (R 2 = 0.74) is much better, since the TDRM allows having different APVs at different temperatures for the same adsorbent and discard the pore volume fraction that is not accessible to TC. Therefore, we showed that TDRM provides a tool for understanding how temperature, through changes in the properties of diffusion and fluid dynamics, affect the maximum amount adsorbed. Moreover, we demonstrated that A BET , although it is easy to calculate and reported by everyone, is not the best tool to evaluate the potential suitability of an adsorbent to remove pollutants in water phase. In this study, we showed, step by step, that V T is better than A BET and APV still better that V T .

(a) (b) 

CONCLUSION

Two different carbons were produced by a first step of either hydrothermal treatment or soft templating, to obtain purely microporous (HTC) or micro-mesoporous (OMC) carbon materials, respectively, after pyrolysis at 1173 K. The BET area (A BET ) was very similar for the two carbons, but the latter had distinct pore size distribution and total pore volume (V T ).

The OMC indeed had an almost two times higher V T , of which 56.5% were mesopores.

Tetracycline (TC) adsorption increased with temperature and the OMC had an adsorption capacity three times higher than the HTC. This difference was attributed to the accessible surface and not to the A BET or the surface chemistry, which are very similar.

The kinetics of TC adsorption on OMC was controlled by a combined diffusion in two ranges of micropores and in mesopores, while on HTC it was adequately fitted by a model taking into account the diffusional resistance in the micropores. Moreover, these models allowed estimating the pore size accessible to the TC molecules, and calculate the accessible surface areas and pore volumes (APV). The applied kinetic approach gave an explanation about the better TC adsorption performance of the OMC compared to HTC.

We have undoubtedly shown that A BET , while easy to calculate and reported by everyone, is not the best tool to assess the potential suitability of an adsorbent to the removal of TC on carbon materials (e.g. OMC and HTC). V T is better than A BET and, APV even better than V T because APV is the accessible pore volume of adsorbent to a given pollutant.
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 1 Figure 1. Scheme of the synthesis of the tannin-based carbon materials.

Figure 2 .

 2 Figure 2. (a) 2D (a) and (b) 3D molecular structure of the main flavonoid unit contained in mimosa tannin[96].

Fig. SI 1 Figure 3 .

 13 Fig. SI 1 shows the FTIR spectra of HTC and OMC. The peak located around 3400 cm -1 is

Figure 4 .

 4 Figure 4. (a) 2D (b) and 3D molecular structure of tetracycline; (c) Determination of the pH PZC of HTC and OMC; and (d) speciation of TC as a function of pH.

Figure 5 .

 5 Figure 5. (a) N 2 and (b) CO 2 adsorption/desorption isotherms, where full and empty symbols correspond to adsorption and desorption data, respectively; Pore size distributions and cumulated surface areas S NLDFT of (c) HTC and (d) OMC.

Figure 6 .

 6 Figure 6. Tetracycline adsorption isotherm on OMC (black) and HTC (red) at 288K (■) and 308K (▲), and their fits by Langmuir ( __ ), Freundlich (--) and Temkin (-•-) models.

Figure 7 .

 7 Figure 7. Relationship between the maximum TC adsorption capacity and (a) the BET surface area A BET , or (b) the total pore volume V T .

Figure 8 .

 8 Figure 8. Tetracycline adsorption kinetics on the OMC (black, left) and the HTC (red, right) at 288 K (top) and 308 K (bottom), and the corresponding fits using PFO ( __ ), PSO (--) and TDRM (•••) models.

Figure 9 .

 9 Figure 9. Correlation between the maximum tetracycline adsorption capacity and (a) total and (b) accessible pore volumes.

  

Table 1 .

 1 Elemental analysis of mimosa tannin and derived carbons.

	Sample	C (wt. %)	N (wt. %)	H (wt. %)	S (wt. %) O (wt. %)
	Raw mimosa tannin	55.40	0.75	5.00	0.00	38.85
	HTC	86.50	0.70	0.90	0.00	11.90
	OMC	95.98	0.13	0.44	0.00	3.45

Table 4

 4 shows the parameters and determination factors obtained using PFO and PSO kinetic models to fit the experimental data. Although both models are capable of describing the TC adsorption kinetics, PFO model best fits the TC adsorption kinetics on HTC, which may indicate that adsorption is controlled by diffusion into the narrowest pores. PSO best fits the TC adsorption kinetics on OMC, suggesting that external diffusion controls the adsorption rate. Experimental adsorption and modelling results are shown in Fig. 8 (PSO, PFO and TDRM) and Figure SI 5 (other kinetic models).

Table 4 .

 4 Parameters and determination factors obtained by fitting classical adsorption kinetics models to TC adsorption on HTC and OMC.

	PFO		PSO	
	HTC	OMC	HTC	OMC
	T			

Table 5 .

 5 Parameters and determination factors obtained by fitting dual resistance kinetics models to TC adsorption on HTC and OMC.

T (K)
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