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Introduction

The constant increment of global energy demand and the fight against climate change have created the need of turning our energy production systems towards renewable energies [START_REF] Yang | Sustainable technologies for the reclamation of greenhouse gas CO 2[END_REF]. One key alternative to the burning of fossil fuels is the use of biofuels. Derived from biomass, the use of biofuels has environmental benefits such as a decrease in the emissions of CO 2 , SO x and hydrocarbons [START_REF] Shuba | Microalgae to biofuels: Promising' alternative and renewable energy, review[END_REF].

Biomethane production via upgrading of biogas is a sustainable source of advanced transport biofuel [START_REF] Tabassum | Biomethane production from various segments of brown seaweed[END_REF]. The conversion of biogas to biomethane, involves the separation of the methane fraction (40 to 70%) from the carbon dioxide portion (25 to 60%) to obtain a highly purified methane stream (≈95%) that meets the domestic gas pipeline requirements [START_REF] Pellegrini | Biogas to liquefied biomethane via cryogenic upgrading technologies[END_REF][START_REF] Augelletti | Pressure swing adsorption for biogas upgrading. A new process configuration for the separation of biomethane and carbon dioxide[END_REF][START_REF] Jiang | Simultaneous biogas purification and CO2capture by vacuum swing adsorption using zeolite NaUSY[END_REF]. Compared to other upgrading techniques, the separation of biogas by physical adsorption has the advantages of low investment and operation costs, high efficiency, null production of chemical wastes and no water requirement [START_REF] Zacharia | Thermodynamics and kinetics of CH 4 /CO 2 binary mixture separation by metal-organic frameworks from isotope exchange and adsorption breakthrough[END_REF][START_REF] Angelidaki | Biogas upgrading and utilization: Current status and perspectives[END_REF]. It consists in the selective partitioning of carbon dioxide from biogas into an adsorbent material also known as the adsorbent [START_REF] Álvarez-Gutiérrez | Simplistic approach for preliminary screening of potential carbon adsorbents for CO 2 separation from biogas[END_REF]. Adsorbent materials are usually highly porous solids with high specific surface area and developped porosity [START_REF] Miltner | Review on available biogas upgrading technologies and innovations towards advanced solutions[END_REF].

Activated carbons (ACs) are commonly used as adsorbents due to their high surface area, developed microporosity, thermal stability, ease of regeneration and low production cost [START_REF] Zheng | Influence of temperature on adsorption selectivity: Coal-based activated carbon for CH 4 enrichment from coal mine methane[END_REF][START_REF] Feroldi | Methane storage in activated carbon at low pressure under different temperatures and flow rates of charge[END_REF]. They are recognized for their adsorption performance on a variety of separation processes including removal of heavy metals from water [START_REF] Valentín-Reyes | Adsorption mechanisms of hexavalent chromium from aqueous solutions on modified activated carbons[END_REF][START_REF] Karnjanakom | Adsorption behaviors and capacities of Cr(VI) onto environmentally activated carbon modified by cationic (HDTMA and DDAB) surfactants[END_REF] and [START_REF] Kyzas | Nanobubbles effect on heavy metal ions adsorption by activated carbon[END_REF], pharmaceutical and organic pollutants removal [START_REF] Delgado | Pharmaceutical emerging pollutants removal from water using powdered activated carbon: Study of kinetics and adsorption equilibrium[END_REF][START_REF] Pamphile | Synthesis of a novel core-shellstructure activated carbon material and its application in sulfamethoxazole adsorption[END_REF][START_REF] Durán-Jiménez | Adsorption of dyes with different molecular properties on activated carbons prepared from lignocellulosic wastes by Taguchi method[END_REF], treatment of flue gas [START_REF] Lopez-Anton | Influence of a CO 2 -enriched flue gas on mercury capture by activated carbons[END_REF][START_REF] Wawrzyńczak | The pilot dual-reflux vacuum pressure swing adsorption unit for CO 2 capture from flue gas[END_REF], purification of natural gas [START_REF] Aguiar | Adsorption of sulfur compounds from natural gas by different adsorbents and desorption using supercritical CO 2[END_REF][START_REF] Ghanbari | Characteristics of oat hull based biosorbent for natural gas dehydration in a PSA process[END_REF] and upgrading of biogas [START_REF] Vivo-Vilches | Biogas upgrading by selective adsorption onto CO 2 activated carbon from wood pellets[END_REF]; [START_REF] Mamun | Methane enrichment of biogas by carbon dioxide fixation with calcium hydroxide and activated carbon[END_REF]. Pure CO 2 gas adsorption has been reported to be influenced by the textural properties of the adsorbents, mainly the narrow micropore volume (<0.7 nm) [START_REF] Montagnaro | Post-combustion CO 2 adsorption on activated carbons with different textural properties[END_REF][START_REF] Serafin | Highly microporous activated carbons from biomass for CO2capture and effective micropores at different conditions[END_REF][START_REF] Presser | Effect of pore size on carbon dioxide sorption by carbide derived carbon[END_REF][START_REF] Yin | The role of different properties of activated carbon in CO2adsorption[END_REF]. Nevertheless, the surface chemistry of the adsorbent is also thought to play a role on the adsorption process ( [START_REF] Peredo-Mancilla | Gas storage. In: Char and Carbon Materials Derived from Biomass[END_REF][START_REF] Chatti | Amine loaded zeolites for carbon dioxide capture: Amine loading and adsorption studies[END_REF]). Liu et al. [START_REF] Liu | Effects of surface heterogeneity on the adsorption of CO 2 in microporous carbons[END_REF] studied the effect of surface heterogenity on the adsorption process, their results showed an ehacement of CO 2 adsorption when oxygen surface groups such as -OH and -COOH were present, these oxygen functionalities are highly electronegative which allows them to act as basic adsorption sites. Karimi et al. [START_REF] Karimi | CO 2 Capture in Chemically and Thermally Modified Activated Carbons Using Breakthrough Measurements: Experimental and Modeling Study[END_REF] reported an increase on CO 2 adsorption capacity upon removal of surface acidic groups. In fact, due to the acidic properties of carbon dioxide, surface chemistry modification of activated carbons consisting in the addition of basic functionalities is a well studied strategy for the preparation of carbon capture adsorbents [START_REF] Meng | One-pot synthetic method to prepare highly N-doped nanoporous carbons for CO 2 adsorption[END_REF][START_REF] Yadavalli | Carbon dioxide capture using ammonium sulfate surface modified activated biomass carbon[END_REF][START_REF] Caglayan | CO 2 adsorption on chemically modified activated carbon[END_REF].

When CO 2 separation of CH 4 /CO 2 mixture is concerned, the ideal adsorbent should have a high selectivity provided by different adsorption behavior for the two gases, or in other words it must preferentially adsorb carbon dioxide with the vast majority of methane molecules remaining in the gaseous phase [START_REF] Zhao | Microporous carbonaceous adsorbents for CO 2 separation via selective adsorption[END_REF]. The two molecules have similar kinetic diameters, 0.330 nm for CO 2 and 0.382 nm for CH 4 which make it very complicated to design kinetic-based adsorbents [START_REF] Kennedy | Cation exchange modification of clinoptilolite Screening analysis for potential equilibrium and kinetic adsorption separations involving methane, nitrogen, and carbon dioxide[END_REF].

However, the two molecules have an important difference of polarity, CO 2 has a quadrupolar moment of 13.4 • 10 -40 cm 2 , while CH 4 is a non polar molecule [START_REF] D'alessandro | Carbon dioxide capture: Prospects for new materials[END_REF].

The presence of polar surface functionalities results in an increased selectivity towards carbon dioxide by means of stronger adsorbate-adsorbant interactions as it was demostrated by Park et al ([39]). They found that a high content of sulfur and potassium on 3 biomass-based activated carbons privileged the adsorption of CO 2 . Upon functionalization with NaOH, Fe 2 CO 3 of a commercial activated carbon, Castrillon et al. found that the stronger basicity as well as developed microporosity of the NaOH modified carbon resulted in the highest selectivity [START_REF] Castrillon | CO 2 and H 2 S Removal from CH4-Rich Streams by Adsorption on Activated Carbons Modified with K 2 CO 3 , NaOH, or Fe 2 O 3[END_REF]. Using molecular dynamics simulations, Wang et al. demonstrated that a low pressure the selectivity is highly influenced by the surface chemistry, whilst at the high pressure region the pore size distribution is the major contributing factor [START_REF] Wang | Molecular Simulation Study of the Adsorption and Diffusion of a Mixture of CO2/CH4 in Activated Carbon: Effect of Textural Properties and Surface Chemistry[END_REF].

Although the kind of studies briefly reviewed here are of great importance for the development of new and more efficient biogas upgrading techniques, the bibliography comprising the CO 2 separation from CH 4 by activated carbons remains to this day very limited. The present work explores the role of textural and chemical properties of activated carbons on the CH 4 /CO 2 selectivity, by means of the equimolar binary mixture adsorption isotherms for a set of 5 well characterized commercial activated carbons. To the best of our knowledge, this is the first experimental work dealing with the comparison of selectivity values of activated carbons in terms of their textural and surface properties.

Materials and Methods

The adsorption selectivity studies were performed on five activated carbons produced by Cabot Corporation (USA). The activated carbons named CNR-115 and CGran are chemically activated with phosphoric acid while GAC 1240, RX 1.5 and Rox 0.8 are physically activated with steam.

Characterization of the samples

Textural characterization

The textural properties of the activated carbons were obtained by means of nitrogen (N 2 ) adsorption at 77 K carried out on a Micrometrics ASAP 2000 automatic apparatus with a preparatory step consisting of placing the samples under vacuum for 12 h at 573 K. The BET surface area was obtained from the linear plot in the low pressure region (P/P 0 =0.01-0.05) [START_REF] Brunauer | Adsorption of Gases in Multimolecular Layers[END_REF]. The total pore volume was calculated from the amount of adsorbed nitrogen at a relative pressure of 0.95. The Dubinin-Radushkevich (DR) equation was used on the relative pressure range of 10 -4 to 10 -2 for obtaining the volume of micropores (pore width w <2 nm) [43], the volume of mesopores (2 nm <w <50 nm) is calculated as the difference between the total pore volume and the micropore volume. This properties can also be found on a previous work of the authors [START_REF] Peredo-Mancilla | Experimental Determination of the CH 4 and CO 2 Pure Gas Adsorption Isotherms on Different Activated Carbons[END_REF].

The pore size distribution was obtained applying the non liquid density functional theory (NLDFT) with the carbon slit pores model to the N 2 adsorption data.

Surface Chemistry characterization

To evaluate the surface chemistry of the activated carbons the temperature programmed desorption TPD profiles were obtained using a "home made" apparatus coupled with mass spectrometry. The temperature of a quartz tube containing 10 g of the sample was increased from 298 to 1223 K at a rate of 2 K per minute, the evolution of carbon monoxide (CO) and carbon dioxide (CO 2 ) was followed quantitatively using a mass spectrometer (INFINCON Transpector).

In addition, the acid/basic character of the activated carbons was studied by the measurement of the zero charge point pH (pH P ZC ). For each AC, a quantity of 0.1 g was put in contact with a set of 5 solutions with pH values ranging from 4 to 10 prepared by additions of NaOH 0.1 N or HCl 0.1 N in distillate water.

The AC containing solutions were kept under string for 72 h and the pH of the solution was determined by a Denever Instrument model 215 pH meter. The five solutions containing one of the activated carbons had similar final pH values that correspond to the pH P ZC . The pH P ZC value was refined by following the same protocol using three solutions of pH close to the final values of the first set for each activated carbon.

The presence of acidic and basic oxygen surface groups was studied by the method of Boehm [START_REF] Boehm | Some aspects of the surface chemistry of carbon blacks and other carbons[END_REF]. To calculate the quantity of acidic groups an indirect titration method as described by Schonherr et al. was followed [START_REF] Schönherr | Boehm Titration Revisited (Part I): Practical Aspects for Achieving a High Precision in Quantifying Oxygen-Containing Surface Groups on Carbon Materials[END_REF]: 200 mg of AC was added to 50 mL of 0.01 N solution of NaOH. The activated carbons solutions were kept under stirring for 72 h. The supernatant carbons were separated from the solutions by centrifugation followed by decantation. Then, three 10 mL aliquots were taken and 20 mL of 0.01 N hydrochloric acid were added to each sample. Finally, the sodium carbonate Na 2 CO 3 0.01 N titration curves were obtained. For each activated carbon-NaOH solution a reference sample containing 50 mL of the NaOH solution was subjected to the same protocol from stirring to titration.

The amount of surface basic functionalities was measured by titration of HCl with Na 2 CO 3 . The samples containing 50 mL of HCl 0.01 N and 0.200 mg of AC followed the same separation method and treatment time described for basic functionalities. On this case however, direct titration of the 10 mL aliquots by Na 2 CO 3 was carried out. The error of the followed Boehm titration protocol is reported to be ∼0.15% of the aliquot volume (10 mL) [START_REF] Schönherr | Boehm Titration Revisited (Part I): Practical Aspects for Achieving a High Precision in Quantifying Oxygen-Containing Surface Groups on Carbon Materials[END_REF]. DRIFTS (Diffuse Reflectance Infrared Fourier Transform Spectrocopy) analysis of the activated carbons was also performed using an FT-IR spectrometer (Nicolet iS50 FTIR spectrometer, Thermofisher) to indentify the surface functional groups on the activated carbons.

In addition, the thermal stability of the samples was measured by thermogravimetric analysis (TGA) on the temperature range of 303 to 1223 K at a heathing rate of 5 • C/min under a nitrogen flow of 100 mL/min using a thermal analyzer TGA/DSC (Mettler toledo).

CH 4 /CO 2 Adsorption experiments

A high pressure manometric device coupled with gas chromatography CG was designed for the calculation of the equimolar CH 4 /CO 2 mixture adsorption isotherms, an schematic view of this apparatus can be seen in Figure 1. Its main components are the dosing and adsorption cells (V dos and V ads ) (Top Industries, volume: 20.5 cm 3 ), a recirculation pump (GK-M 24/02, max. flow: 2.8 L/min and max. system pressure: 15 MPa), a manometer (MKS baratron type 121 A, 0.01% uncertainty from vacuum to 3.3 MPa), FID gas chromatograph (Agilent Technologies 7890 A). Isothermal conditions are achieved by a heating wire controlled by a PID regulator (Eurotherm 3208) and monitored throughout the experiments by two thermocouples placed on each of the cells. A three way valve (V 1) (Swagelok SS-41GXS2) is placed at the entry of the adsorption system to alternatively allow the entry of the working gas or the extraction of gas samples to be analyzed. Three 2 ways valves (V 2, V 3 and V 4) (Swagelok SS-41GS2) allow the isolation of the dosing cell (V dos ) from the adsorption volume (V ads ). The procedure starts with the calculation of the accessible volume in the presence of the adsorbent, otherwise known as dead-space volume. To this end, an amount of sample with an adsorption area of at least ∼30 m 2 is placed inside the adsorption volume V ads and cleaned by an 8 h out-gassing process at 373 K under vacuum pressure (≤ 10 -2 Pa). The dead space volume is obtained by successive helium expansions from the dossing cell V dos to the adsorption cell V ads [START_REF] Bessières | High pressure thermal expansion of gases: Measurements and calibration[END_REF]. Between the dead-space volume calibration and the adsorption measurements, the system is put under vacuum for an additional 4 hours in order to remove any traces of helium.

The protocol for determination of the gas mixture adsorption isotherm follows a mass balance principle. An amount of the CH 4 /CO 2 is introduce through valve V 2 into the dossing cell and the pressure is recorded once the thermal equi-librium is reached (i.e. constant pressure). The gas is then expanded into the adsorption cell by opening the valves V 3 and V 4, homogeneity of the gas during the adsorption process is attained through recirculation of the gas by the recirculation pump, equilibrium is once more achieved and pressure recorded.

Valves V 3 and V 4 are closed isolating the adsorption cell and a discrete dose of the gas isolated in the dossing section of the system is sent through valve V 1 to be analyzed by the gas chromatograph.

The total adsorbed amount (n ads ) can be then calculated from the difference between the quantity of moles introduced on the dossing cell (n dos ) and the amount of moles in the gas phase after adsorption (n g ) (eq. [START_REF] Yang | Sustainable technologies for the reclamation of greenhouse gas CO 2[END_REF].

n ads = n dos -n g (1) 
From the total adsorbed amount a fraction corresponds to methane and the rest carbon dioxide. Thus, the molar fraction of each gas remaining on the gas phase after the adsorption (y CH4 and y CO2 ) needs to be calculated from the integration of the CG peaks. The methane mole fraction in the gas phase is obtained by equation 2.

y CH4 = n CH4,g n CH4,g + n CO2,g (2) 
The ratio of moles of methane in the adsorbed phase x CH4 can be express also express in the form of a mole fraction (eq. 3)

x CH4 = n CH4,ads n CH4,ads + n CO2,ads (3) 
Therefore, the quantity of adsorbed moles of methane for the first step of the isotherm is given by multiplication of x CH4 times the total number of adsorbed moles (n ads ) as shown by equation 4.

n CH4,ads = x CH4 × n ads (4) 
In a similar way, the number of moles of carbon dioxide in the adsorbed phase (n CO2,ads ) is expressed by equation 5

n CO2,ads = x CO2 × n ads (5) 
For the following steps, the gas in the dossing section of the system is evacuated by the vacuum pump and a new dose of the 50-50% mixture is added to the dossing cell, the pressure is recorded and valves 3 and 4 are opened. The gas molecules that were introduced in the system enter in contact with the gas that was isolated in the adsorption cell on the previous step, recirculation of the gas takes place and a new equilibrium is reached. Therefore, the adsorbed quantity of each gas at a given (i) step of the isotherm can be calculated by equations 6 and 7:

n i CH4,ads = ( 1 2 n dos + n i-1 g ) -(n i CH4,ads y 1 CH4 ) (6) 
n i CO2,ads = ( 1 2 n dos + n i-1 g ) -(n i CO2,ads y 1 CO2 ) (7) 
The total adsorbed amount of each gas is calculated by addition of the adsorbed amount on the present step to that of the precedent ones:

n CH4,ads = i n CH4,ads (8) 
and [START_REF] Chen | Preparation of high-surface-area activated carbon from coconut shell fibers[END_REF]. The obtained values of micropore volume (V micro ) confirm a developed microporosity of the samples. Furthermore, the activated carbons with higher BET surface area, RX 1.5 and CNR-115, also display bigger micropore volumes (0.61 and 0.64 cm 3 g-1 respectively). The presence of an important volume of mesopores (V meso ) on CGran resulted in the biggest total pore volume V tot , closely followed by CNR-115. Finally, the average pore size (L0) of each sample was calculated using the NLDFT-PSD profiles. The values of L0 ranged from 0.76 (GAC 1240) to 1.10 (CNR-115).

n CO2,ads = i n CO2,ads (9) 

Results And Discussion

Activated Carbons Characterization

Table (1) Textural Characterization of Activated Carbons

Sample S BET (m 2 g -1 ) V micro (cm 3 g -1 ) V meso (cm 3 g -1 ) V tot (cm cates the presence of oxygen functionalities from the families of carbonyles and ethers since they have been reported to create π-electrons rich zones that make the surface acts as a Lewis base [START_REF] Moreno-Castilla | Adsorption of organic molecules from aqueous solutions on carbon materials[END_REF]. By contrast, activated carbons surface acidity is thought to be related to the presence of carboxylic acids, lactones and phenols that increase the surface polarity, in the present case a part of acidity may come also from phosforic groups created due to the H 3 PO 4 activation agent used [START_REF] Ghimbeu | Influence of surface chemistry on the adsorption of oxygenated hydrocarbons on activated carbons[END_REF]. Boehm titration method results (Table 2) confirm the presence of an superior quantity of such functional groups in the acidic pH P ZC carbon CGran than on the other activated carbons. Furthermore, activated carbons showing a higher pH P ZC presented a bigger quantity of basic oxygen functionalities. To further investigate the types and quantities of surface groups the TPD-MS profiles were obtained for all of the samples (see Figures 3 and4). In addition, the peak at 1100 for CNR-115 indicates the presence of thermally stable functionalities such as carbonates. On the other side, the CO desorption profiles of these activated carbons show two peaks, the first one at 900 K cor-responds to phenol groups, whilst the second one arises from the presence of very thermally stable functionalities such as quinones, ethers, and anhydrides.

The remaining activated carbons display a low concentration of oxygen functionalities where the presence of carboxylic acids, ethers and quinones can be depicted. Overall the surface acidic groups quantified by the emission of CO 2 groups are significantly in lower quantities than the basic groups decomposed as CO groups (see Fig. 4). The TPD-MS results are in rather good agreement with the amount of basic and acidic groups determined by Boehm titration (Table 2)

except for CGran that shows the presence of basic functionalities that were not detected by the Boehm method, this difference may be originated by limitations of the titration method as reported on the literature [START_REF] Kalijadis | Characterisation of surface oxygen groups on different carbon materials by the Boehm method and temperature-programmed desorption[END_REF]. DRIFTS analysis was performed on the adsorbents to further identify the surface functional groups. Results were gathered in the Figure 5. The ACs presented very heterogeneous surfaces with the presence of both acidic and basic functional groups. Furthermore, a significant difference between the studied adsorbents is observed. For instance, broad peaks detected between 3700 and 3200 cm -1 corresponding to hydroxyl functional group can be depicted for all that could be attributed to the C=C aromatic structure, the DIRFTS profile of this samples is rather distinctive from the others due to its acid character as given by their P H P ZC (Table 2) and TPD-MS emmited quantities (Fig. 3), where the presence of carboxylics, lactones and carbonates was depicted.

Finally, a vibration peak was detected at the wavenumber gap between 1700 and 1600 cm -1 characteristic of the carbonyl, ester and carboxyl C=O stretch on the samples RX 1.5, ROx 0.8 and GAC 1240; this result is in agreement with the basic P H P ZC character of the samples and their TPD-MS analysis indicating an important presence of carbonyl and ether functionalities.

The TGA of the ACs shows a high thermal stability for the physically activated samples (RX 1.5, Rox 0.8 and GAC 1240) (see Fig. 6), these samples show In the context of biogas upgrading, a gas feed containing 50% of CH 4 and 50% of CO 2 was chosen to carry out the adsorption experiments. The adsorption isotherms were obtained for the studied activated carbons at a temperature of 303 K (see Fig. 7, Tables 34567). The results show a superior carbon dioxide adsorption (blue) compared to that of methane (red) for the five activated carbons. The explanation lays on the difference in polarity of the two probe molecules, while the molecule of carbon monoxide has a high quadrupole moment, methane is a non-polar molecule. Thus, the higher polarizability of CO 2 , leads to stronger interactions between the adsorbate and the surface groups of the activated carbons [START_REF] Álvarez-Gutiérrez | Adsorption performance indicators for the CO 2 /CH 4 separation: Application to biomassbased activated carbons[END_REF]. In addition, an increase of the total adsorbed quantity upon pressure augmentation can also be observed in consistency with typical adsorption behavior on activated carbons. Carbon dioxide pure gas adsorption on the studied activated carbons was previously found to be directly related to their BET surface area and micropore volume [START_REF] Peredo-Mancilla | Experimental Determination of the CH 4 and CO 2 Pure Gas Adsorption Isotherms on Different Activated Carbons[END_REF]. Here, activated carbons CNR-115 and RX 1.5 present higher adsorption capacities than the rest of activated carbons (see Figure 7) which could indicate influential effect of the BET surface area on the adsorption capacity in agreement with the literature [START_REF] Ahmed | Activated carbon preparation from biomass feedstock: Clean production and carbon dioxide adsorption[END_REF][START_REF] Singh | Dynamic CO 2 adsorption on activated carbon adsorbents synthesized from polyacrylonitrile (PAN): Kinetic and isotherm studies[END_REF]. The calculation of the BET surface area provides an estimation of available physisorption sites, thus explaining the higher adsorption of this carbons. Nonetheless, it can be seen that even though the adsorption capacity of carbon dioxide is favored, their methane adsorption is also important, an unwanted behavior for the separation of these two gases. total adsorption are significantly more important on ROx 0.8. One possible explanation for the difference in adsorption capacity of these 2 activated carbons relays on tn their pore size distribution, ROx 0.8 presents a more narrow pore distribution with a typical pore size close to 0.7 nm, meanwhile CGran present a wider pore distribution centered at ≈ 1 nm. In fact, a narrow pore distribution with an average pore size between 0.7 and 0.8 nm has been reported to be optimal for adsorption of both methane and carbon dioxide [START_REF] Lozano-Castelló | Influence of pore size distribution on methane storage at relatively low pressure: Preparation of activated carbon with optimum pore size[END_REF][START_REF] Presser | Effect of pore size on carbon dioxide sorption by carbide derived carbon[END_REF]. Another explanation lays on the surface chemistry of the samples. Xue et al. [START_REF] Xue | CH4/N2 Adsorptive Separation on Zeolite X/AC Composites[END_REF] found that the surface chemistry of the adsorbent also affects the total adsorbed quantity and individual components adsorption of gas mixtures. As aforementioned CGran has the lowest pH P ZC and the highest quantity of acidic surface functionalities, with CO 2 behaving as a Lewis acid, the result is the decrease on the adsorbed amount of the equimolar mixture. This is also a valid explanation for the significant decrease on the CNR-115 adsorption compared to RX 1.5.

The study of the equimolar mixture adsorption, allows to determined the role of the adsorbent properties on the adsorption process by establishing competition conditions on equal grounds for the two gases. However, attention must be made to the gas feed composition for industrial applications of adsorption separation of biogas using activated carbons. The literature review, indicates that a higher concentrations of methane (i. ex. 75% CH 4 -25% CO 2 mixture) leads to lower adsorbed quantities of carbon dioxide than methane and on the opposite case (25% CH 4 -75% CO 2 ) the adsorption of methane drops to a point where up to 90% of the adsorbed gas is carbon dioxide [START_REF] Pino | CH 4 /CO 2 Mixture Adsorption on a Characterized Activated Carbon[END_REF][START_REF] Heuchel | Adsorption of Carbon Dioxide and Methane and Their Mixtures on an Activated Carbon: Simulation and Experiment[END_REF][START_REF] Goetz | Carbon dioxide-methane mixture adsorption on activated carbon[END_REF].

The individual components adsorption from the equimolar mixture of AC ROx 0.8 is compared with bibliographic data of activated carbons on Figure 8, this sample was chosen due to its low adsorption of methane (< 2 mol kg -1 ) and high adsorption of carbon dioxide (up to 6 mol kg In addition to the adsorbed quantity, the adsorbent preference for carbon dioxide over methane is a very important indicator of the performance on the CH 4 /CO 2 separation. The selectivity factor is then defined by equation 10,

S ij = y i /y j x i /x j (10) 
Where S i/j is the selctivity factor for the i/j separation. On this equation, i stands for CH 4 and j for CO 2 , the CH 4 and CO 2 bulk phase mole fractions are On this figure, an enhancement of the selectivity of the activated carbons with increasing of the gas pressure can be observed for GAC 1240, CGran and ROx 0.8, explained by the shape of the adsorption isotherms, the adsorbed gas quantity grows steeper for carbon dioxide than for methane for these ACs. The rise in selectivity with pressure is also reported to be related to intermolecular cooperative (energetic) effects [START_REF] Cracknell | Adsorption and selectivity of carbon dioxide with methane and nitrogen in slitshaped carbonaceous micropores: Simulation and experiment[END_REF]. At small pressures the interaction of the gas molecules with the adsorbent is predominant, thus the CO 2 molecules are preferentially adsorbed on the pores surface due to stronger adsorbent-adsorbate interactions. Activated carbons RX 1.5 and CNR-115 present a more developed microporosity with pores under 1 nm (Fig. 2), at low pressure the flat and smaller carbon dioxide molecules can easily diffuse in the micropores, at higher pressures, methane molecules are compressed resulting in an increase of their concentration on the adsorbed phase and consequently in a lower selectivity factor. In addition, their high surface area also lowers their selectivity by a weakening of the influence of the adsorbent-adsorbate interaction strength upon the overall adsorption process [START_REF] Wang | Molecular Simulation Study of the Adsorption and Diffusion of a Mixture of CO2/CH4 in Activated Carbon: Effect of Textural Properties and Surface Chemistry[END_REF]. The highest selectivity factor at high pressure was found for the activated carbon ROx 0.8 an activated carbon with a mild surface area (1323 m 2 g -1 ) and the lowest mesopore volume (0.16 cm 3 ) between the activated carbons. In contrast with the other samples, this carbon showed an important presence of sulfur surface groups during the TPD-MS analysis (SO 2 total desorbed quantity: 0.24 mol g -1 ), the existence of S-based surface groups has been found to increase the surface basicity thus resulting in higher CO 2 adsorption and CH 4 /CO 2 selectivity [START_REF] Xia | Preparation of sulfur-doped microporous carbons for the storage of hydrogen and carbon dioxide[END_REF][START_REF] Seema | Highly selective CO 2 capture by S-doped microporous carbon materials[END_REF].

The surface chemistry of the activated carbons have been reported to have an effect on the selectivity [START_REF] Wang | Molecular Simulation Study of the Adsorption and Diffusion of a Mixture of CO2/CH4 in Activated Carbon: Effect of Textural Properties and Surface Chemistry[END_REF][START_REF] Fatemi | Improving CO 2 /CH 4 adsorptive selectivity of carbon nanotubes by functionalization with nitrogen-containing groups[END_REF], in particular, the presence of basic functionalities is reported to increase selectivity on the low pressure range. In this work, no direct relationship between the presence of such groups and the selectivity was found, instead, the selectivity of the studied activated carbons seems to be given by a mixture of factors including micropore volume, pore size, surface area and surface chemistry. With selectivity been enhanced by small surface area, narrow pore size distribution at an optimal average pore size of 0.8 nm and the presence of basic surface functionalities.

The commercial upgrading of biogas commonly uses carbon base adsorbents such as activated carbons, with reported CH 4 /CO 2 selectivity values between 2 and 4 [START_REF] Bacsik | Selective separation of CO 2 and CH 4 for biogas upgrading on zeolite NaKA and SAPO-56[END_REF]. On this regard, Table 8 

Conclusions

The present work provides a comprehensive analysis of the mayor factors influencing the adsorption capacity and selectivity of the carbon dioxide and methane mixture onto activated carbons. To this end, the equimolar CH 4 /CO 2 binary mixture adsorption isotherms were obtained for a set of five activated carbons on the pressure range of 0 to 3 MPa. The presence of basic functionalities had a possitive effect on the carbon dioxide adsorption capacity. In addition, higher surface area resulted in increased mixture adsorption capacity, however, it's effect was detrimental for the gas separation process, i.e. the adsorption capacity of methane was also increased reducing the adsorbent selectivity. Overall, a mix of textural and chemical properties was found to be responsible the selectivity of an adsorbent.
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Figure ( 1 )

 1 Figure (1) HP adsorption manometric device coupled with gas chromatography.

Figure 2 (

 2 Figure 2 (b) shows the pore size distribution profiles (PSD) for the five activated carbons. A predominance of peaks of under 2 nm can be depicted on this figure, characteristic of microporous materials. Nevertheless, a contribution of mesopores is also present.

Figure ( 2

 2 Figure (2) a) Nitrogen adsorption isotherms at 77 K and b) NLDFT pore size distribution of activated carbons RX 1.5, CGran, GAC 1240, CNR-115 and ROx 0.8.

Figure ( 3 )

 3 Figure (3) CO 2 and CO TPD desorption profiles for activated carbons RX 1.5, CGran, GAC 1240, CNR-115 and ROx 0.8.

  Moreover, the CO and CO 2 TPD-MS profiles show the desorption rates of oxygen surface functionalities upon increasing of the temperature. A considerably bigger amount of oxygen surface groups on activated carbons CGran and CNR-115 can be observed in agreement with the results obtained by the pH P ZC . The carbon dioxide desorption profiles of these two activated carbons, indicate the occuring of surface carboxylic groups and lactones functionalities demostrated by the presence of desorption peaks at a temperature below 673 and 923 K respectively.

Figure ( 4 )

 4 Figure (4) CO 2 and CO 2 TPD total emitted quantities for activated carbons RX 1.5, CGran, GAC 1240, CNR-115 and ROx 0.8 obtained by integration of the desorption peaks.

Figure ( 5 )

 5 Figure (5) FT-IR spectra for RX 1.5 (black), CGran (red), GAC 1240 (green), CNR-115 (blue) and ROx 0.8 (orange).

Figure ( 6 )

 6 Figure (6) Thermogravimetric analysis (TGA) performed under N 2 flow of activated carbons from 303 to 1223 K: RX 1.5 (black), Cgran (red), GAC 1240 (green), CNR-115 (blue) and ROx 0.8 (orange).

3. 2 .

 2 Figure (7) CH 4 /CO 2 mixture and individual components in the mixture adsorption at 303 K for activated carbons a) RX 1.5, b) CGran, c) GAC 1240, d) CNR-115 and e) ROx 0.8. (green: Total, red: CH 4 and blue: CO 2 )

Furthermore, when adsorption

  competition between the two gases is present, other factors seem to play an important role as evidenced upon comparison of the adsorption isotherms of CGran and ROx 0.8 (Fig 7 (b) and (e)). The two samples have very similar surface areas (1378 and 1323 m 2 g -1 ) and micropore volume (0.45 and 0.48 cm 3 g -1 ) but nevertheless the CO 2 and CH 4 /CO 2

Figure ( 8 )

 8 Figure (8) Comparison of CH 4 /CO 2 adsorption of activated carbon ROx 0.8 with reported values on the literature, filled symbols with dashed lines correspond to the adsorption of CO 2 while empty symbols with solid lines correspond to the adsorption of CH 4 from the equimolar mixture. The lines between the data are added for visualization purposes.

Figure ( 9 )Figure 9

 99 Figure (9) CH 4 /CO 2 selectivity factor at 303 K for activated carbons: RX 1.5 (black), CGran (red), GAC 1240 (green), CNR-115 (blue) and ROx 0.8 (yellow). Dashed lines are added for visualization purposes

Table 1

 1 

shows ACs surface areas (S BET ) ranging from 982 (GAC 1240) up to 1714 (CNR-115) in accordance with typical values for carbonaceous materials

  The acid-base properties of the activated carbons were studied by means of their the zero charge point pH (pH P ZC ) which corresponds to the pH at which the positive and negative surface charges cancel each other. Table2displays the obtained values for the aqueous solutions of the activated carbons. A wide

					3 g -1 ) L0 (nm)
	RX 1.5	1683	0.61	0.20	0.81	0.93
	CGran	1378	0.45	0.54	0.99	1.00
	GAC 1240	982	0.36	0.20	0.56	0.76
	CNR-115	1714	0.64	0.31	0.95	1.10
	Rox 0.8	1323	0.48	0.16	0.64	0.84
		Table (2) Acid-Base character of Activated Carbons		
	Sample	pH P ZC	Total Acid (mmol g -1 ) Basique (mmol g -1 ) Total		
	RX 1.5	9.75	0.18	0.73		
	CGRAN	3.86	1.74	0.01		
	GAC 1240	8.13	0.18	0.49		
	CNR-115	6.14	0.49	0.61		
	ROx 0.8	8.74	0.21	0.61		
	Moreover, the basic pH P ZC values of RX 1.5, ROx 0.8 and GAC 1240 indi-	

Table ( 3

 ( ) RX 1.5 Adsorption data for each component of the CH 4 /CO 2 equimolar mixture

	at 303 K								
				RX 1.5					
	Pressure (MPa)	n exc CH 4 (mol kg -1 )	n exc CO 2 (mol kg -1 )	n exc tot (mol kg -1 )	y CH4	y CO2	x CH4	x CO2	F.S.
	0,2052	1,2441	1,2622	2,5063	0,5036 0,4964 0,4964 0,5036 1,02
	0,5234	1,9505	3,0525	5,0030	0,5155 0,4845 0,3899 0,6101 1,66
	0,7737	2,3566	3,8819	5,9741	0,5389 0,4611 0,3777 0,6223 1,92
	1,1546	2,9535	4,3765	7,3301	0,5205 0,4795 0,4029 0,5971 1,60
	1,5371	3,5132	4,7739	8,2871	0,5008 0,4992 0,4239 0,5761 1,36
	1,9547	3,9957	5,1547	9,1503	0,4956 0,5044 0,4367 0,5633 1,26
	2,3429	4,2973	5,4857	9,7830	0,4997 0,5003 0,4393 0,5607 1,27

Uncertainties: ∆T=0.2 K, ∆P=0.01 MPa, ∆n/n=1%

Table ( 4

 ( ) CGran Adsorption data for each component of the CH 4 /CO 2 equimolar mixture

	at 303 K								
				CGran					
	Pressure (MPa)	n exc CH 4 (mol kg -1 )	n exc CO 2 (mol kg -1 )	n exc tot (mol kg -1 )	y CH4	y CO2	x CH4	x CO2	F.S.
	0,2741	0,6353	0,7634	1,3987	0,5458 0,4542 0,4542 0,5458 1,44
	0,4953	0,7355	1,4022	2,1376	0,5345 0,4655 0,3441 0,6559 2,18
	0,7369	0,8437	1,9722	2,8159	0,5274 0,4726 0,2996 0,7004 2,60
	1,0465	0,9544	2,4035	3,3579	0,5196 0,4804 0,2842 0,7158 2,72
	1,3864	1,0073	2,8711	3,8784	0,5133 0,4867 0,2597 0,7403 3,00
	1,7355	0,9985	3,2955	4,2940	0,5115 0,4885 0,2325 0,7675 3,45
	2,0977	0,9558	3,7111	4,6669	0,5095 0,4905 0,2048 0,7952 4,03
	2,7128	0,7547	4,4094	5,1641	0,5075 0,4925 0,1461 0,8539 6,02
	Uncertainties: ∆T=0.2 K, ∆P=0.01 MPa, ∆n/n=1%					

Table ( 5

 ( ) GAC 1240 Adsorption data for each component of the CH 4 /CO 2 equimolar mix-

	ture at 303 K								
				GAC 1240					
	Pressure (MPa)	n exc CH 4 (mol kg -1 )	n exc CO 2 (mol kg -1 )	n exc tot (mol kg -1 )	y CH4	y CO2	x CH4	x CO2	F.S.
	0,3701	1,3821	1,7658	3,1478	0,5609 0,4391 0,4391 0,5609 1,63
	0,5956	1,4565	2,5465	4,0031	0,5455 0,4545 0,3639 0,6361 2,09
	0,8475	1,4567	3,3044	4,7610	0,5356 0,4644 0,3060 0,6940 2,61
	1,1765	1,4955	3,8565	5,3519	0,5256 0,4744 0,2794 0,7206 2,85
	1,4991	1,6203	4,2295	5,8499	0,5355 0,4645 0,2770 0,7230 3,00
	1,8955	1,5965	4,6456	6,2422	0,5105 0,4895 0,2558 0,7442 3,03
	2,3293	1,5611	5,0742	6,6353	0,5088 0,4912 0,2353 0,7647 3,36

Uncertainties: ∆T=0.2 K, ∆P=0.01 MPa, ∆n/n=1%

Table ( 6

 ( ) CNR-115 Adsorption data for each component of the CH 4 /CO 2 equimolar mixture

	at 303 K								
				CNR-115					
	Pressure (MPa)	n exc CH 4 (mol kg -1 )	n exc CO 2 (mol kg -1 )	n exc tot (mol kg -1 )	y CH4	y CO2	x CH4	x CO2	F.S.
	0,2161	0,8356	0,8515	1,6872	0,5047 0,4953 0,4953 0,5047 1,03
	0,4545	1,1345	1,8357	2,9702	0,5245 0,4755 0,3820 0,6180 1,78
	0,8097	1,6295	2,8457	4,2752	0,5335 0,4665 0,3641 0,6359 1,99
	1,1745	2,0943	3,2647	5,3590	0,5142 0,4858 0,3908 0,6092 1,64
	1,5724	2,5574	3,5314	6,0888	0,5005 0,4995 0,4200 0,5800 1,38
	1,9456	2,8433	3,8085	6,6517	0,5005 0,4996 0,4274 0,5726 1,34
	2,3211	3,1580	4,0862	7,2442	0,4997 0,5003 0,4359 0,5641 1,29
	Uncertainties: ∆T=0.2 K, ∆P=0.01 MPa, ∆n/n=1%					

Table ( 7

 ( ) ROx 0.8 Adsorption data for each component of the CH 4 /CO 2 equimolar mixture

	at 303 K								
				ROx 0.8					
	Pressure (MPa)	n exc CH 4 (mol kg -1 )	n exc CO 2 (mol kg -1 )	n exc tot (mol kg -1 )	y CH4	y CO2	x CH4	x CO2	F.S.
	0,2702	1,4143	1,4886	2,9029	0,5128 0,4872 0,4872 0,5128 1,10
	0,5465	1,7155	2,7655	4,4809	0,5257 0,4743 0,3828 0,6172 1,78
	0,7958	1,8543	3,5267	5,3810	0,5364 0,4636 0,3446 0,6554 2,20
	1,2156	1,6456	4,6947	6,3403	0,5315 0,4685 0,2596 0,7404 3,23
	1,6161	1,4644	5,4755	6,9399	0,5305 0,4695 0,2110 0,7890 4,22
	1,9901	1,3953	5,7806	7,1759	0,5256 0,4744 0,1944 0,8056 4,59
	2,3297	1,3215	5,9427	7,2642	0,5111 0,4889 0,1819 0,8181 4,70

Uncertainties: ∆T=0.2 K, ∆P=0.01 MPa, ∆n/n=1%

  -1 ). As this figure shows most of the data found on the literature reported adsorption values at low pressure and up to 1 MPa. Ecosorb, a reference activated carbon presents the highest adsorption of CO 2 found in the literature, however it has the disadvantage of a high adsorption of methane at high pressure, which indicates a low capacity of separation[START_REF] Pino | Experimental determination of the adsorption isotherms in gas mixtures under extended pressure and temperature range[END_REF]. The rest of the activated carbons present very similar adsorption values of both components of the mixture, with the exception of CS H 2 O that

  displays the selectivity values of different carbonaceous materials reported on the literature at 1 MPa and initial CO 2 molar concentration Y (CO 2 ) near to 50%. The selectivity values obtained in this work are comparable to those in the literature for carbonaceous materials under similar conditions.

Table ( 8

 ( ) Comparison of CH 4 /CO 2 selectivity of carbonaceous materials at 1 MPa

	Sample	Y(CO 2 ) Selectivity T (K) Reference
	WV1050	47.3	5.2	303	[67]
	Norit R1	42	2.7	298	[68]
	Honeycomb monoliths	50	2.0	299	[69]
	A35/4	50	3.4	293	[58]
	Ordered mesoporous carbon	50	3.0	298	[70]
	Desorex K43-Na	45	2.1	298	[40]
	RX 1.5	50	1.7	303	This work
	CGRAN	50	2.7	303	This work
	GAC 1240	50	2.7	303	This work
	CNR-115	50	1.8	303	This work
	ROx 0.8	50	2.5	303	This work