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Abstract

Biogas, produced by the anaerobic decomposition of organic waste, consists of two major compounds, methane and carbon dioxide, and other impurities in much lower contents. When biogas purification treatment is adequate, biomethane, a renewable energy source produced from biogas, can meet standards for injection into natural gas networks or be used for transportation. As a result, one of the current challenges in biogas research is their purification for the production of biomethane. The biogas purification makes it essential to find innovative and efficient solutions for the separation of carbon dioxide (CO 2 ) from methane (CH 4 ) and the elimination of trace polluting compounds present in their raw composition. Among the technologies used for this purification, physical adsorption is one of the most promising.

In this context, the objective of this thesis work is to profile and study different adsorbents -activated carbon -in order to improve their performance indicators for biogas treatment: the CO 2 adsorption capacity, the selectivity for CH 4 /CO 2 separation and pollutant removal and adsorption capacity.

A systematic study was carried out between the structural and surface properties of these activated carbons and their adsorption properties. In the first part of this work, a thorough study of the physico-chemical characterization of the activated carbons was presented. The adsorbents selected are five commercial activated carbons named CGRAN, RX 0.8, RX 1.5, GAC 1240, and CNR-115. The last carbon, CNR-115, was modified chemically using oxidation by air and NH 4 OH impregnation in order to improve the selectivity properties which remain a weak point of activated carbons.

The use of different analytical methods allows us to characterize the textural, structural, and surface chemistry properties of each activated carbon studied (modified or not), in order to relate these properties to their adsorption performance.

Secondly, a primary study was performed to determine the adsorption isotherms of different constituents present in biogas and natural gas, which are methane and carbon dioxide but also ethane and propane. These isotherms were measured for the five commercial activated carbons and the two activated carbons modified from CNR -115 at a temperature of 303.15 K and over a pressure range between 0.1 to 3 MPa. These working conditions include the conditions used during the treatment of biogas purification.

A linear relationship between the specific surface area of the activated carbons studied and their adsorption capacities were established and it has been observed empirically that the volume of the meso-pores and micro-pores is the determining factor of the adsorption capacity of the adsorbents studied.

Thirdly, an experimental study was conducted on the adsorption isotherms of a synthetic mixture representative of biogas, CH 4 /CO 2 (60%/40% v/v) on the most promising adsorbents: four commercial activated carbons and the two activated carbons modified from CNR-115. The results obtained show that the CO 2 selectivity resulted from the combination of the structural properties and the chemical characteristics of the adsorbents. In the case of modified activated carbon, the presence of chemical groups containing oxygen and nitrogen resulted in a significant increase in the selectivity of the activated carbon.

Although adsorption capacity decreases as a result of chemical surface modification during air oxidation, this increase in selectivity is one of the most striking results of this work.

Finally, the CH 4 /CO 2 /C 6 H 5 CH 3 adsorption isotherms (60%/40%/100ppm) were carried out on CNR-115 and its two modified activated carbon and their original carbon in order to examine the elimination of a polluting trace compound, in this case the toluene (C 6 H 5 CH 3 ). Along with a very high selectivity of CO 2 separation, the sample of CNR-115 treated using an oxidized-aminated process (CNR-115-ow-am) showed an ability to adsorb toluene, which represents an original and promising result for the purification of biogas.

Abstract

Les biogaz, produits par une décomposition anaérobie de déchets organiques, sont constitués de deux composés majoritaires, que sont le méthane et le dioxyde de carbone, et de différentes impuretés dans des teneurs beaucoup plus faibles. Le biométhane est une source d'énergie renouvelable produite à partir de biogaz, qui peut satisfaire aux normes en vigueur afin d'être injectée dans les réseaux de gaz naturel ou utilisée pour le transport lorsque le traitement d'épuration des biogaz est adéquat. En conséquence, l'un des enjeux actuels de la recherche sur les biogaz porte sur leur épuration pour la production de biométhane. Cette épuration du biogaz rend indispensable la recherche de solutions novatrices et performantes pour la séparation du dioxyde de carbone (CO 2 ) du méthane (CH 4 ) et l'élimination des composés traces polluants présents dans leur composition initiale. Parmi les procédés utilisés pour cette épuration, celui qui s'appuie sur l'adsorption physique est un des plus prometteurs.

Dans ce contexte, l'objectif de ce travail de thèse est de profiler et d'étudier différents adsorbants -des charbons actifs -en vue d'améliorer leurs indicateurs de performance utiles à la problématique de traitement des biogaz : la capacité d'adsorption du CO 2 , la sélectivité pour la séparation CH 4 /CO 2 et la capacité de séparation et d'adsorption des polluants.

Une étude systématique a été menée entre les propriétés structurales et de surfaces de ces charbons actifs et leurs propriétés d'adsorption. Une étude approfondie de la caractérisation physico-chimique des charbons actifs étudiés est présentée dans la première partie de ce travail. Les adsorbants sélectionnés sont cinq charbons actifs commerciaux, nommés : CGRAN, RX 0.8, RX 1.5, GAC 1240 et CNR-115. Ce dernier charbon, le CNR -115, a été modifié chimiquement à l'aide de deux traitements, d'oxydation et d'imprégnation par NH 4 OH afin d'améliorer ces propriétés de sélectivité qui reste le point faible des charbons actifs.

L'utilisation de différentes méthodes d'analyse a permis de caractériser les propriétés texturales, structurales et la chimie de surface de chaque charbon actif étudié (charbon actifs modifiés ou non), afin de relier ces propriétés à leurs performances d'adsorption.

Une première étude a porté sur la détermination des isothermes d'adsorption de différents constituants (méthane et dioxyde de carbone mais également éthane et propane) présents dans les biogaz et les gaz naturel. Ces isothermes ont été mesurées pour les cinq charbons actifs commerciaux et les deux charbons actifs modifiés à partir du CNR -115 à une température de 303,15 K et sur un intervalle de pression étendu entre 0,1 à 3 MPa, des conditions englobant les conditions utilisées lors du traitement d'épuration des biogaz. Une relation linéaire entre la surface spécifique des charbons actifs étudiés et leurs capacités d'adsorption a été établie et il a été observé empiriquement que le volume des mésopores et des micropores est le facteur déterminant de la capacité d'adsorption des adsorbants étudiés.

Ensuite, une étude expérimentale a porté sur les isothermes d'adsorption d'un mélange synthétique représentatif d'un biogaz, CH 4 /CO 2 (60%/40% v/v) sur les adsorbants les plus prometteurs : quatre charbons actifs commerciaux et les deux charbons actifs modifiés à partir du CNR-115. Les résultats obtenus ont montré que la sélectivité vis-à-vis du CO 2 résultait de la combinaison des propriétés structurales et des caractéristiques chimiques des adsorbants. Dans le cas des charbons actifs modifiés, la présence de groupes chimiques contenant de l'oxygène et de l'azote a entraîné une augmentation significative de leur sélectivité. Bien que la capacité d'adsorption diminue suite à la modification chimique de surface lors de l'oxydation à l'air du CA, cette augmentation de la sélectivité est parmi les résultats les plus marquants de ce travail.

Enfin, les isothermes d'adsorption CH 4 /CO 2 /C 6 H 5 CH 3 (60% /40%/100 ppm) ont été réalisées sur CNR-115 et ses deux charbons actifs modifiés et leur charbon d'origine afin d'examiner l'élimination d'un composé trace polluant, en l'occurrence le toluène (C 6 H 5 CH 3 ). L'échantillon de CNR-115, traité à partir d'un procédé oxydé-aminé et, à très haute sélectivité pour séparer le dioxyde de carbone, a démontré une capacité à adsorber le toluène ce qui représente un résultat original et prometteur pour l'épuration des biogaz. 

General Introduction

Alongside the development of industry, the energy demand has been growing swiftly over the last century. As shown in Figure 0.1, the global direct energy consumption raised almost 2.5 times from 17,693 TWh in 1920 to 41,589 TWh in 1960 [1,2] due to the Second industrial Revolution from 1871 to 1920, when the massive production of automobiles and electricity began. Starting from 1960, the Third Industrial Revolution including the introduction of computers changed profoundly the mode of production, leading to the steep demand on energy due to the industrial improvement [3]. During this period, fossil fuels already played the most important role in the energy market (Figure 0.2). Indeed, starting from 1960, with the accelerating globalisation of car use, the consumption of crude oil has increased rapidly from 27% to 34%. Nowadays, fossil fuels, including crude oil, coal and natural gas, still dominate the energy sector with up to 86% of the global energy consumption [4]. This development of energy sector and the industrialisation all around the Globe always come with a price: environmental problems. Global warming resulting from fossil fuel are inevitable and has become more and more serious due to high levels of Green House Gases (GHG), especially CO 2 emission in atmosphere [5]. McGrath et al., Dogan et al. and Lu et al. reported that there is an evident relation between the carbon dioxide emissions and the growth of economy [6][7][8]. Global warming issues and GHG emissions reduction are high on many political and scientific topics. According to the Global Carbon Project, the global fossil CO 2 emissions reached 36.8 Gigatonnes, increasing 3% within only 10 years from 2010 [6]. Carbon dioxide emissions are outstandingly high in developed countries such as United States, China and European countries, where the economy lays on industry and services (Figure 0.3). As a matter of fact, the human activity has been reported to cause 1 °C of global warming compared to the pre-industrial period [9]. In response, in order to limit global warming to 1.5 °C, strict standards on carbon dioxide emissions have been regulated. Under the Paris Agreement and the Kyoto Protocol, the European Union committed to reduce 60% of carbon dioxides emissions by 2030 and after 2050, more CO 2 should be removed from atmosphere than is emitted [10]. This strategy includes the promotion of renewable energy's market share to 20%, as well as the need to accelerate the implementation of policies in support of renewables, which is especially challenging in emerging countries that still depend on fossil fuel [11,12]. In the renewable energy market, the conversion organic waste material to energy, are likely to become one of the most promising sector thanks to its environmental-friendly property [13]. The most common way to transform organic waste to energy is the biogas production via anaerobic decomposition i.e. when the organic matters are exposed to an environment without oxygen, under the influence of microorganisms, they release a mixture of gases called biogas.

In Europe, biogas plants play an important role in the production of renewable energy. According to the European Biomass Association, in 2017, the EU biogas production reached 465 TWh, which contributes to over 50% of the global biogas production [14,15]. Furthermore, while biogas production is still rising in Europe and North America, the biogas global market is expected to grow further because of the rapid evolution of the biogas industry in developing countries such as Asia Pacific region [16]. By 2025, North America should dominate the world biogas market with 36% of the market share, followed by Asian Pacific countries (33%) and Europe (22%) (Figure 0.4) [17]. Biogas, depending on the organic materials used for its production, mainly consists of methane (25 -75%), carbon dioxide (7 -60%). In general, biogas also contains trace level of other impurities such as nitrogen (0 -3 %), oxygen (0 -1 %) , hydrogen sulfide (0 -10000 ppmv), toluene (10 -287 mg m -3 ) and siloxanes (0 -41 mg m -3 ) [18][19][20][21][22]. The presence of these highly corrosive compounds causes the increase in price and complexity of biogas stockage and transport due to their deposition in engines [23,24]. Furthermore, the average calorific value of biogas is relatively low (21.5 MJ m -3 ) in comparison with the lower heating value of CH 4 (34.3 MJ m -3 at STP conditions) [25].

Regarding these economic and environmental issues, it is hence necessary to purify biogas. The purification is carried out via two steps:

• The biogas cleaning treatment where harmful and toxic compounds (e.g.

H 2 S, NH 3 , toluene, siloxanes) are removed by different processes such as scrubbing (H 2 S and NH 3 ) or physical adsorption (siloxanes, toluene) or biological treatments [26]. The elimination in this step is to avoid the damage in the second treatment system (biogas upgrading) as well as in the distribution grids.

• The biogas upgrading treatment that corresponds to the CO 2 separation;

The purification of biogas, including both above-mentioned steps, produces highly-purified methane (purity > 98%) called renewable natural gas (RNG) or biomethane that can be used on vehicles that use natural gas or injected into the natural gas network. The global demand of biomethane has been exponentially increasing for the last decade, leading to the necessity of new technologies and the purification enhancement in order to meet the energy demand [14].

It is to note that the natural gas, one of the principal fossil fuels (accounts for 23.7% of the global energy consumption), owns the composition may vary depending on its sources but still remains similar to the one of biogas [27]. In comparison with biogas, raw natural gas contains mostly hydrocarbons such as methane (86 -94%), ethane (2 -6%), propane (1 -5%) and noncombustible diluents such as CO 2 (4 -15%), N 2 (≤ 5%) and hydrogen sulfide (≤ 4 ppm) [28][29][30]. In the case of natural gas, the problem of CO 2 separation is identical to biogas. Moreover, the stockage of organic compounds like ethane and propane is also an important stake in natural gas valorization. In this context, we addressed that issue in Chapter 3. In addition, the CO 2 /CH 4 selectivity results obtained for the various coals also apply for natural gases, even if the object of our study focuses on biogases which provides the energy market with a promising ecological aspect and are a target in the context of transition policies.

Regarding the problem of CO 2 separation, numerous technologies have been developed for biogas purification: water scrubbing [31,32], chemical solvent scrubbing [33,34], membrane separation [35,36], pressure swing adsorption [37][38][39][40] and cryogenic separation [41]. These treatment procedures are also applied for raw natural gas cleaning to meet the specification of the pipeline [42]. Amongst different biogas purification procedures, physical adsorption is more advantageous thank to its affordable investment and operation costs, uncomplicated installation and simple adsorbent regeneration [39]. Moreover, physical adsorption does not require any water or chemical solvent use, making it environmental-friendly as well as avoiding other supplementary post-production treatment [43].

Based on the fact that a given adsorbent has different affinities with biogas components, in a pressure swing adsorption process, a biogas is put in contact with a porous material at high pressure, which preferentially adsorbs carbon dioxide and/or other compounds like siloxanes, ammonia, benzene, toluene and lets most of methane pass through. Upon the pressure increase, more gas is adsorbed to the surface of the adsorbent. In the end, the process swings to low pressure for desorption to regenerate the adsorbent. Commonly used adsorbents for pressure swing adsorption can be listed like activated carbon [44][45][46][47], zeolites [48,49], molecular sieves [50] and metal-organic framework (MOFs) [51].

While zeolites, molecular sieves and MOFs require certain condition of synthesis and pre-treatment resulting in their expensive price, activated carbons can be produced from a wide variety of carbonaceous raw material such as bamboo, coconut husk, wood, coal, thereby reducing their fabrication costs [52][53][54]. Moreover, activated carbons own superior surface area and are easy to regenerate by desorption [55]. In contrast, the main drawback of this adsorbent is a low CO 2 selectivity i.e. it adsorbs both methane and carbon dioxide at the same time. The modification of activated carbon surfaces by introducing O-containing and N-containing functionalities, however, can overcome this obstacle [56][57][58].

Accordingly, the development of functionalized activated carbons as adsorbents for the adsorption and separation of CO 2 in biogas has become dominant in the biogas industry. In that sense, it is hence essential to understand the relationship between the structure and functionality of adsorbents and their adsorption properties such as selectivity and adsorption uptakes.

In her doctoral thesis, Peredo-Mancilla studied the adsorption capacities and selectivity of different activated carbons [59]. A functionalization process on one of the studied carbon, CNR-115, showed promising results in terms of improving the selectivities carried out from equimolar mixtures CH 4 /CO 2 .

Our study, which is therefore based on the main conclusions of this work by Peredo for the choice of adsorbents, focuses on a binary mixture with a composition representative of biogas (60% mol CH 4 ; 40 % mol CO 2 ) in order, on the one hand, to confirm the performances of the adsorbents and on the other hand, to provide useful data for the modeling of the processes.

This study was conducted on an pressure range [0-3 MPa] at the production temperature of the biogas (303. 15 K). Furthermore, measurements were carried out on this same mixture (60% mol CH 4 ; 40% mol CO 2 ) in the presence of a pollutant (toluene) at levels comparable to those encountered in biogas.

The objective is to study the separation and adsorption capacities of the same adsorbent for CO 2 and toluene, providing an answer to the stages of purification of biogas, which to our knowledge has never been studied.

In this work, the experimental methodology consists of (i) the characterization of the adsorbents used, (ii) the study of the adsorption of pure substances which is also useful for the problem of natural gases and (iii) the study of representative mixtures of biogas.

Therefore, this thesis manuscript centers upon 4 chapters as follows:

1. Chapter 1 provides a state of the art on biogas as renewable energy in the context of the global energy market. Different technologies and biogas purification processes are presented and the characteristics of the major families of adsorbents are also reviewed.

2. Chapter 2 is dedicated to the description of the adsorbents studied in this thesis. These are five commercial activated carbons (RX 1.5, ROx 0.8, CNR-115, CGRAN, GAC 1240) and two activated carbons modified on the basis of CNR-115 by two different methods: oxidation in the presence of air (CNR-115-ox) and oxidation in the presence of air followed by impregnation with ammonium hydroxide (CNR-115-ox-am). The second part of the chapter describes the experimental techniques and the methodology used to determine the adsorption isotherms of pure gases and mixtures on activated carbon.

3. Chapter 3 presents the study of the adsorption of the pure constituents present in natural gas (CH 4 , C 2 H 6 , C 3 H 8 ), and CO 2 on the activated carbons selected and developed for our study. A systematical analysis of the results is proposed from the study between the textural and surface properties of these carbons and their adsorption capacities. The main results of this chapter have been published [60].

4. Chapter 4 is devoted to the study of representative biogas mixtures:

-Adsorption of the mixture CH 4 /CO 2 (60%/40%) on commercial carbons and modified carbons from CNR-115.

-Adsorption of the ternary mixture CH 4 /CO 2 /C 6 H 5 CH 3 (60%/40%/100 ppm) on the three activated carbons of the CNR-115 family (CNR-115, CNR-115-ox, CNR-115-ox-am).

The selectivity CO 2 /CH 4 was deduced from these mixture adsorption measurements. Similarly, a study of the separation factor has been proposed as a function of the structural, morphological and chemical characteristics of the adsorbents in order to draw up a comparative study of the performance of each of the adsorbents used. 

Introduction générale

Au cours du siècle dernier, le développement de l'industrie mondiale a eu pour principale conséquence une forte demande énergétique. La consommation mondiale d'énergie, représentée sur la Figure 0.1, a été multipliée par quasiment un facteur trois, passant de 17 693 TWh en 1920 à 41 589 TWh en 1960, ceci essentiellement en raison de la deuxième révolution industrielle, qui a eu lieu de 1871 à 1920 [1,2]. A partir des années 1960, l'apparition de l'informatique dans le milieu industriel a causé une nouvelle expansion industrielle, impactant profondément le mode de production et entraînant, à nouveau, une demande énergétique croissante [3]. Pendant cette période, les combustibles fossiles jouaient le rôle le plus important sur le marché de l'énergie (Figure 0.2). En effet, à partir de ce moment là, la mondialisation de l'automobile s'est accélérée provoquant une importante consommation de pétrole brut qui est passée rapidement de 27% à 34%. De nos jours, les combustibles fossiles, y compris le pétrole brut, le charbon et le gaz naturel, dominent toujours l'industrie énergétique en fournissant jusqu'à 86% de notre consommation énergétique mondiale [4]. En contrepartie, ce développement économique et industriel et sa forte demande énergétique provoquent inévitablement des problèmes environementaux. Le réchauffement climatique résultant de la production de la consommation d'énergie s'aggrave à cause des niveaux élevés des gaz à effet de serre (GES), en particulier les émissions de CO 2 dans l'atmosphère [5] Selon le Global Carbon Project, en seulement 10 ans, les émissions mondiales de CO 2 fossile ont évoluées de 3% pour atteindre le niveau de 36,8 gigatonnes en 2019 [6]. Les taux d'émissions de dioxyde de carbone sont extrêmement élevés dans les pays développés tels que les États-Unis, la Chine et les pays européens, où l'industrie et le tourisme jouent un rôle prépondérant dans l'économie (Figure 0.3). En fait, on attribue à l'activité humaine, l'augmentation de 1 °C de réchauffement climatique par rapport à la période pré-industrielle [9]. En réponse à ce problème, afin de limiter le réchauffement climatique à 1,5 °C, des normes strictes sur les émissions de dioxyde de carbone ont été établies. Dans le cadre de l'accord de Paris et du protocole de Kyoto, l'Union Européenne s'est engagée à réduire de 60 % des émissions de dioxyde de carbone d'ici 2030. A partir de 2050, l'objectif sera d'éliminer plus de CO 2 dans l'atmosphère que ce que l'on émet [10]. Cette stratégie inclut la promotion des énergies renouvelables à hauteur de 20% du marché mondial des énergies, ainsi que l'accélération de la mise en oeuvre des politiques en faveur des technologies renouvelables, ce qui constitue un réel défi pour les pays émergents et ceux encore largement dépendants des combustibles fossiles [11,12]. Au sein du marché des énergies renouvelables, la valorisation des déchets organiques en énergie est affichée comme l'un des secteurs les plus prometteurs, en termes d'efficacité énergétique et de respect de l'environnement [13]. La technique la plus utilisée pour transformer les déchets organiques en énergie est la production de biogaz par le procédé de méthanisation qui est une décomposition anaérobie.

C'est-à-dire que lorsque les matières organiques sont exposées à un environnement sans oxygène (anaérobie), sous l'influence de micro-organismes, elles libèrent un mélange de gaz appelé biogaz.

En Europe, les usines de biogaz jouent un rôle essentiel dans la production d'énergie renouvelable. Selon l'Association Européenne de la Biomasse, en 2017, la production de biogaz de l'UE a atteint 465 TWh, ce qui contribue à plus de 50 % de la production mondiale de biogaz [14,15]. En outre, alors que cette production est en cours de développement en Europe et en Amérique du Nord, le marché mondial du biogaz devrait continuer de croître grâce à l'évolution rapide de sa production dans les pays en développement tels que ceux de l'Asie-Pacifique [16]. Le biogaz, qui dépend des matières organiques utilisées lors de sa production, est constitué de deux composés gazeux principaux qui sont le méthane (25 -75 %) et le dioxyde de carbone (7 -60 %) [18]. En général, le biogaz contient également des traces d'autres impuretés telles que le diazote (0 -3 %), le dioxygène (0 -1 %), le sulfure d'hydrogène (0 -10000 ppmv), le toluène (10 -287 mg m -3 ) et les siloxanes (0 -41 mg m -3 ) [19][20][21][22]. La présence de ces composés hautement corrosifs rend le transport et le stockage du biogaz coûteux et complexe, pouvant entraîner le dépôt de couches dans les moteurs [23,24]. De plus, la valeur calorifique moyenne du biogaz est relativement faible (21,5 MJ m -3 ) en comparaison avec le pouvoir calorifique inférieur de CH 4 (34,3 MJ m -3 ) aux conditions normales de température et de pression (CNTP) [25].

Autant pour des enjeux économiques que environnementaux, il est donc nécessaire de purifier le biogaz. Cette épuration est réalisée en deux étapes :

• l'étape d'épuration du biogaz où les composés nocifs et toxiques (e.g. le H 2 S, le NH 3 , le toluène et les siloxanes) sont éliminés par lavage aux solvants (H 2 S et NH 3 ) ou par adsorption (siloxanes, toluene) ou par procédés biologiques pour éviter les dommages dans le deuxième système de traitement (l'enrichissement) ainsi que dans le réseau de distribution du gaz naturel [26].

• l'enrichissement du biogaz qui correspond à la séparation du CO 2 .

L'épuration du biogaz, constituée des deux étapes précédentes, produit un méthane hautement purifié (pureté > 98%) appelé gaz naturel renouvelable (GNR) ou biométhane. Celui-ci peut donc être inséré dans le réseau de gaz naturel ou alternativement, utilisé comme carburant automobile. La demande globale de biométhane a augmenté exponentiellement au cours de la dernière décade, créant ainsi la nécessité de nouvelles technologies et d'améliorer son épuration pour répondre à ce besoin énergétique [14].

Notons ici que le gaz naturel qui demeure une des principales ressources fossiles (représentant 23,7% de la consommation d'énergie mondiale), a une composition qui varie selon le réservoir, mais reste similaire à celle du biogaz [27]. En comparaison avec le biogaz, le gaz naturel brut contient principalement des hydrocarbures tels que le méthane (86-94 %), l'éthane (2 -6 %), le propane (1 -5 %) et des composés non-combustibles tels que CO 2 (4 -15 %), le diazote (≤ 5%) et le sulfure d'hydrogène (≤ 4 ppm) [28][29][30]. Dans le cas du gaz naturel, la problématique de la séparation du CO 2 est identique à celle des biogaz. Par ailleurs, l'étude du stockage de composés organiques comme l'éthane ou le propane est aussi un enjeu pour la valorisation des gaz naturels. Dans ce contexte, nous avons abordé cette question dans le chapitre 3. Et, ajoutons que les résultats de sélectivité CO 2 /CH 4 obtenus des différents charbons s'appliquent également pour les gaz naturels, même si l'objet de notre étude demeure les biogaz qui procure au marché de l'énergie un aspect écologique prometteur et sont une cible dans le cadre des politiques de transitions [31,32].

Pour revenir à la problématique de la séparation du CO 2 , de nombreuses technologies ont été développées pour faciliter l'élimination du dioxyde de carbone lors de l'épuration du biogaz : le lavage à l'eau [33,34], le lavage aux amines [35,36], la séparation par membrane [37,38], l'adsorption par inversion de pression [39][40][41][42] et la séparation cryogénique [43]. Ces procédés de traitement sont également appliquées pour le traitement du gaz naturel brut pour répondre aux standards pour les réseaux de distribution [44]. Par rapport aux différents procédés d'épuration du biogaz, l'adsorption physique offre des avantages tels que les coûts d'investissement et d'exploitation abordables, l'installation simple et la régénération facile de l'adsorbant [41]. De plus, l'adsorption physique ne nécessite aucune utilisation d'eau ou de solvant chimique, ce qui la rend plus respectueuse de l'environnement et évite d'autres traitements supplémentaires après la production du biométhane [45].

Le processus d'adsorption par inversion de pression est basé sur le fait qu'un adsorbant donné a des affinités différentes avec les composants du biogaz. Dans un tel processus, le biogaz brut est mis en contact avec un matériau poreux à haute pression, qui adsorbe préférentiellement le dioxyde de carbone car il a très peu d'affinité pour le méthane. A la fin du traitement, on procède à une désorption du dioxyde de carbone en appliquant une basse pression afin de régénérer l'adsorbant. Les adsorbants les plus utilisés pour l'adsorption par inversion de pression sont les charbons actifs [46][47][48][49], les zéolithes [50,51], les tamis moléculaires [52] et les réseaux métallo-organiques (MOFs) [53].

Alors que les zéolithes, les tamis moléculaires et les MOFs nécessitent certaines conditions de synthèse et de prétraitement et présentent un coût élevé de production, les charbons actifs peuvent être produits à partir d'une grande variété de matières premières carbonées telles que le bambou, la coque de noix de coco, le bois, le charbon, réduisant ainsi leur coût de fabrication [54][55][56]. De plus, les charbons actifs possèdent une surface spécifique supérieure et sont faciles à régénérer pendant le processus de désorption [57]. A contrario, l'inconvénient majeur de cet adsorbant est sa faible sélectivité vis-à-vis du CO 2 , c'est-à-dire qu'il adsorbe à la fois le méthane et le dioxyde de carbone. Cependant, la modification de la surface du charbon actif par l'introduction de fonctionnalités contenant de l'oxygène et de l'azote peut pallier ce déficit [58][59][60]. Par conséquent, le développement de charbons actifs fonctionnalisés comme adsorbants pour l'adsorption et la séparation de CO 2 dans les biogaz reste un enjeu primordial pour le développement à échelle industrielle des biogaz. En ces sens, un verrou est la compréhension de la relation entre la structure et les fonctionnalités des adsorbants et leurs propriétés d'adsorption que la sont la sélectivité et la capacité d'adsorption.

Dans sa thèse de doctorat, Peredo-Mancilla a étudié les capacités d'adsorption et la sélectivité de différents charbons actifs [61]. Un procédé de fonctionnalisation d'un des charbons étudiés, le CNR-115, a montré des résultats prometteurs quant à l'amélioration des sélectivités du mélange équimolaire CH 4 /CO 2 .

Notre étude qui s'appuie donc sur les principales conclusions de ce travail de Peredo pour le choix des adsorbants, a porté sur un mélange binaire à la composition représentative de celle des biogaz (60% mol CH 4 ; 40% mol CO 2 ) afin, d'une part, de confirmer les performances des adsorbants et d'autre part de fournir des données utiles pour la modélisation des procédés d'épuration des biogaz.

Cette étude a été menée sur un intervalle de pression étendu 0 -3 MPa à la température de production des biogaz 303, 15 (K). Par ailleurs, des mesures ont été menées sur ce même mélange (60% mol CH 4 ; 40% mol CO 2 ) en présence d'un polluant, le toluène à des teneurs comparables à celles rencontrées dans les biogaz.

L'objectif étant l'étude des capacités de séparation et d'adsorption du même adsorbant pour le CO 2 et le toluène, apportant une réponse aux étapes de purification des biogaz, ce qui à notre connaissance n'a jamais fait l'objet d'une étude.

La méthodologie expérimentale se décline par la caractérisation des adsorbants utilisés, l'étude de l'adsorption de corps purs utiles également à la problématique des gaz naturels et enfin l'étude de mélanges représentatifs de biogaz.

Ainsi, ce manuscrit de thèse est structuré autour de 4 chapitres de la manière suivante: 

Chapter 1

From biogas to energy recovery: the purification challenge

Chapter Outline

Bioenergy is undergoing through a rapid development in term of technology as well as economy. Therefore, biogas, that plays an essential role in this field, is attracting intensive attention from both of academic and industrial worlds. As a result, nowadays biogas purifying market has to face an ultimate challenge on technology, energy consumption and cost of investment. Selection of technology for biogas purification is case-sensitive, site-study and depends on the biomethane requirements and local situation. For that reason, balancing the choice of technology and required standards is a key factor of sustainable development for every biogas plant. Based on that idea, the remains of this chapter is divided as follows: Section 2 of this chapter presents an overview of biogas as a source of bio-energy and the impact of its composition on energy recovery. Section 3 gives a comprehensive definition of modern technologies for biogas cleaning and upgrading on CO 2 separation as well as the elimination of other compounds.

Origin of biogas

Background on the role of biogas in energy industry

Needs of renewables energies

The accelerate population and industrial development increase are leading to the energy crises all over the world. Alongside energy securities, environmental concerns, i.e air pollution and greenhouse gases (GHG) emissions are also prominent [1,2]. Indeed, greenhouse gases absorb solar radiation and emit radiation back to the Earth's surface, therefore they are responsible for the greenhouse effects on the Globe [3]. On the other side, human industry-related activities, such as the burning of fossil fuel or the cutting of forests, have been accelerating the GHG emissions and contribute to the global warming [4]. Moreover, the intensive GHG emissions causes the increase in the temperature of Earth's surface, then directly leads into the damage of the ecosystem. For that reason, the Kyoto protocol was adopted in 1997, that commits state parties to reduce greenhouse gas emissions and cover six GHG including carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons and sulphur hexafluoride (F-gases) [5]. According to World Resources Institute, in 2016, the global GHG emissions reached 46.1 CO 2 -eq Giga tonnes (Gt), of which 74.3 % (36.70 CO 2 -eq Gt) was of carbon dioxide,and 17.3 % (8.55 CO 2 -eq Gt) was of methane. Nitrous oxide and F-gases account for 6.2 % (8.55 CO 2 -eq Gt) and 2.2 % (1.05 CO 2 -eq Gt) respectively in GHG emissions. These data consistent to the 2019 report of the Netherlands Environmental Assessment Agency on trends in global CO 2 and total GHG emissions, where CO 2 and CH 4 were found to own respectively 72 and 19 % of total GHG emissions in the world [6].

It was also reported that 73 % of the global GHG emissions (36.01 CO 2 -eq Gt) came from energy generation, which is 7 % higher than the same index in 1990, where energy sector represented 66 % of the global GHG emissions [7]. However, about 88 % of the global energy demands nowadays are still met by fossil fuels although the environmental cost related to their wide applications has been proven [8,9]. Consequently, the use of alternative sources of energy such as biomass are increasing on the energy market [10][11][12][13][14]. In France, the French Environment and Energy Management Agency (ADEME) reported in 2018 that renewable gas would represent 10 % of the 2030 national gas consumption [15]. The International Energy Outlook 2019 also reported the trend of energy consumption from 2010 to 2018 and predicted its projections until 2050 as shown in Figure 1.1. The world energy consumption by renewable energy will reach 125 quadrillion Btu (36,600 TWh) in 2030 and 250 quadrillion Btu (73,300 TWh) in 2050. This means the energy consumption by renewable sources will increase by 39 % in ten years and triple in 30 years. Although the use of petroleum and coal are still important, their shares in the energy market will reduce significantly. For petroleum and other fossil fuels, its share will decrease from 32 % in 2018 to 26 % in 2050. It was also mentioned in Figure 1.1 that coal and nuclear are the least favorite energy sources in the future, they will account for 20 % and 2 % in energy consumption in 2050 compared to 25 % and 3 % in 2018. Meanwhile, renewable energy is predicted to increase by 13 % and will possess up to 28 % of the 2050 global energy consumption shares, becoming the leader of the market. In Europe, according to the Renewable Energy Directive (RED) 2009/28/EC on the promotion of renewable energy sources, by 2020 EU countries aim to increase the share of renewable energy to 20 % of gross energy consumption, and 10 % of renewable energy production will contribute to the energy use for transport [16]. On a longer term, another target has been set by the European Union, which is to create a low-carbon economy, precisely, to reach at least 80 % GHG emission reduction in 2050 [17].

Current situation of the global biogas production

In the renewable energy field, energy recovery from biomass is one of the most attractive sectors and it has become widely popular for years. The International Panel on Climate Change (IPCC) forecast that energy generation from biomass, including numerous types of biofuels, would rise up to 50000, 75000 TWh in 2050 and 2075 respectively [18]. Biomass can be practically transformed to many renewable energy types such as biogas [19,20], bio-oil [21], bio-diesel [22][23][24], bio-ethanol [25,26] using a wide range of physio-chemical, biochemical and thermochemical technologies. Among different types of biofuels, biogas generated from organic wastes through anaerobic digestion is a promising alternative source for green-energy supply. Biogas production through anaerobic digestion possesses a lot of advantages over other biomass-driven process because most of raw organic wastes can be completely biodegraded by anaerobic digestion treatment [27]. Reijnders and Huijbregts also affirmed that biomethane attained from biogas purification has the highest heat combustion compared to other common biofuels like bio-diesel, bio-ethanol and bio-methanol (Table 1.1) [28]. The term "bio" refers to the fact that those fuels are made through an eco-friendly process from "green" raw materials instead of fossil fuels, which makes them renewable sources of energy [29,30].

Heating value (M J kg The heat combustion of biomethane is up to 55.5 M J kg -1 , while biodiesel possesses only 42 -46 M J kg -1 , which is about 15 % less than biomethane [31,32]. On the other hand, bioethanol and biomethanol possess only 29.7 and 22.7 M J kg -1 as heat combustion, which means one kilogram of biomethane can release more heat than 2 kilograms of biomethanol or 1.7 kilograms of bioethanol. The heat combustion therefore showed that on the energetic aspect, biomethane is significantly more advantageous than others. Moreover, according to Ormer and Tabatabaei et al., biogas combustion rate (60 %) is greater than firewood (17 %), charcoal (28 %), cow dung (11 %), making it own an optimal benefit in terms of energy conversion [33,34].

For that reason, biogas has become essential on the market for renewable energy and the biogas production has been rapidly increasing in recent years (Figure 1.2) [35][36][37][38][39]. The global biogas production is estimated to double in 2022 compared to 2012, reaching close to 35 megatonne of oil equivalent (407.05 TWh). In Europe, in 2022, the biogas production will attain 16 Mtoe (186.08 TWh), 1.5 time greater than biogas production in 2012. Asia Pacific region is also a promising market for biogas when its productions increased by 3 times from 2.5 Mtoe (29 TWh) in 2012 to 7.5 Mtoe (87.23 TWh) within 10 years. It is also suggested that the renewable energy demands in most of countries in European Union will be met by bio-resources, where biogas account for 25 % [38]. Needless to say, studying and researching on biogas has never been more essential.

Biogas in energy recovery

Biogas is the mixture of gas released from the breakdown process of organic matters in biomass under the absence of oxygen called anaerobic digestion [40]. This mixture contains mainly methane (40 -80 %) and carbon dioxide (20 -40 %), together with water vapor (1 -5 %), nitrogen (0 -5 %), lower concentration of ammonia (< 5ppm), hydrogen sulfide (< 450ppm) and trace amounts of other organic compounds as listed in Section 2.2.2 (Table 1.3) [41]. After being purified, biogas becomes biomethane, where the methane fraction is upgraded to above 96 % to meet the quality standard for natural gas grid. Nowadays, utilisation of biogas is mainly for electricity production and vehicle fuel. Depending on the country, relevant laws defined the biomethane quality criteria in order to ensure the function of equipment. For example, in France, for the H-type gas, abbreviation for "haut pouvoir calorifique", the biomethane injected to natural gas grid must fulfill the following specifications in Table 1.2.

Methane fraction in biomethane injected to the natural gas network is significantly superior than in raw biogas by removing completely carbon dioxide and other compounds (from 20 -40 % in raw biogas to 2.5 % in biomethane H-type). Moreover, in energetic terms, with the presence of carbon dioxide and other impurities, the heating value of raw biogas is proven to be lower than biomethane [10]. Paolini et al. confirmed that while the higher heating value of biogas ranges from 22.3 -22.5 M J m -3 , the one of biomethane varies from 36.4 to 36.6 M J m -3 [42]. Upgrading biogas to biomethane is therefore essential in order to satisfy the relevant regulations on biomethane utilisation as well as energy benefits. Accordingly, the principal technologies for biogas cleaning and upgrading are detailed in Section 3 of this chapter. Biomass, raw material of biogas is mainly organic waste such as food waste, fruit 1.2: Gas quality criteria for injection to France natural gas grid [43].

waste, cereals, municipal sludge or manure as presented in Figure 1.3 [44]. In terms of market share, about 23 % of biomass for biogas production comes from food waste while fruit waste contribute 16 % of the total share. Manure can be also converted into biogas with 9 % of share market, which explains the growth of domestic-scale biogas plant in rural areas of developing countries, where those biomass are abundant but there are still a lack of industrialisation to construct a commercial biogas plants [45,46]. 

Biogas formation from biomass through anaerobic digestion

Anaerobic digestion consists four steps to convert organic materials into biomethane as follows (Figure 1.4) [47]:

1. Hydrolysis: large polymers such as lipids, proteins, carbohydrates are biodegraded into monomers.

2. acidogenesis: due to the acidogenic bacteria, the generated monomers are converted into short chain fatty acids, salts or esthers of organic acids and alcohols.

3. Actenogenesis: under the work of acetogenic bacteria, these small molecules continues to be biodegraded into H 2 , CO 2 and acetic acid in the process [48,49].

4. Methanogenesis: hydrogenotrophic and acetoclastic methanogens produce methane by reducing CO 2 with H 2 or dividing acetic acid [50,51].

In general, the biogas production by anaerobic digestion is considered slow because of different bacteria growths, i.e, 1 -2 days for hydrolysis and acidogenesis microorganisms, 1-4 days for acetogens, 5-15 days for methanogens [52]. Consequently, a complete anaerobic digestion may require up to 3 months. Figure 1.4: Organic wastes to biomethane via biodegradation process [40].

The quality of biogas, presented by its biomethane concentration, is the most important factor to evaluate the efficiency of a biogas production process. Schattauer et al. affirmed that both quantity and quality of the produced gas was found to be proportional with the composition of the raw biomass, including the levels of trace elements such as nickel, selenium, chromium [53]. Indeed, produced biogas from plants with high energy crops as feedstock (silage maize, sunflower, winter wheat, oat) [54,55] are supposed to have greater amount of trace elements than other resources [56]. The high concentration of trace elements are were also observed in biogas plants that has a large variation in feedstocks, such as different domestic food wastes because these feedstocks possess more like nickel, selenium, arsenic, chromium that are necessary micronutrients for humans in small amounts (≤ 100 mg per day) [57]. Other factors that can affect directly the biogas production include reactor design, pH, temperature, C/N ratio and particle size of feedstock etc [58].

Biogas composition

Produced biogas composition can differ widely from plant to plant for the reason of a large variety of feedstock. However, CH 4 and CO 2 are confirmed to be two major components in raw biogas [59][60][61][62][63]. Apart from CH 4 and CO 2 , depending on the variety of feedstock, raw biogas also contains a significant amount of other compounds: toluene (C 6 H 5 CH 3 ), siloxanes, ammonia (NH 3 ), hydrogen sulphide (H 2 S) etc (Table 1.3). Furthermore, the composition of biogas represents the characteristics of its feedstock [53]. For example, toluene is abundant in biogas produced from landfill, while it is barely present in household waste digester and animal manure digester. In contrast, biogas produced from waste water treatment plant and industrial waste plants are more likely to have high concentration in terpenes group such as limonene and terpinene, which come from in citrus fruits and a variety of plants. Animal manure digester provide methane-rich biogas (from 50 -80 %) but the generated gas also contains a significant amount of H 2 S, which leads to difficulties for cleaning and upgrading process as they are required to be pre-removed. In the case of landfill gas, carbon dioxide is abundant (30 -41%) due to the release of exhaust gas and the chemical reactions between waste components. Moreover, landfill gas often consists both trade waste and domestic wastes at different compositions and different ages of waste, resulting in the variation of methane yield and trace compounds concentration. In consequent, the cost of energy recovery is higher due to the complexity of raw biogas composition [64]. Numerous studies affirmed the presence in trace levels of different metals in biogas [72][73][74][75]. Chottier reported that in engines using biogas, about 0.5 % in weight of solid deposits containing antimony, zinc, arsenic, tin and aluminium [74]. Pinel-Raffaitin et al. also detected the presence of arsenic and tin in biogas produced from landfill wastes [75]. In his study, the concentration of arsenic and tin varied from 0.0016 to 18 µg m 

Impact of the biomass composition on energy recovery

As presented in Figure 1.3, biogas can come from various types of biomass such as food waste, manure, cereals, municipal sludge, grass or straw. As a matter of fact, different kind of feedstocks can deliver different produced biogas composition thus affects directly the efficiency of energy recovery [33,40,53]. In 2020, Tabatabei et al. stated that food waste, cereal and fruit waste have the highest methane yield compared to other biomass as shown in Figure 1.5. Each ton of volatile solid of these three feedstock produce 500 and 360 m 3 of methane respectively comparing to 200 CH 4 m 3 per ton of manure or 300 CH 4 m 3 per ton of grass. Schoo et al. also report the similar range of methane yields of cup plants and maize and lucerne-grass. The average methane yield of maize is the most promising [362 CH 4 m 3 (ton VS) -1 ], followed by lucerne-grass [334 CH 4 m 3 (ton VS) -1 ] and cup plant [306 CH 4 m 3 (ton VS)

-1 ] [76].
This conclusion is in agreement with the work of Rasi et al. in Table 1.3, where household waste digesters could produce raw biogas with the methane fraction up to 62% [68]. At the same time, the biogas resulted from combination of industrial waste and animal manure could contain up to 80% in CH 4 . It is because the main feedstock of these production plants are made of various kind of food industry waste leading to the increase in the methane yield. The high methane yield of these feedstock was also explained by [START_REF] Schattauer | Abundance of trace elements in demonstration biogas plants[END_REF]: metals in trace level such as manganese, zinc, copper, cobalt, nickel, chromium and boron with concentrations in the range of several mg m -1 or lower can play role as a catalyst to accelerate biogas production during anaerobic digestion [53]. Furthermore, the methane yield can be optimized by biomass pretreatment to breakdown the material structures and make it easier to biodegrade. Dahunsi et al. applied a Figure 1.5: Methane yield (CH 4 m 3 (ton VS) -1 ) from various types of biomass [33]. mechanical device which allows to rotate and cut down the biomass at different speed before sending it to the convoy. The installation of this process reduced anaerobic digestion time and enhanced the methane yield by 13 -22% [77].

Biogas cleaning and upgrading technologies

The general process from raw biomass to biomethane is summarised in Figure 1.6. Biomass such as agricultural wastes, sludge, cattle manure and domestic organic waste is used as feedstock for biogas production plants. Raw biogas resulted from biomass is a gas mixture, consists mainly methane and carbon dioxide and other trace compounds such as ammonia, hydrogen sulfide and toluene. At this step, raw biogas can be used directly in gas turbines [78] or in heat generator [79]. However, in order to fulfill the requirements on biomethane for natural gas grids and transport, biogas needs to be purified into a similar composition of refined natural gas [80]. A treatment process has to be established in accordance with the composition of the raw biogas in input, the purpose of utilisation as well as the operation and maintenance conditions such as budget, natural resources and land use [81]. With the aim of increasing the calorific value and reducing the presence of undesired compounds, the raw biogas treatment process consists cleaning and upgrading, and provides biomethane for gas networks and vehicles [10,37]. As the fuel standard requirements have become more and more higher for biofuels, upgrading biogas to biomethane is also attracting a great interest in the bioenergy industry over the last century. Numerous technologies for biogas cleaning and upgrading has been studied, some of them have been applied widely in industrial scale. The International Energy Agency reported in the Upgrading Plant List of IEA Bioenergy Task 37 that there were only about 20 biogas upgrading plants under operation globally n the early 2000s. In 2019, this number increased to 606 plants all over the world [80]. Germany still remains the leader in biogas market, with 203 biogas upgrading plants in the country while the United Kingdom possesses 96 upgrading plants. Apparently, alongside the raise in use of bioenergy, biogas cleaning and upgrading is also a highlighted topic in research. Paolini et al. presented an experimental system of biogas purification by using activated carbons in cleaning process and hot potassium carbonate K 2 CO 3 absorption in upgrading process [42]. In 2013, Zhang et al. summarised techniques of upgrading bio-oil from biomass fast pyrolysis in China [82]. A review of biogas upgrading was also resumed by Abatzoglou and Boivin in 2009, focusing on the removal of contaminant such as ammonia, H 2 S and siloxanes [83]. Meanwhile, Weiland presented a review of the whole biomethane production chain, from selection of biogas feed-stock, fermentation to biogas cleaning and upgrading [84]. Bauer et al. indicated that the biogas upgrading market has evaluated rapidly, while the technology of pressure swing adsorption and water scrubbing still dominate, other technologies such as organic solvents scrubbing, cryogenic separation have become more and more popular [85]. In 2017, Khan et al. concluded that alongside developed technologies for biogas upgrading, the high market demand in membrane separation is making this more applied. However, the development of membrane needs to be focus on the variety of biogas composition to enhance the performance [86].

The market share in recent years becomes more balanced with the advanced development of biogas upgrading research as shown in Figure 1.7. Absorption technologies like water scrubber or chemical scrubber are the dominant of the market, accounting for 50 % of the market share. This includes water scrubbing (30 %), organic physical absorption (3 %) and chemical absorption (17 %). Membrane also plays an important role on the share with 29 % of the market while PSA is the third popular technology, owning the share of 13 %. At the same time, other technologies such as biological methods share the remain 7 % in the market.

In the following part of this section, principal physicochemical methods and biological methods for biogas treatment are described. For physicochemical process, four main technologies on biogas upgrading are summarised and compared, which are: Absorption, Membrane technology, Pressure Swing Adsorption and Cryogenic separation. For biological processes, a description of chemoautotrophic and photosynthetic methods is also given. 

Physicochemical methods

Absorption

Absorption upgrading process depends on the solubility of different biogas component in a solvent.

In general, raw biogas will intersect with a counter-current of solvent flow via an absorption column filled with packing material. This packing allows to maximize the gas-liquid contact. In this process, because CH 4 is less soluble in solvent than other compounds, the gas that leaves the absorption column will be methane-rich while the final liquid will contains high concentration of CO 2 and other impurities [87]. In biogas upgrading by absorption process, water and organic solvent scrubbing are types of physical absorption, and chemical absorption by using amines.

Water scrubbing

Water scrubbing is a method of biogas upgrading using water as solvent, relies on the fact that CH 4 is much less soluble in water than CO 2 , H 2 S, NH 3 and other impurities like toluene or limonene (Table 1.5) [88][89][90]. For example, the Henry solubility defined via concentration (H cp ) constant for water as solvent of CO 2 at 25°C (3.3 × 10 -4 mol m -3 P a -1 ) is approximately 25 times greater than methane (1.4 × 10 -5 mol m -3 P a -1 ) [89]. Therefore, water scrubbing is able to carry out the separation of CO 2 from raw biogas in order to enhance the concentration of CH 4 . A comprehensive flow diagram of this process is schemed in Figure 1.8. Pre-pressurized biogas are introduced into the bottom of absorption column while water is flowing down from the top. During water scrubbing process, CO 2 , H 2 S, NH 3 , toluene and limonene are absorbed to water from the injected biogas thank to their higher solubility.

The counter-current flow ensures an important productiveness such as reduce the loss of methane, optimize the CO 2 removal rate, and increase the energy-saving. In the desorption column, a regeneration of water is conducted by decompression, which release compounds absorbed in previous column. The regeneration step is necessarily required for large scale plants due to the huge quantity of water consumption. Nowadays, modern water scrubber are thus also equipped with a recirculating system for water in order to have a sustainable operation by decreasing the water demand [91]. After drying upgraded biogas, the purity of biomethane can rise up to 99 % [92]. According to Vilardi et al., the pilot process of water scrubbing obtained the highest methane recovery (94.5 %) compared to amine scrubbing (91.1 %) and membrane separation (90.8%) [93]. In order to maximize methane recovery, Kapoor et al. integrated a flash vessel in water scrubbing system. This method was considered highly efficient by recover 8.76 % methane in addition, leading to the total methane recovery of 90.76 % [94].

Compound

Henry solubility (H cp ) mol m -3 P a -1

CH 4 1.4 × 10 -5 CO 2 3.3 × 10 -4 H 2 S 1.0 × 10 -3 NH 3 5.2 × 10 -1 C 6 H 5 CH 3 1.5 × 10 -3 Limonene 4.8 × 10 -4
Table 1.5: Henry's law constant of different compounds in biogas [88][89][90].

Absorption using organic solvents

Physical absorption, also called organic physical scrubbing, has the similar working principle as water scrubbing [95].

Instead of water, polyethylene glycol-based absorbents are used to absorb CO 2 since they has higher affinity for CO 2 than water [96]. These absorbents were commercialised under trade names such as Selexol® or Genosorb®) [97], with Genosorb®, a mixture of dimethyl ethers of polyethylene glycol, is the most common solvent [98]. Thanks to the high solubility of carbon dioxide in the solvent, the quantity of recirculated solvent in the system declines considerably compared to a water scrubbing process. An example of organic solvent scrubber in industrial scale is shown in Figure 1.9.

Dehydrated and compressed biogas is injected into the bottom of the absorption column while the cooled organic solvent flows from the top of the column to create a gas-liquid counter-current flow. Thereafter, the organic solvent is injected to the flash tank; where dissolved CH 4 with a small quantity of impurities are released under low pressure and recirculated. The solvent therefore enter to the desorption column to be regenerated. Since organic solvents are anti-corrosive, the pipeline of the scrubber is not necessarily made from stainless steel, which can reduce a part of investment capital as well as facilitate its installation and maintenance. Furthermore, depending on the design, the system can be operated at low temperature without extra supply of heat due to the low freezing point of the organic solvent.

In terms of solvent regeneration, it can be conducted via three processes: flash desorption (by solvent decompression as described in Figure 1.9), stripping with an Figure 1.9: Schematic process of organic solvent scrubber [98].

inert gas, and hot regeneration [99]. It is also necessary to consider the impurities in the biogas to be a problem with regards to solvent degradation. Indeed, as previously mentioned, along with CO 2 , the main impurities in raw biogas included H 2 S, NH 3 , trace amounts of siloxanes, halogenates coumpounds and VOCs. The presence of these compounds may lead into the contamination of solvent, especially in case of numerous recycles. All the issues can be well addressed with a dedicated cleaning station, which is a common feature of most biogas production plants [100].

Nie et al. compared a water scrubbing process to a physical absorption one using propylene carbonate, and found that the CO 2 concentration in the second process is five times higher than the first one (22.25 L CO 2 / L absorbent of propylene carbonate versus 4.56 L CO 2 / L absorbent of water) [101]. However, although physical absorption using organic solvents possesses a higher efficiency in terms of CO 2 removal compared to water scrubbing, the solvent regeneration costs more expensive than water scrubbing as well as the price organic solvents is significantly higher than water [86,96].

Amine absorption

The principle of chemical absorption is to use a reagent that is capable to bind CO 2 molecules in order to remove them from the raw biogas [10]. Aquaeous amine solutions such as monoethanolamine (MEA), diethanolamine (DEA) or methyldiethanolamine (MDEA) are used in chemical scrubbers because of their high reation rates for CO 2 absorption and capacity of corrosion reduces [102,103]. MEA this the most common solvent since its working pressure for absorption is relatively low compared to others [104].

A typical chemical scrubber consists of an absorption column and a stripper -Zwitterion formation:

AmH + CO 2 ⇌ AmH + COO - (1.1) 
-Carbamate formation:

AmH + COO -+ AmH ⇌ AmCOO -+ AmH 2 + (1.2)
Chemical absorption allows the upgraded biogas contains up to 96 -98 % of methane while the CH 4 loss can be very low [106]. Kvist et al. studied three amine-based scrubbing plants whose biogas after upgrading contained up to 98.5 % in methane, and the methane loss was reduced to 0.04 % [107].Vilardi et al. also achieved a very high value in methane recovery (99.98 %). However, Vilardi confirmed that amine scrubbers undeniably consume more energy than other technology, related to the high-temperature heat requirement to regenerate chemical solvent [93]. Therefore, only in case of a strict regulations on CH 4 , amine scrubbers are recommended [92].

Membrane technology

Membrane separation technology is performed at molecular scale, using a dense filter that can separate gas component in a mixture. This process owns many advantages such as easy process operation and low energy consumption [108]. Therefore, gas permeation membranes have been broadly applied in natural gas treatment and biogas upgrading although their processes are dissimilar [109][110][111][112]. Membrane process can be designed with or without recirculating system as figured in Figure 1.11. The main principle of membrane separation is based on the selective permeability of membrane on different components in a gas mixtures, due to their molecular size in general. In biogas upgrading, CO 2 and impurities pass through the membrane to the permeate side, while CH 4 remains on the inlet side. However, since a small quantity of CH 4 molecules still pass through the membrane, the obtained biogas has a high purity but also a more important loss of CH 4 [85]. Consequently, the development of more selective membranes and process designs in order to improve methane recovery rate has been rising in recent years, making the technology became a promising alternative to other conventional biogas upgrading systems. Scholz et al. [114] and Basu et al. [115] summarised membrane-based technologies for biogas upgrading, and indicated that membrane separation has been applied commercially in the biogas market. Indeed, a wide range of membrane materials is capable of separating CO 2 and CH 4 and both polymers and inorganic materials can be used in small-scaled biogas upgrading plants. However, polymeric membranes are mostly used for industrial scale processes because of their less expensive production cost compared to inorganic ones [116]. Deng and Hägg conducted a CO 2 /CH 4 separation by using polyvinylamine/polyvinylalcohol blend membrane in experimental study and simulation [117]. It was reported in their research that the processes delivered biomethane of 98 % in purity with only 1 % loss.

Pressure swing adsorption

Pressure swing adsorption have compact installation, low investment cost and low energy requirements while it still own superior efficiency [118]. Therefore, since Skarstrom first proposed a two-bed PSA process to separate air in 1960 , PSA has been widely applied not only in biogas upgrading but also in gas separation industry [119]. In terms of methane recovery, the biogas upgraded by a PSA process can contain up to 96 -98 % methane [120]. Kim et al. also proposed a model of two-bed PSA unit using carbon molecular sieves to separate CO 2 from the binary mixture CH 4 /CO 2 and obtained methane of 95.8% purity [121]. Another high CH 4 was also obtained by Shen et al., when the PSA process conducted on silicate could be able to produce an enriched methane gas of 98.1% [122].

Mechanism of Pressure Swing Adsorption process

Pressure Swing Adsorption (PSA) processes works on the fundamental principle that pressurized gas molecules are selectively attracted to solid surfaces, especially porous ones, depending on their molecular characteristics and the affinity of the adsorbent material. The adsorption occurs via 2 processes: physical adsorption (physisorption) or chemical adsorption (chemisorption) (Figure 1.12) [START_REF] Pera-Titus | Porous Inorganic Membranes for CO2 Capture: Present and Prospects[END_REF]. The properties of these two processes are compared in Table 1.6. Figure 1.12: Bonding occurs between adsorbent and adsorbate in physisorption and chemisorption [124].

• Physisorption: adsorbate molecules are attracted to the adsorbent surface thanks to Van de Waals forces under high pressure, and will be released in case of pressure decrease. Physical adsorption has the advantages of having low energy requirements, low cost, flexibility of design, no use of water or additional chemicals, safety and simplicity of operation and being easy to scale to a wide range of temperatures and pressures [125].

• Chemisorption: the gas molecules undergoes covalent chemical reactions and bind to certain sites on the surface of the adsorbent. The exchange and transfer of valence electrons between the adsorbent and gas molecules form stronger covalent bonds, hence requires more energy to be removed [126]. 

Property

Layer type

Mono-layer or multi-layer at high pressure along the total surface area Mono-layer at biding sites Table 1.6: Comparison of physisorption and chemisorption [124][125][126][127].

Adsorption is usually described through isotherms, that is, the amount of gas adsorbed as a function of working pressure at constant temperature. Isotherm shapes is the first diagnostic tool for the nature of a specific adsorption phenomenon, it is expedient to classify the most common types. The most common classification of adsorption isotherms was given by IUPAC, which is based on an earlier classification of hysteresis by de Boer [128,[START_REF] Alothman | A Review: Fundamental Aspects of Silicate Mesoporous Materials[END_REF]. According to IUPAC classification, depending on the characteristics of adsorbent and the interaction between the adsorbent and the adsorbate, there are 6 types of adsorption isotherms (Figure 1.13). These six types of isotherm indicate the nature of adsorbents that are microporous (type I), nonporous or macro-porous (types II, III, and VI), or mesoporous (types IV and V). It is widely accepted that there is a correlation between the shape of the hysteresis loop and the texture (e.g., pore size distribution, pore geometry, and interaction) of a mesoporous material. In both processes (physisorption and chemisorption), once the adsorbate is adsorbed and removed from the flue gas stream, a desorption step is required to regenerate the adsorbent by desorbing the bonded adsorbate [131]. This process in PSA is conducted by increasing the temperature.

The gas separation efficiency in physical adsorption depends on various factor such as the kinetic diameter of the adsorbate molecules and the interaction between the adsorbent and the adsorbate. In terms of kinetic diameters, it is considered that the smaller the molecules are, the easier they can diffuse into the pores. The kinetic diameter is defined as the distance between two molecules at the closest approach for molecular collision [132], hence it is the smallest diameter that a molecule can pass through easily. As shown in Table 1.7 where the CH 4 kinetic diameter (380 pm) is greater than ones of N 2 (364 pm), O 2 (346 pm) and CO 2 (330 pm), CH 4 tends to be adsorbed less on adsorbents' surface, therefore the PSA technology can be applied for CH 4 separation from these compounds [118,[START_REF] Patterson | An evaluation of the policy and techno-economic factors affecting the potential for biogas upgrading for transport fuel use in the UK[END_REF][START_REF] Yang | Experimental and simulation study on efficient CH4/N2 separation by pressure swing adsorption on silicalite-1 pellets[END_REF][START_REF] José | Carbon Dioxide/Methane Separation by Adsorption on Sepiolite[END_REF]. Experimental results of our group from 2017 to 2019 also confirmed this hypothesis, when activated carbons adsorb more CO 2 than CH 4 and N 2 [START_REF] Peredo-Mancilla | Experimental Determination of the CH4 and CO2 Pure Gas Adsorption Isotherms on Different Activated Carbons[END_REF][START_REF] Peredo-Mancilla | Comparative study of the CH4/CO2 adsorption selectivity of activated carbons for biogas upgrading[END_REF][START_REF] Patricia | Adsorption of pure CO2 and a CO2/CH4 mixture on a black shale sample: Manometry and microcalorimetry measurements[END_REF][START_REF] Pino | CH4/CO2 Mixture Adsorption on a Characterized Activated Carbon[END_REF].

On the other hand, the symmetric CO 2 molecule possesses a permanent electrical quadrupole moment, that can be described as two electrical dipoles sitting back-to-back and pointing in opposite directions. This quadrupole interacts with the three-dimensional lattice, allowing the gas to enter the cavities. In contrast, methane nitrogen, oxygen, and methane have much inferior quadrupole moments (Table 1.7). The pores thus are less likely to adsorb them. Another approach on the adsorption uptakes is the acid-base interaction between the adsorbate and the adsorbent. For example, carbon dioxide is a polar molecule whose positive center is on the C atom. The C positive center is able to accept the lone electron pairs present on basic groups (e.g, functionalities containing heteroatoms such as oxygen or nitrogen). Thus, carbon dioxide is acting as a Lewis acid and the basic surface is acting as a Lewis base. On the contrary, in the CH 4 molecule, all four electropositve hydrogens are bound very tightly to the electronegative carbon, leading to unfavorable uptakes of CH 4 onto functionalized adsorbent surfaces [START_REF] Lu | Competitive adsorption of a binary CO 2-CH 4 mixture in nanoporous carbons: effects of edge-functionalization[END_REF]. The mechanism of a 4-beds PSA process is demonstrated in Figure 1.14 [START_REF] Nirendra | Biogas for Transport Sector: Current Status, Barriers, and Path Forward for Large-Scale Adaptation[END_REF].

Compound

Firstly, as H 2 S is the most toxic impurity and may be found in all types of biogas [74], raw biogas is compressed and passes through a desulfurisation system to eliminate H 2 S. This process can avoid the damage of H 2 S corrosion in the pipeline. The pre-cleaned compressed biogas is then injected into an adsorption column, in which the adsorbent will selectively retain other compounds apart from CH 4 , while methane can flow through it and be collected at the end of the column [10]. Once a column reaches the thermodynamic equilibrium, the gas stream will proceed to the next column. The saturated adsorbent is therefore subjected to the regeneration via a desorption process, where the pressure is decreased and the adsorbed gas on its surface will be released afterwards. In industrial scale, a couple of columns are installed in series to ensure the continuous operation and optimize the efficiency.

In laboratory scale, single-bed or two-bed PSA units are more popular because of the reaction time between the adsorbents and the gases. Moreover, gas mixture used in PSA laboratory unit are often modeled gases like binary CH 4 /CO 2 mixture of different ratio [START_REF] Peredo-Mancilla | Comparative study of the CH4/CO2 adsorption selectivity of activated carbons for biogas upgrading[END_REF][START_REF] Patricia | Adsorption of pure CO2 and a CO2/CH4 mixture on a black shale sample: Manometry and microcalorimetry measurements[END_REF][START_REF] Pino | CH4/CO2 Mixture Adsorption on a Characterized Activated Carbon[END_REF] or the mixture of CH 4 and other gas compounds such as N 2 [START_REF] Yang | Experimental and simulation study on efficient CH4/N2 separation by pressure swing adsorption on silicalite-1 pellets[END_REF]. Besides, an analysis detector is integrated in the units to measure the composition of the gas obtained after upgrading. For example, Peredo-Mancilla et al. and Ortiz-Cancino et al. used gas chromatography using while Yang et al. perfomed experimental measures on mass spectroscopy [START_REF] Yang | Experimental and simulation study on efficient CH4/N2 separation by pressure swing adsorption on silicalite-1 pellets[END_REF][START_REF] Peredo-Mancilla | Comparative study of the CH4/CO2 adsorption selectivity of activated carbons for biogas upgrading[END_REF][START_REF] Patricia | Adsorption of pure CO2 and a CO2/CH4 mixture on a black shale sample: Manometry and microcalorimetry measurements[END_REF].

Adsorbents used in PSA technology

In a PSA biogas upgrading unit, porous materials is usually used as adsorbent because they can selectively adsorb and desorb carbon dioxide in a gas mixture. Porous carbonaceous adsorbent can be listed such as carbon nanotube, carbon molecular sieves, activated carbon and graphene [START_REF] Peredo-Mancilla | Comparative study of the CH4/CO2 adsorption selectivity of activated carbons for biogas upgrading[END_REF][START_REF] Patricia | Adsorption of pure CO2 and a CO2/CH4 mixture on a black shale sample: Manometry and microcalorimetry measurements[END_REF][START_REF] Pino | CH4/CO2 Mixture Adsorption on a Characterized Activated Carbon[END_REF]143]. The most popular non-carbonaceous adsorbents are zeolites and silica gel [121]. Recently, another adsorbent, called metal-organic frameworks (MOFs), has been also developed [START_REF] Ali Abd | Carbon dioxide removal through physical adsorption using carbonaceous and non-carbonaceous adsorbents: A review[END_REF]. Amongst them, activated carbons possess the porous structure and chemical functionalities. They are produced abundantly from a wide range of precursors and easy to regenerate, which make them ideal candidates for gas treatment applications like PSA.

Activated carbons are derivatives of carbonaceous materials that show high carbon content via activation process. Activated carbons have been widely reported as competitive adsorbents in the biogas treatment thanks to their large specific surface area, and thus possess higher adsorption capacity. Compared to other adsorbents, activated carbons is also easier to regenerate (low regeneration energy, low regeneration temperature), have a high raw material availability and thermal stability and susceptible to surface modification for adsorption enhancement [10].

Figure 1.15: Synthesis process from biomass to biochar and activated carbon [START_REF] Bedia | A Review on the Synthesis and Characterization of Biomass-Derived Carbons for Adsorption of Emerging Contaminants from Water[END_REF].

Activated carbon utilization for biogas treatment has been investigated for years.

In previous works of our research groups (Pino and Bessieres, Pererdo-Mancilla et al.), various activated carbon were tested for the biogas component uptakes as well as the CO 2 removal for biogas separation. Most of activated carbons studied have a high CO 2 uptakes and able to modify for selectivity improvement [START_REF] Peredo-Mancilla | Experimental Determination of the CH4 and CO2 Pure Gas Adsorption Isotherms on Different Activated Carbons[END_REF][START_REF] Peredo-Mancilla | Comparative study of the CH4/CO2 adsorption selectivity of activated carbons for biogas upgrading[END_REF][START_REF] Pino | CH4/CO2 Mixture Adsorption on a Characterized Activated Carbon[END_REF]. The study of siloxane removal from biogas was also conducted on activated carbon by Kajolinna et al. and Matsui et al. where samples are all reported to adsorb up to 95% of siloxanes injected [67,[START_REF] Matsui | Removal of siloxane from digestion gas of sewage sludge[END_REF]. Due to the boundless raw material sources, numerous activation methods and surface modification, the study on activated carbon application for biogas upgrading is still expanding. The major lines include exploring new precursors to produce optimal adsorbent with high active surface area and adequate pore size for an optimum adsorption performance [START_REF] Ali Abd | Carbon dioxide removal through physical adsorption using carbonaceous and non-carbonaceous adsorbents: A review[END_REF].

Activated carbons, as described in Conder et al. and Bedia et al., are prepared from biomass crude using different methods and techniques through 3 steps: pretreatment, carbonization and activation (Figure 1.15) [START_REF] Bedia | A Review on the Synthesis and Characterization of Biomass-Derived Carbons for Adsorption of Emerging Contaminants from Water[END_REF][START_REF] Conder | 10 -Supercapacitors (electrochemical capacitors)[END_REF].

-Pretreatment: Biomass crude used for activated carbon production can originate from various sources such as plants (coconut shell [START_REF] Hidayu | Preparation and Characterization of Impregnated Activated Carbon from Palm Kernel Shell and Coconut Shell for CO2 Capture[END_REF], olive tree pruning [START_REF] Mamaní | Highly microporous carbons from olive tree pruning: Optimization of chemical activation conditions[END_REF], pine cone [START_REF] Fahim Chyad | Removal of Zinc (II) ions from industrial wastewater by adsorption on to activated carbon produced from pine cone[END_REF], rice husk [START_REF] Wang | Extraction of SiO2 from gasified rice husk carbon simultaneously rice husk activated carbon production: Restudy on product properties, activation mechanism, and evolution law of pore structure[END_REF]) or animal bones [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] Huang | Hierarchical porous carbon obtained from animal bone and evaluation in electric double-layer capacitors[END_REF]. The source and the original chemical composition of the biomass and majorly contribute in the morphology (shape, particle size and porosity) and the physicochemical properties of the activated carbon. The pretreatment process focuses on the elimination of akali metals (e.g. sodium, potassium) and other inorganic elements (e.g. calcium, silica) by washing the raw biomass with water. It is because the presence of these metals causes several drawbacks such as secondary reactions, char yield reduction, surface chemistry interference and pore blockage [START_REF] Jenkins | On the properties of washed straw[END_REF][START_REF] Ahiduzzaman | Preparation of porous bio-char and activated carbon from rice husk by leaching ash and chemical activation[END_REF][START_REF] Wang | Enhancing capacitance of supercapacitor with both organic electrolyte and ionic liquid electrolyte on a biomass-derived carbon[END_REF]. If the concentration of akali metals is too high or they are bounded to the organic structure, the crude biomass is washed with strong acids e.g. HCl and HNO 3 [START_REF] Li | Properties improvement of paper mill sludge-based granular activated carbon fillers for fluidized-bed bioreactor by bentonite (Na) added and acid washing[END_REF][START_REF] Diao | Synergistic effect of washing pretreatment and co-pyrolysis on physicochemical property evolution of biochar derived from bio-oil distillation residue and walnut shell[END_REF]. Though strong acids are able to remove metal ions, they also affect the morphology of the crude by provoking the development of the pores and cause a significant loss of mass.

Besides, the acid-rinsed biomass needs to be washed meticulously with water to remove chlorine and acid ions and to lower the moisture content for carbonization in order to avoid the formation of bio-oil instead of biochar [START_REF] Banks | Fast pyrolysis processing of surfactant washed Miscanthus[END_REF][START_REF] Sarkar | Utilization of Waste Biomass into Useful Forms of Energy[END_REF].

-Carbonization: after being pre-treated, the precursors is carbonised at high temperature and specific pressure in order to form complex pore structures hence high surface area. The carbonization is commonly conducted via hydrothermal carbonization (HTC) or slow pyrolysis [START_REF] Conder | 10 -Supercapacitors (electrochemical capacitors)[END_REF]. The product obtained from this process is called biochar.

HTC, also referred to as aqueous carbonization at elevated temperature and pressure, is conducted by heating the pretreated biomass together with water in a pressure vessel under the temperature of 120°C -250°C. Under this working condition, the hydrochar is produced through a process similar to a natural process of coal formation but in a shorter time. This process includes a complex combination of chemical reactions such as aromatization, dehydration, hydrolysis and polymerization. HTC can produce promising precursors for activated carbons since hydrochars are rich in oxygen-containing and heteroatomic functional groups and slightly aromatized [START_REF] Funke | Hydrothermal carbonization of biomass: A summary and discussion of chemical mechanisms for process engineering[END_REF]. Compared to slow pyrolysis, HTC has lower environmental impact and can be carried out in the presence of water. HTC is therefore suitable for treating wet biomass hence reduces significantly the cost of predrying process. However, HTC required high energy and water consumption and the carbon content and the coalification degree of hydrochars are still too be optimized [START_REF] Lee | Chapter 1 -Production and Formation of Biochar[END_REF][START_REF] Shen | A review on hydrothermal carbonization of biomass and plastic wastes to energy products[END_REF]. The pyrolysis process consists of an irreversible thermal degradation of the biomass component under 300°C -700°C in an oxygen-free environment [START_REF] Adetola | Physical synthesis and characterization of activated carbon from date seeds for CO2 capture[END_REF][START_REF] Bensidhom | Pyrolysis of Date palm waste in a fixed-bed reactor: Characterization of pyrolytic products[END_REF]. Depending on the process used, three main products of pyrolysis, which are biochar, bio-oil and syngas can be obtained at different extents [START_REF] Kloss | Characterization of Slow Pyrolysis Biochars: Effects of Feedstocks and Pyrolysis Temperature on Biochar Properties[END_REF]. During the thermal treatment, the textural properties of activated e.g. specific surface area, the micropore area and volume are already established. Chatterjee et al. studied the pyrolysis of switchgrass-based biomass at different temperatures and reported that when the temperature is raised from 500°C to 600°C, organic materials (hemicelluloses, cellulose, and lignin) is degraded and vascular bundles or channel structures are created, leading to the enhancement of the BET area (115 to 290 m 2 g -1 ). However, in the case of overheat (up to 800°C), the char structure is reordered and the pores are merged, leading to the decrease in the specific surface area [START_REF] Chatterjee | Effect of Pyrolysis Temperature on PhysicoChemical Properties and Acoustic-Based Amination of Biochar for Efficient CO2 Adsorption[END_REF]. Along with the temperature, residence time also play an essential role in defining the structure of the biochar. The longer the residence time is, the larger the pore volume becomes because volatile components have more time to be released. However, in case of extended hold time, the pore structure is likely to collapse resulting in the decrease of micropore volume and BET surface area. In the study of Lau et al., the optimized oil-palm-shell biochar pyrolysis condition is 600 textdegree C for 2 hours (BET area = 512 m 2 g -1 , micropore volume = 0.22 cm 3 g -1 ). Beyond this time, at 2.5 hours, the BET area and the micropore volume reduce drastically to 410 m 2 g -1 and 0.15 cm 3 g -1 [START_REF] Chong Lua | Influence of pyrolysis conditions on pore development of oil-palm-shell activated carbons[END_REF].

-Activation: the biochar obtained from carbonization is passed through the activation process to create functionalities on the surface and to shape the morphology. The carbonized sample can be either physically or chemically activated.

In the physical activation, the material is put in contact with an oxidizing agent such as O 2 , CO 2 , or steam at a temperature between 800°C to 1000°C to form porous structure and to introduce basic or acidic O-containing functional groups. The effectiveness of the activation reportedly depends on biomass precursor. For example, Hidayu and Muda activated palm kernel shells and coconut shells under the same condition (steam activation, 800°C). However, there is a significant difference the observed BET surface areas (1011 m 2 g -1 for coconut shell compared to 584 m 2 g -1 for palm kernel shell) [START_REF] Hidayu | Preparation and Characterization of Impregnated Activated Carbon from Palm Kernel Shell and Coconut Shell for CO2 Capture[END_REF]. Moreover, a same precursor can be reacted differently with activating agents. Although steam activation is commonly used, CO 2 activation is reported to be more effective in terms of high surface area creation [START_REF] Plaza | Developing almond shell-derived activated carbons as CO2 adsorbents[END_REF]. Xin-hui et al. conducted two activation processes on the biomass Jatropha hull by using steam (900°C , 22 minutes) and CO 2 (950 °C, 40 minutes). The resulting CO 2 activated carbon has a BET surface area of 1207 m 2 g -1 compared to the steam activated one (748 m 2 g -1 ) [START_REF] Xin-Hui | Comparison of activated carbon prepared from Jatropha hull by conventional heating and microwave heating[END_REF].

In the chemical activation, the morphology and surface chemistry of the activated carbon is formed by impregnation with a dehydrating agent including KOH, H 3 PO 4 , NaOH, ZnCl 2 , K 2 CO 3 etc. [START_REF] Marsh | CHAPTER 2 -Activated Carbon (Origins)[END_REF]. Compared to physical activation, chemical activation processes considerably reduces the activation time and temperature and reportedly gives higher porosity and surface area. However, the environmental impact of the chemicals used in chemical activation, such as acids and strong bases, is its huge drawbacks. Among chemical activators, KOH is the most commonly used for the synthesis of activated carbon thanks to its high ability of pore formation and surface area enhancement [START_REF] Singh | A combined strategy of acid-assisted polymerization and solid state activation to synthesize functionalized nanoporous activated biocarbons from biomass for CO2 capture[END_REF][START_REF] Serafin | Highly microporous activated carbons from biomass for CO2 capture and effective micropores at different conditions[END_REF]. Serafin at al. carried out the KOH activation on three different biochars resulted from pomegranate peels, carrot peels, and fern leaves and yielded the best S BET outcome of 1593 m 2 g -1 for fern leaves. Alongsides, Hadoune et al. studied another activation agent (H 3 PO 4 ) for the chemical activation of date stems and reported a high BET surface areas of 1455 m 2 g -1 [START_REF] Hadoun | Characterization of mesoporous carbon prepared from date stems by H3PO4 chemical activation[END_REF]. Meanwhile, Salman et al. combined both physical and chemical techniques to activate date seed precursor, resulted in an activated carbon with S BET of 880 m 2 g -1 and a pore volume of 0.46 cm 3 g -1 [START_REF] Salman | Bentazon and carbofuran adsorption onto date seed activated carbon: Kinetics and equilibrium[END_REF].

Zeolites are synthetic or natural crystalline aluminosilicates. Depending on their polarity, they that can adsorb CO 2 , H 2 S, H 2 O and mercaptans (organic components of hydrocarbons with sulfur) in order to attain biomethane of high purity [START_REF] Zendehboudi | Chapter Five -Shale Gas Processing[END_REF]. Along with activated carbons, zeolites also have been exploited broadly and they come in various chemical composition and pore sizes. A wide range of zeolites offers selective affinity for different compounds. Amongst them, synthetic ones such as 13X are commonly used for biogas purification [START_REF] Ferella | Separation of carbon dioxide for biogas upgrading to biomethane[END_REF][START_REF] Zhu | Modification of zeolite by metal and adsorption desulfurization of organic sulfide in natural gas[END_REF][START_REF] Grande | Cryogenic Adsorption of Methane and Carbon Dioxide on Zeolites 4A and 13X[END_REF]. In 2013, Santos et al. carried a single-bed PSA using zeolite 13X to separate a gas mixture of 66.7% CH 4 and 33.3% CO 2 . The outcome was promising since they were able to produce methane with purity higher than 97% and a recovery of 64 % [START_REF] Mónica | Dynamic Study of the Pressure Swing Adsorption Process for Biogas Upgrading and Its Responses to Feed Disturbances[END_REF]. In 2017, Aguelletti et al. conducted a two-bed PSA unit using zeolite 5A for the separation of biogas. They succeeded to obtain the purity of 97% and insignificant methane loss [118]. In 2018, Heck et al. studied the separation of H 2 S/CO 2 /CH 4 gas mixtures using three zeolites, which are 4A, 5A and 13X. In the adsorption with 13X and 5A zeolites, the upgrade stream was reported to contain high-purity methane and nearly H 2 S-free. Meanwhile, in the exhaust stream, the gas contained high purity of CO 2 (up to 99.6%) [START_REF] Howell | Pressure swing adsorption separation of H2S/CO2/CH4 gas mixtures with molecular sieves 4A, 5A, and 13X[END_REF].

Carbon molecular sieves (CMS) are carbonaceous materials with a very narrow micropore size distribution, which varies from 0.3-0.4 nm range to within 0.02 nm [START_REF] Marsh | CHAPTER 2 -Activated Carbon (Origins)[END_REF]. These materials have been used in selective gas mixture adsorption, catalytic supports and membranes, etc. In comparison with zeolites, carbon molecular sieves show several advantages such as greater thermal stability in non-oxidising ambiance, higher chemical stability and larger adsorbate packing density in their slit-shaped micropores [START_REF] De Salazar | Use of immersion calorimetry to evaluate the separation ability of carbon molecular sieves[END_REF][START_REF] Albiniak | Comparison of the porosity evaluation results based on immersion calorimetry and gravimetric sorption measurements, for activated chars from a high volatile bituminous coal[END_REF]. In 2005, Cavenati et al. used CMS-3K to separate a model biogas (55% CH 4 , 45% CO 2 ) and obtained the purity of ≥96% in methane and the recovery of 75% [START_REF] Cavenati | Upgrade of Methane from Landfill Gas by Pressure Swing Adsorption[END_REF]. Another promising result was achieved by Grandes and Rodrigues by comparing zeolites 13X and CMS-3K. Both adsorbents gave a high-purity methane outcome (≥98%), however, CMS 3K showed greater performance in methane recovery (≥80%) in comparison with zeolite 13X. One of possible reasons for less methane recovery in the case of 13X could be attributed to the low CH 4 adsorption capacity of zeolites at high working pressure. On the other hand, this study also included a combination of both adsorbents for methane recovery enhancement. The authors experimented a two-bed layered, the first layer consisted of CMS-3K, the second one consisted of zeolites 13X, which was reported to produce 88% recovery of 98% pure methane from model biogas (67% CH 4 and 33% CO 2 ) [START_REF] Carlos | Biogas to fuel by vacuum pressure swing adsorption I. Behavior of equilibrium and kinetic-based adsorbents[END_REF].

Metal-organic frameworks (MOFs) are reported for the first time in the 1990s and defined by their three-dimensional frameworks generated by the interaction of metal cores and organic linkers [START_REF] Ruiz | Covalent Attachment of Metal-Organic Framework Thin Films on Surfaces[END_REF]. In general, the metal nodes consist of one or more metal ions (e.g. Al 3+ , Ni 2+ , Cu 2+ , Zn 2+ , or Co 3+ ) to which the organic structures coordinate via a specific functional group (e.g. carboxylate, pyridyl) [START_REF] Zhou | Alternative materials in technologies for Biogas upgrading via CO2 capture[END_REF]. For decades, thousands of MOF materials have been synthesised [START_REF] Bao | Kinetic separation of carbon dioxide and methane on a copper metal-organic framework[END_REF]189]. MOFs are thought to be promising gas separation adsorbent thanks to their capacity of CO 2 capturing.

Consequently, various MOFs has been investigated to separate CO 2 from a CH 4 /CO 2 gas mixture and amongst them Cu-BTC was found to be the most potential one [START_REF] Krishnan | Separation of methane from ethane and propane by selective adsorption and diffusion in MOF Cu-BTC: A molecular simulation study[END_REF][START_REF] Hamon | Pirngruber. CO 2 and CH 4 Separation by Adsorption Using Cu-BTC Metal-Organic Framework[END_REF][START_REF] Tagliabue | Natural gas treating by selective adsorption: Material science and chemical engineering interplay[END_REF]. In 2005, Millward et al. studied the CO 2 adsorption capacity of a MOF [Zn 4 O(btb) 2 ] at 25°C and reported to obtain the capacity of 33.5 mol kg -1 [START_REF] Andrew | Metal-organic frameworks with exceptionally high capacity for storage of carbon dioxide at room temperature[END_REF]. Another adsorbent called Cu-MOF reported in Bao et al. also showed higher adsorption capacity of CO 2 (1.1 mol kg -1 ) in a competition with CH 4 (0.4 mol kg -1 ) [START_REF] Bao | Kinetic separation of carbon dioxide and methane on a copper metal-organic framework[END_REF].

The use of carbon materials in CO 2 capture The physisorption of CO 2 on carbonaceous adsorbents depends mainly on two factors: the surface chemistry and the porous structure of the adsorbent [START_REF] Reljic | CO2 Adsorption in Activated Carbon Materials[END_REF].

-Effect of the surface chemistry There is a diverse range of activated carbon adsorption performance optimization including the selection of the potential precursor, the modification of the carbonisation and/or activation processes and the post-processing surface modification [START_REF] Inagaki | Nitrogen-doped carbon materials[END_REF]. Amongst these methods, the introduction of heteroatoms into the carbon surface is commonly used because it enhances the physicochemical properties of the carbon. Depending on the application, different types of heteroatoms such as nitrogen, oxygen, boron, sulfur and phosphorus are incorporated into the carbon skeleton in order to change the electronegative environment of the surface, allowing to adsorb various gas compound. For examples, nitrogen and oxygen atoms are negatively charged with lone electron pair, they can hence act as electron donors (Lewis base). By contrast, boron, sulfur and phosphorus are rather positively charged and act as electron acceptors (Lewis acid) [START_REF] Reljic | CO2 Adsorption in Activated Carbon Materials[END_REF]. Among these possibilities, N-doping techniques is the most commonly used for activated carbon surface modification to improve the selective adsorption the acidic CO 2 from a CH 4 /CO 2 mixture [126].

The integration of heteroatoms into the carbon structure consists of in-situ doping and post-synthesis doping. In the in-situ doping (also called direct synthesis), the heteroatom-doped carbon is directly synthesised from heteroatom-riched precursors. For instance, N-doped carbons can be obtained via in-situ from nitrogen-rich carbon precursors, such as synthesispolyacrylonitrile, melamine, quinoline pitch, urea-polymer [START_REF] Shen | Nitrogen-containing porous carbons: synthesis and application[END_REF]. This method ensures the resulted carbons with high content of heteroatoms, the functionalities are evenly distributed and the pore structure can be controlled by changing the template. White et al. investigated the N-doped carbon with an N content >5% obtained from prawn-cask biomass. This carbon showed a highly textured, moderate BET surface area (>300 m 2 g -1 ), high pore volume (>0.6 cm 3 g -1 ) and desirable characteristics of morphology, as they combine large pore volume in the relevant 2-10 nm mesopore range and good accessibility [START_REF] White | Naturally inspired nitrogen doped porous carbon[END_REF]. In the latter method (post-treatment processing), the introduction of heteroatoms involves the surface reaction between heteroatoms-rich chemicals and the carbon matrix at high temperature [START_REF] Reljic | CO2 Adsorption in Activated Carbon Materials[END_REF]. In order to integrate N-doped functionalities and surface basicity for CO 2 capture, NH 3 is the most common reagent used to treat porous activated carbon. Other reagents includes HNO 3 , HCN, polyaniline, urea, etc. [START_REF] Inagaki | Nitrogen-doped carbon materials[END_REF]. Titirici et al. synthesized ordered mesoporous carbon with SBA-15 silica as hard template by hydrothermal carbonizing oxygen-rich precursors. These O-doped functional groups thereafter react with 3-chloropropylamine to form well-ordered aminopropyl-functionalised carbon materials with amino concentration up to 4 mmol N g -1 [START_REF] Titirici | Aminated hydrophilic ordered mesoporous carbons[END_REF].

-Effect of the porous structure Despite the advantageous effect of nitrogen and oxygen for CO 2 uptake, the performance of adsorbent is the combined effect of both structural properties and surface chemistry [START_REF] Reljic | CO2 Adsorption in Activated Carbon Materials[END_REF]. A promising adsorbent needs to have an optimum structural (pore size, pore distribution and shape) for the targeted gas adsorption. It is widely proven that the presence of micropore with adequate surface chemistry is potential for the adsorption of CO 2 under low working pressure pressure. Meanwhile, larger pore (mesopores) are responsible for the uptake at high pressures. Based on these premises, carbonaceous materials, especially activated carbons are one of the most potential choices thanks to their developed structure (possess both micro-and meso-pores) and the possibility to improve their porous structure through synthesis and/or modification [199].

Silvestre-Albero et al. synthesized a series of CMS monoliths with high BET surface (>2400 m 2 g -1 ) and high total pore volume (>1.1 cm 3 g -1 ) using petroleum pitch as carbon precursor and KOH and activated agent. The CO 2 uptakes at low and high range of pressure of these CMS is reported ∼2.1 mol kg -1 at 1 MPa and ∼4.5 mol kg -1 at 5 MPa. The adequate pore volumes of these CMS are thought to allow them to adsorb CO 2 at both working conditions compared to MOFs with similar BET surface [START_REF] Silvestre-Albero | Ultrahigh CO2 adsorption capacity on carbon molecular sieves at room temperature[END_REF]. Similarly, Martin et al. studied the CO 2 uptakes on different polymeric porous carbons prepared by from a phenolic resin via physical activation [START_REF] Martín | On the limits of CO2 capture capacity of carbons[END_REF]. These authors concluded that 98 -100% of the CO 2 capture at 298 K and atmospheric pressure occurs by filling of the micropores. Meanwhile, Casco et al. showed that in the specific case of petroleum-pitch based activated carbons, the CO 2 adsorption at atmospheric pressure (3.82 mol kg -1 ) is governed by micropores while the CO 2 uptake at 4.5 MPa (13.6 mol kg -1 ) exhibits a good correlation with large micropores/small mesopores [START_REF] Casco | Effect of the porous structure in carbon materials for CO2 capture at atmospheric and high-pressure[END_REF].

It is also important to highlight that alongside the utilisation of carbon materials for CO 2 capture, in the last few years, novel materials such as MOFs have been investigated. Some exceptional MOFs reportedly exceed the CO 2 performance of carbon materials. For instance, Furukawa et al. synthesised two mesoporous MOFs (MOF-200 and MOF-2210) with superior BET surface and pore volume (>6000 m 2 g -1 and >3.6 cm 33 g -1 ). The CO 2 uptakes at 5.0 MPa and 298 K of these two MOFs are >57 mol g -1 [START_REF] Furukawa | Ultrahigh Porosity in Metal-Organic Frameworks[END_REF].

Despite the fact that the CO 2 uptakes of activated carbon is generally higher than zeolites and MOFs thanks to high specific surface area and superior pore volumes, in terms of CO 2 /CH 4 selectivity, unmodified activated carbons still exhibit some drawbacks compared to zeolites and MOFs (Table 1.8). In general, MOFs have the highest selectivity of CO 2 (∼30) in binary gas mixture, followed by zeolites that selectivity ranges from 4 to 9. The superior selectivity of MOFs can be explained by the favorable displacement of catenated frameworks and the metal cation (charge)/CO 2 (quadrupole) interactions [START_REF] Bae | Enhancement of CO2/CH4 selectivity in metal-organic frameworks containing lithium cations[END_REF].

Meanwhile, activated carbons was reported not to be highly selective as their selectivity are often inferior to 5.2. However, the CO 2 /CH 4 selectivity of activated carbons can be improved via proper methods of synthesis and surface modification. In the thesis of Dr. Peredo-Mancilla, the modified CNR-115-ox-am was obtained from its original commercial CNR-115 sample via air oxidation and Nh 4 OH impregnation. Although the CO 2 uptake decreases due to the collapse of pore sites, CNR-115-ox-am still exhibits a particular improvement in the selectivity ( In this study, both improvement in the CO 2 adsorption capacity and the selectivity are observed for the N-doped sample (N-WPAC) [START_REF] Li | Enhanced N-doped Porous Carbon Derived from KOH-Activated Waste Wool: A Promising Material for Selective Adsorption of CO2/CH4 and CH4/N2[END_REF]. Moreover, in terms of economy, the production of activated carbon is also more affordable and low-energy consumption than zeolite and MOFs [START_REF] Peredo-Mancilla | Comparative study of the CH4/CO2 adsorption selectivity of activated carbons for biogas upgrading[END_REF]. Therefore, for the time being, activated carbons are still the most promising materials for Co 2 capture by adsorption methods.

Cryogenic separation

Cryogenic separation is based on the difference in condensing temperatures of CH 4 , CO 2 and other components in raw biogas, allows other gases can be separated from CH 4 through condensation and distillation. For example, at 1 atm, the boiling point of CH 4 is -161.5°C, while the boiling point of CO 2 is -78.2°C. By cooling the gas mixture, CO 2 will be liquefied before CH 4 , which allows us to obtain high-purity biomethane [START_REF] Andriani | A Review on Optimization Production and Upgrading Biogas Through CO2 Removal Using Various Techniques[END_REF].

The separation is conducted by the raw biogas drying and compressing process followed by a gradual decrease in temperature, where the temperature drop up to -110°C [120]. The low-concentrated impurities and CO 2 are step-by-step removed in order to obtain biomethane of high purity (≥ 97%). This process is operated by using a series of compressor and heat exchangers as designed in Figure 1.16. The technology of cryogenic separation is still under progress, but it has been applied in several operation plants. Bauer et al. [START_REF] Bauer | Biogas upgrading -Review of commercial technologies[END_REF] reported that cryogenic separation can even result in a liquefied biomethane (O 2 and N 2 free) at a range of temperature from -162 to -182 °C. Grande and Blom [START_REF] Grande | Cryogenic Adsorption of Methane and Carbon Dioxide on Zeolites 4A and 13X[END_REF] also implemented experimental cryogenic adsorption of CH 4 /CO 2 gas mixture on two commercial zeolites 4A and 13X, and found out that had a very different behavior towards CH 4 and CO 2 .

However, the high investment and operation cost is the inconvenience of this method due to different equipment need, especially turbines, heat exchangers, distillation column which increase the financial and energy demands [START_REF] De Hullu | Comparing different biogas upgrading techniques[END_REF]. Moreover, there are still other practical problems such as clogging due to the potential formation of solid CO 2 or the presence of impurities residue in the whole system [85,97,120].

Comparison of different physicochemical technologies

Major strength and weakness of aboved-mentioned technologies including biomethane purity, energy demand, hazardous risk and are summarised in Table 1.9. In term of biomethane purity, cryogenic separation (89 %) is the less efficient method compared to PSA, membrane and absorption technologies (≥ 95%). In terms of energy use, the biomethane resulted from absorption scrubbers, PSA and membrane separation is compatible for vehicle uses and gas network, i.e. the concentration of CH 4 can be reach up to 95 -97%. However, the higher purity in CH 4 however also means the higher energy demands and investment costs (Table 1.10). For example, depending on the size of upgrading plant and price of absorbents, the capital expenditure for an absorption scrubber may be up to 969 EUR per kWh while in a industrial PSA unit, where activated carbons are more affordable, the investment cost is reported lower [92]. Another important factor to choose between PSA and absorption scrubbers is the consumption of adsorbents/absorbents.

Even with the regeneration of solvents, absorption scrubbing demands great amount of solvent and higher energy demands due to the need of liquid pumps, which lead into the increase of investment cost. Besides, apart from these conventional methods, other upgrading technologies are also studied like fluid removal by microalga by Yan et al. in 2014 [START_REF] Yan | Performance of mixed LED light wavelengths on biogas upgrade and biogas fluid removal by microalga Chlorella sp[END_REF]. However, due to the complexity of the process, new unconventional technologies require significantly more energy than any conventional technology.

Furthermore, upgrading plants with combined methods installation can be a promising solution in order to adjust the advantages and the disadvantages of each separated process. No chemical required [85] Easy on installation and operation [10] Possible water generation [84] High CAPEX and O&M [92] Low flexibility on types of raw biogas [92] High energy demand due to the need of water pump [120] Great water demand [84] High CAPEX and O&M Contaminant buid-up, corrosion and amine breakout problems [START_REF] Krich | Upgrading dairy biogas to biomethane and other fuels. Biomethane from Dairy Waste-A Sourcebook for the Production and Use of Renewable Natural Gas in California[END_REF] Important chemical consumption [120] Membrane separation Biomethane up to ≥ 96 % [107] Small space needs and available for small scale [START_REF] Kárászová | Gas permeation processes in biogas upgrading: A short review[END_REF] Simple and friendly-environmental Easy maintenance without hazardous chemical Multiple membranes are needed for high quality output [85] Low methane yield in single unit Not suitable in case of high quality requirements Low membrane selectivity [83,116] Cryogenic separation High CH 4 purity (≥ 89 %) CO 2 yield for other purpose [92] Friendly to environment because of no chemicals need High CAPEX and O&M [20] High energy demand [START_REF] Andriani | A Review on Optimization Production and Upgrading Biogas Through CO2 Removal Using Various Techniques[END_REF] High-cost equipment [85] 1 Capital expenditure (CAPEX): purchases for fixed assets, such as buildings, equipment or land [START_REF]What is a Capital Expenditure (CAPEX)? -Definition | Meaning | Example[END_REF]. 2 Operation and Maintenance (O&M): expenses related to operations, repairs and replacement of components [START_REF][END_REF].

Method

Table 1.9: Advantages and disadvantages of different biogas upgrading technologies.

In terms of economics, additional available information on the eco-technical aspect of biogas upgrading technologies, including the capital expenditure (CAPEX), operating and maintenance costs (O&M) as well as energy demand and energy efficiency is given in Table 1.10. Sun et al defined the energy efficiency is as follows [92] :

η =
Energry upgraded gas Energry raw gas + Energry upgrading (1.3)

The energy efficiency depends not only on the operation of the upgrading unit, but also on the purity of the resulted biomethane. In case of chemical adsorption, although it required high energy to operated but the purity of obtained biomethane can be up to 99%, increasing the energy efficiency. The CAPEX tends to inverse related to plant size, i.e, the cost of production for a unit of biogas reduce in larger plants. However, the difference in CAPEX between common technologies can be considered insignificant. For example, on one hand, chemical adsorption unit suffers from corrosion issues -results to expensive materials of construction. On the other hand, as PSA unit often consists of numerous adsorption beds in order to improve the purity of biomethane, which lead into the raise of installation. However, the O&M costs that mostly consists of energy consumption, human labour, chemical and water requirements, varies enormously depending on the specific upgrading method. Chemical absorption and cryogenic separations have the highest cost of O&M (6.50 EUR cent and 7.10 per m -3 respectively). The peak of O&M costs of cryogenic separation can be explained by its low efficiency, meanwhile, even with the regeneration, chemical absorbent lost their efficiency rapidly, which cause a great solvent consumption in chemical absorption plants. ), operating and maintenance costs O&M (in EU Rcent m -3 ), energy demand (in kW h N m -3 ) and biomethane purity.

CAPEX

Biological methods

Biogas upgrading at industrial scale is a market dominated by physical-chemical technologies due to their low investment expense. Unfortunately, their high energy demand, and chemical requirements limit the sustainability of these technologies. In this context, biological biogas treatment is highly promising for a sustainable economy. Biological technologies work based on the fact that CO 2 can be converted to CH 4 or high value added products and trace compounds (e.g. H 2 S, methyl-siloxanes, and VOCs) can be removed by microorganisms under moderate conditions (i.e. atmospheric pressure, ambient temperature) [START_REF] Torres | Chapter 8 -Biogas treatment for H2S, CO2, and other contaminants removal[END_REF]. Most biotechnologies have been proven in laboratory scale and are at pilot stage or full scale of operation. They can be classified into two categories: chemoautotrophic and photosynthetic.

The review of Gabaldon et al. (From Biofiltration to Promising Options in Gaseous Fluxes Biotreatment) concludes that biotechnologies have low operational costs for controlling VOC emissions, demonstrating overwhelmingly their lower total annualized costs (operational and capital costs). Accordingly, the biotechnologies should focus on initial investment cutting and application expansion by innovating bioreactor configurations [START_REF] Gabaldón | Chapter 1 -Current challenges and perspectives in gas fluxes biotreatment[END_REF].

Chemoautotrophic methods

The chemoautotrophic biogas upgrading methods relies on the biological conversion of CO 2 in the raw biogas to CH 4 .

Under the catalysis of hydrogenotrophic methanogens, CO 2 is converted into CH 4 using H 2 as electron donor via the Sabatier reaction (Equation 1.4) [START_REF] Rittmann | A Critical Assessment of Microbiological Biogas to Biomethane Upgrading Systems[END_REF]:

4H 2 + CO 2 → CH 4 + 2H 2 O ∆G 0 = -130.7 kJ mol -1 (1.4)
However, H 2 utilized for this reaction should originate in a renewable source for the sake of environmental sustainability. H 2 can be generated by different environmental-friendly ways including water hydrolysis and anaerobic digestion [69,[START_REF] Curto | Renewable based biogas upgrading[END_REF]. However, the efficiency of the latter method is relatively low since H 2 is co-generated with other compounds and not usually in high concentration. In consequent, the use of renewable electricity such as surplus electricity generated from wind or solar farms for water hydrolysis to produce H 2 has drawn increasing attention. This technology, called Power-to-Gas (P2G) can also used for the surplus energy storage in wind and solar power plants.

H 2 resulting from water electrolysis carries energy itself and is a clean power sources. However, the implement of H 2 utilisation for energy consumption and vehicle fuel is still under research due to its low volumetric energy density. When hydrogen is compressed to 70 MPa for hydrogen-gas stockage, its volumetric energy density becomes 5.6 GP a m -3 , which is far below than the one of gasoline (32 GP a m -3 ) [START_REF] Kasper | Hydrogen -A sustainable energy carrier[END_REF]. The implement of P2G technology to convert H 2 into CH 4 is therefore a promising solution for a sustainable biogas plant.

Nowadays, two processes of chemoautotrophic methods have been proven: in-situ and ex-situ. In the in-situ configuration, H 2 is introduced inside the anaerobic digester in order to react with the CO 2 to form CH 4 directly. Bassani et al. experimented the in-situ biogas upgrading in thermophilic granular UASB reactor and achieved 82% CH 4 content in the output gas [START_REF] Bassani | In-situ biogas upgrading in thermophilic granular UASB reactor: key factors affecting the hydrogen mass transfer rate[END_REF]. Meanwhile, in the ex-situ upgrading, CO 2 and H 2 are injected in another separate bioreactor. Hence, the ex-situ process is more advantageous because it ensures the stability of the upgrading process and there is no biodegradation of organic matters [10]. Kougias et al. utilized the ex-situ upgrading method in different bioreactors and reported to obtain 98% CH 4 content in the upflow [START_REF] Panagiotis | Ex-situ biogas upgrading and enhancement in different reactor systems[END_REF].

Photosynthetic methods

Photosynthetic upgrading process relies on the CO 2 sequestration in photobioreactor with the presence of phototrophic microorganisms like algae [START_REF] Torres | Chapter 8 -Biogas treatment for H2S, CO2, and other contaminants removal[END_REF]. In terms of photobioreactor, enclosed reactors possess higher CO 2 photosynthetic uptake, lower water land requirements but they also have several drawbacks like high initial cost and energy demands. On the other hand, open reactors require less construction sources but consume more natural sources and have lower photosynthetic performance [10].

In the upgrading process, CO 2 is either introduced directly in the reactor or in a separate absorption column where the aqueous cultivation broth is recirculated.

In consequent, photoautotrophic microorganisms like Chlorella, Arthrospira and Spirulina species can capture CO 2 and use photons, H 2 O and nutrients to produce biomass, oxgene and release heat [97].

Photosynthetic methods for biogas upgrading has been only developed in the laboratory scale. Kao et al. used a a mutant strain of the microalga Chlorella species and obtained the CH 4 content up to 80% [START_REF] Kao | Ability of a mutant strain of the microalga Chlorella sp. to capture carbon dioxide for biogas upgrading[END_REF]. Meier et al. studied the CO 2 removal ability of microalgae during both light/dark period and concluded that the CO 2 removal efficiencies between 89 and 93% were still maintained [START_REF] Meier | Photosynthetic biogas upgrading using microalgae: Effect of light/dark photoperiod[END_REF].

Elimination of trace compounds in biogas

In terms of technique and environment, the presence of impurities can also affect the energy recovery from biogas as are detailed in Table 1.11. H 2 S has been reported in literature to be extremely harmful for gas grids and engines due to its corrosive properties and ability of acids formation once in contact with water [START_REF] Syed | Removal of hydrogen sulfide from gas streams using biological processes -A review[END_REF][START_REF] Aguilera | Techno-economic assessment of biogas plant upgrading by adsorption of hydrogen sulfide on treated sewage-sludge[END_REF]. However, at trace level, H 2 S is the most common compound found in biogas regardless the variety of feedstock (Table 1.3). Besides, the moisture in biogas can seriously damage the equipment by corrosion, and reduce the commercial benefits of biogas. Consequently, H 2 S and water pre-removal is required beforehand for all application. Ammonia was also detected in different biogas production sites and it may become very corrosive once it is put in contact with water. Other significant trace compounds such as siloxanes, alkanes and toluene were also considered as undesired for vehicle engines by corrosion or surface depositions [START_REF] Aguilera | Techno-economic assessment of biogas plant upgrading by adsorption of hydrogen sulfide on treated sewage-sludge[END_REF][START_REF] Hellier | Combustion and emissions characteristics of toluene/n-heptane and 1-octene/n-octane binary mixtures in a direct injection compression ignition engine[END_REF]. For those above-mentioned harms, the purification of biogas, including separation of CO 2 and elimination of trace compounds, is necessary because of two main reasons: energy recovery (optimize the methane yield for higher heating value) and technical aspects (environment-friendly fuels, safe for engines and consumption grids). Some of methods frequently used for H 2 S pre-treatment are absorption on activated carbon, physical and chemical adsorption, catalytic membrane reactors and biological process [START_REF] Wiheeb | Present technologies for hydrogen sulfide removal from gaseous mixtures[END_REF]. Meanwhile, H 2 O removal are often conducted by condensation, adsorption dryer and absorption with glycol [86].

Trace
On the other hand, siloxanes, which are common compounds in chemical industry, are not decomposed during the wastewater treatment process and need to be eliminated [START_REF] Matsui | Removal of siloxane from digestion gas of sewage sludge[END_REF]. In order to remove siloxanes, adsorption on activated carbon is the most usual method in the industry due to its efficiency and simplicity in operation and maintenance [START_REF] Dewil | Energy use of biogas hampered by the presence of siloxanes[END_REF]. Silica gel is also reported as an effective adsorbent to remove organic trace components in biogas [106]. Other promising adsorbents such as molecular sieves, polymer pellets and non-volatile organic solvents, has been studied alongside [START_REF] Accettola | Siloxane removal from biogas by biofiltration: biodegradation studies[END_REF]. Water soluble components such as halogenated compounds, sulphur compounds and ammonia can also be removed by water scrubbing, while membrane separation is also reported in the literature due to the selective permeation towards impurities [START_REF] Ajhar | Siloxane removal from landfill and digester gas -A technology overview[END_REF]. Nevertheless, because of its high investment and operating cost, this technology is still not recommended [108].

Conclusion

Biogas production has been expanding in Europe and all over the world, so has the aim of biogas upgrading development. In the biogas treatment market, despite numerous advantageous points of biological technologies, physiscochemical methods like pressure swing adsorption, water scrubbing, amine scrubbing and membrane technology are still dominating. Other methods such as biological ones also represent the recent amelioration in biogas upgrading, but generally they are under developments process and most accessible information sill remains in laboratory and pilots.

However, the carbon dioxide removal capacity and the initial cost minimisation intend are not the only criteria for selecting an appropriate upgrading technology. Every project is indeed a case study of biogas production and utilisation, depending on the local requirements of gas quality and on-site working conditions. In order to shorten the gap between theoretical studies and industrial application, more research are therefore envisaged.

Knowing that the biogas upgrading to biomethane has become more and more essential in terms of environment and energy demands, this research focused on the purification of biogas by separating CO 2 and eliminating trace compounds. The selection of adsorbents and upgrading method was carried on previous experimental results of our research group as well as the ones reported in literature.

Regarding the review in this chapter, pressure swing adsorption technology was chosen thanks to its proven effectiveness (96 -98% of methane recovery), the low investment and operation costs in laboratory scale and simple adsorbent regeneration process. In laboratory, the use of pre-cleaned dry biogas model also simplified the choice of the adequate upgrading process, as there is no need to consider the presence of corrosive component such as H 2 S and H 2 O. In industrial scale, these compounds can be eliminated by physical adsorption or biological treatments. Pressure swing adsorption also allows us to operate directly with homogeneous phase mixture, i.e.

gas mixture to avoid supplementary pretreatment.

In terms of adsorbent, we studied activated carbons due to their advantageous affordable price and high capacity of gas adsorption. Moreover, although activated carbons possess lower CO 2 /CH 4 selectivity than zeolites and MOFs, they are more susceptible to surface modification for selectivity improvement, leading to the challenge in surface modification of activated carbon i.e. improve the CO 2 /CH 4 selectivity but still keep the similar adsorption capacity.

The objective of this work is hence to use of AC modified by ammonia impregnation after thermal air oxidation to increase the AC surface basicity by insertion of N-containing surface functionalities for the CO 2 selective adsorption enhancement and impurities removal from a modeled biogas.

Chapter 2

Home made gas adsorption systems and characterisation of activated carbons

Chapter Outline

Following the previous chapter of biogas cleaning and upgrading technologies, this chapter presents the materials and methods used in this work which include adsorbents (activated carbons) and their characterization, and experimental set-up (home-made adsorption systems).

Activated carbons, as the major absorbent used in adsorption technologies, are not only popular in the biogas industry, but also very well-known in pharmaceutics, water treatment, agriculture and energy in general. Nowadays, activated carbons are present in our daily life under numerous forms, coming from various sources and synthesis technologies. Their properties range widely and hence the use of activated carbons needs to be justified depending on the demand. Activated carbon is known to be very effective in filtering, as a wide range of impurities can adsorb to its surface. Among their advantages, their high adsorption capacity associated with a low cost production propose them as good candidates for many applications. Their main limitation being their low selectivity.

Depending on the target of utilisation, the modification of activated carbon may be required to improve its affinity with certain adsorbates. From another perspective, in order to determine and interpret gas adsorption behavior of activated carbons, it is essential to understand beforehand their structural properties and surface chemistry. A set of tests on physico-chemical characteristics of studied activated carbons has therefore been carried out and compared to each other in order to find out the accordance as well as to suggest the selection of activated carbons for further experiments.

On the other hand, adsorption measurements both for pure gas and their mixture were performed using a homemade manometric device.

The rest of this chapter is therefore divided into two Sections:

• Section 2.2 presents physico-chemical properties of five commercial activated carbons (Section 2.2.2) and two modified activated carbons (Section 2.2.3) via different analysis methods. Along with the interpretation of results, the first insight into adsorption capacity and selectivity can be deduced.

• Section 2.3 describes two systems used for single-component and multi-components gas adsorption. A detailed experimental protocol is also provided with the calculation of the adsorption capacity and the selectivity at each step.

Activated carbons

Generalities

Activated carbons in purification industry

Activated carbon, traditionally called activated charcoal, is a very common material in the family of carbonaceous materials by their special characteristics such as high porosity and high volumetric capacity [1,2]. Activated carbons also have promising adsorption capacities either for liquids or gases thanks to their high surface areas and porous structural properties [3]. Humans started exploiting the use of AC very early in the history (3750 BC) [4] by using it and its similar materials like biochar or charcoal to improve land fertility, as a source of heat and for medical purposes [5,6]. The first industrial-scale utilisation of activated carbons is reported at the end of eighteenth century as adsorbent in water treatment [7]. One of the reasons why the popularity of ACs has increased rapidly is their simple and affordable production process: almost any carbon-rich precursor can be converted into AC including the whole flora. Activated carbons can be obtained from various low-cost bio-sources such as wood-fiber [8], oil palm wood [9], plant shell [10], corn husk [11], tangerine peel [12] or less common ones like acai seed [13]. Activated carbons also owns other factors that can influence the selection of materials such as regeneration ability, availability for mass production and inorganic components [4]. Moreover, AC can be manufactured under the form of small-size particle powder (down to 100 µm) or granular or pellet shape depending on the requirement [14]. Therefore, AC in different forms such as granular, powdered and extruded has been widely used in industrial applications, including water and gas purification, gas storage, catalysis, metal recovery and medical treatments (Figure 2.1) [15][16][17][18]. [26]. These outcome is promising and allows us proceed to the modification of NORIT carbons in order to enhance the performance i.e. increase the adsorption uptakes and the CO 2 selectivity.

There are two possible ways of preparing activated carbon: direct activation of raw precursor or carbonisation at high temperature and then activation. In the latter one, during the carbonisation procedure, the raw precursors should be exposed to high temperature (not higher than 700 °C) to remove hydrocarbons in the absence of oxygen [27,28]. In the activation process, the activated carbon can be prepared via physical activation, chemical activation or both. During physical activation, carbonised material is put in contact with a gaseous oxidant such as steam, carbon dioxide or mixture of carbon dioxide and nitrogen or air with a higher range of temperature (800 -1000 °C) [29]. Physical activation allows the production of activated carbon with a good porosity and structure. For example, phenolic fibers activated by steam may carry up to 1.54 cm 3 g -1 as total pore volume and 2938 m 2 g -1 as BET surface area [30]. Moreover, since the raw material is recyclable organic waste and there is no need of chemical products, physical activation is an affordable method and considered as "green" [27,28,31]. In contrast, chemical activation, also called wet oxidation, is putting materials in contact with oxidizing and dehydrating agents, and is often applied to directly activate raw materials such as wood and sawdust [32]. At first, the raw material is impregnated by using chemicals such as acids (H 3 PO 4 , H 2 SO 4 ) or alkalines (KOH, NaOH, CaCl 2 , K 2 CO 3 ) [33]. These high dehydrating agents increase the content of carbon and then develop porous structure on the surface with the aid of thermal degradation. Indeed, chemicals move deeply through the structure of the raw material, leading to the creation of small pores, and thereupon resulting in the increase in surface are [34]. Depending on the chemical and desired properties of the final product, the working temperature can vary from 400 to 900°where the degradation of cellulose in the material will take place. Finally, the impregnated product is dried, heated and then repeatedly rinsed to obtain the final activated carbon. Unlike the physical activation, chemical activation or both require lower activation temperature, shorter activation time and higher carbon conversion rate [35]. Moreover, chemical activation results in a more porous activated carbon in comparison with physical activation [36].

The role of the modification of activated carbon surface

In biogas purification, activated carbon are commonly used for biomethane production thanks to their advantages: high CO 2 adsorption capacity at atmospheric pressure (1 bar), easy regeneration and absence of pre-treatment of water elimination [37]. For example, in comparison with zeolites, in spite of their promising dry CO 2 adsorption capacity, zeolites can be enormously lowered by the presence of H 2 O [38]. Moreover, the presence of functional groups on the surface of an activated carbon affects its adsorption behavior towards different gas compounds, and then has a practical importance in biogas upgrading applications [39,40]. Therefore, depending on the objective, the choice of activation and modification methods for activated carbon may vary (Table 2.1). For example, knowing that CO 2 is a weak Lewis acid, the introduction of Lewis bases such as lone-pair-containing species (amines, basic compounds of O) onto the surface of activated carbons is envisaged in order to capture CO 2 from a raw biogas mixture [37]. For that reason, in order to increase the basicity of activated carbon, it is necessary to remove or neutralize the acidic functionalities or replace acidic functionalities with basic groups like nitrogen functionalities [41][42][43].

Modification methods

Functional groups Ref.

Acidic groups

Oxidation (steam, air, CO 2 )

Anhydrides, lactones, phenolic hydroxyls, carbonyls [44,45] Impregnation (HNO 3 , H 3 PO 4 ) Carboxylic acids [46,47] Basic groups Oxidation Ketones, pyrones, chromene [48,49] Impregnation (NH 4 OH) Pyridinic groups, amines [50][51][52] Table 2.1: Principal surface functional groups of activated carbons.

Modification of the activated carbon acidity

The source of acidity of activated carbon is reported to be related to some specific oxygen containing groups on the surface [53,54]. Functional groups found on activated carbons include the following: lactone, phenolic hydroxyl and carboxylic groups (which can also exist under the form of carboxylic anhydride), phenol, carbonyl, quinone and ethers [46,55]. Among them, lactone, phenolic hydroxyl and carboxylic groups are sources of surface acidity [46,56]. In general, oxygen-containing groups result from the oxidation of the carbon surface by gases or aqueous oxidant solutions [57]. In case of gas treatment, activated carbon can be oxidized by steam, air and carbon dioxide as mentioned above. However, in terms of efficiency, liquid phase oxidation introduces more oxygen onto the carbon surface at lower temperature than gas treatment [58].

Besides, it is also demonstrated that the oxidation by using gas mainly increases the concentration of hydroxyl and carbonyl groups on surface, whereas using liquid oxidising agents favors the formation of carboxylic and phenolic hydroxyl groups on the surface of activated carbon [44]. In 2000, Jia et al. oxidized activated carbon by HNO 3 impregnation to remove cadmium ions and inferred the abundant presence of carboxylic groups on modified activated carbon surfaces [47]. Plaza et al. used CO 2 for activation and it developed microporosity in high extent, hence enhanced the CO 2 adsorption capacity of the original activated carbon due to the formation of basic oxygen groups like carbonyl groups [45].

Modification of the activated carbon basicity

Basicity of activated carbon stems from: (i) delocalized π-electrons of graphene layers can act like a Lewis base; (ii)resonating π-electrons of aromatic rings that can attract protons; and (iii) basic functionalities such as nitrogen containing groups that can bind with protons [49,[59][60][61]. Some oxygen-containing groups are also able to contribute to the basicity of activated carbon such as ketones and pyrones [48,62]. Along with basic oxygen groups, many studies have shown that the introduction of nitrogen-containing functionalities onto activated carbon surfaces can enhance the adsorption capacity of acidic molecules because they provides basic properties by improving interactions between carbon surface and adsorbate such as H-bonding, covalent bonding or dipole-dipole [40,[63][64][65][66][67].

During the activation process, nitrogen-containing groups can be introduced through impregnation, reactions of surface functionalization or pyrolysis using nitrogen-containing chemicals (like ammonia, nitric acid and amines). Nitrogen functionalities include amines (primary and secondary), amides, imines, pyrroles or pyridines [68][69][70]. However, surface functionalization and pyrolysis require high working temperature and may release toxic gases such as acetonitrile [71]. On the other hand, the impregnation is considered as the simplest way to integrate N-groups onto the surface of activated carbon because it can occur even under low temperature and aqueous environment [65]. This method is often used to modify activated carbon with high content of carbonyl and hydroxyl groups (i.e pre-oxidized activated carbon). During the impregnation, ammonia solution as a source of nitrogen can form ammonium ions and interact directly with existing functionalities on activated carbon surface [50][51][52]. For that reason, ammonia impregnation has been widely applied in order to enhance CO 2 adsorption. Zhang et al. impregnated activated carbon (sample AC) by using ammonia solution NH 4 OH at room temperature. Although the modified activated carbon (sample AAC) had inferior specific area than AC, its CO 2 adsorption capacity was still 10% greater than AC [51]. Mohammed et al. also used ammonia treatment by ammonia solution to modify the potassium hydroxide synthesized activated carbon (PHACM) and obtained PHACM-AM with approximately 10% increase in benzene and toluene removal through batch studies [52]. Boudou et al. reported that modified activated carbon by ammonia impregnation could adsorb up to 40% of hydrogen sulfide and 30% of sulfur dioxide more than the original activated carbon [50].

Methods of activated carbon characterization

Because of the various sources and different technologies of synthesis, activated carbon characteristics are also very broad and need to be investigated in order to delineate end-use applications for each activated carbon [4,5]. Therefore, alongside the production of activated carbons, the study of AC characterisation is attracting a lot of attention in the scientific community [72][73][74][75][76][77]. Some common methods that can be listed are N 2 adsorption, scanning electron microscope, X-ray powder diffraction, Boehm titration and temperature programmed desorption. The advantages and disadvantages of each technique are displayed in Table 2.2.

The utilisation of one method cannot give the overview of all physico-chemical properties of AC surface. Therefore, conducting tests by using multiple techniques is required to cover all essential aspects of AC surface chemistry. In consequence, the remainder of this section presents the activated carbons characterization as follows: five commercial and two modified activated carbons were put under textural and surface chemical characterization (Section 2.2.1.3.1 and 2.2.1.3.2). For textural characterization, tests of scanning electron microscope, X-ray powder diffraction and the non-local density functional theory via N 2 adsorption at 77 K. The surface chemistry characterization was conducted using Boehm indirect titration and CO 2 /CO thermal desorption. The analysis results of commercial activated carbons and modified activated carbons are presented separately and thus compared to some data provided in the literature. The last part concludes with the choice of activated carbon which will be used for further experimental studies (Chapter 3 and 4).

Activated carbon textural characterization

The morphology of activated carbons was analysed at Institut de Science des Matériaux de Mulhouse by conducting a scanning electron microscope (SEM) using the FEI Quanta instrument and X-ray powder diffraction (XRD) was carried out by a D8 ADVANCE A28-Bruker instrument. This diffractometer works on Bragg-Bretano reflexion geometry and is coupled with the Lynx Eye EX-T high-resolution energy dispersive detector for 1-D diffraction (CuKα 1,2 ). This measurement allows to know the molecular structure of samples as well as the presence of impurities.

Textural properties of the activated carbons were also determined by nitrogen (N 2 ) adsorption at 77K performed on Micromeritics ASAP 2000. This apparatus consists also an automatic preparation of samples by vacuuming under the temperature of 573 K for 12 hours before the adsorption stage.

The Brunauer-Emmett-Teller (BET) surface areas therefore were found out using the linear plot in the low working pressure section (P P 0 = 0.01-0.05) [80,81]. The total pore volume (V tot ) is determined by the quantity of adsorbed nitrogen at P P 0 = 0.95. The micropore volume V micro (pore size up to 2 nm), is thus calculated by using the Dubinin-Radushkevich (DR) equation while P P 0 is varying from 10 -4 to 10 -2 [82,83]. Assuming that the total pore volume consists of micropore and mesopore volume, the mesopore volume V meso , whose internal width ranges from 2 to 50 nm, is calculated as the difference between V tot and V micro . Finally, the pore size distribution (PSD) was obtained by using the 

Activated carbon surface chemistry characterization

Surface chemistry analysis of activated carbons includes Boehm titration, pH PZC determination and temperature-programmed desorption coupled with mass spectrometry (TPD-MS). The TPD-MS was carried out at Institut de Science des Matériaux de Mulhouse under supervision of Dr. Ghimbeu. The Boehm titration and pH PZC experiments were conducted in the analysis laboratory of LFC-R with the cooperation of Dr. Peredo-Mancilla.

The Boehm titration is used to quantify the concentration of acidic and basic groups of the activated carbon surface. It works on the principle that different bases of different basicities can neutralize different acid groups (i.e. oxygen-containing groups) on AC surfaces. It is assumed that NaOH, the strongest common base, can neutralize all the Brønsted acids (including carboxyl groups, phenols, and lactones). Meanwhile, the second strongest base sodium carbonate Na 2 CO 3 can neutralize carboxylic and lactonic groups, and sodium bicarbonate NaHCO 3 only neutralizes carboxylic acids [39,84]. In this work, the presence of acidic and basic oxygen groups on the surface of studied carbons was determined by the Boehm indirect titration method as Schönherr et al. reviewed and proposed [85].

Solid NaOH, Na 2 CO 3 and NaHCO 3 were dissolved in distilled H 2 O to prepare stock solutions of 0.01 N for the reaction bases and the titrator solution (Na 2 CO 3 , 0.01N). NaOH, Na 2 CO 3 and NaHCO 3 were purchased from Acros Organics. The dissolution was carried out by adding H 2 O gradually into the flask to maximize the vigorous mixing and to ensure that the solute was totally dissolved in the solvent. The 1N HCl solution was purchased from Sigma-Aldrich (Germany). Therefore, for each individual experiment, the HCl solution was diluted distilled H 2 O in order to have a stock solution with a concentration of 0.01N.

For each activated carbon, three AC-reaction base samples were prepared. 200±1 mg of AC were weighed precisely and transferred into a small beaker. 50mL of the reaction base (ie. NaOH, Na 2 CO 3 , NaHCO 3 ) was added via a volumetric pipette (Blaubrand, Germany).

The sample treating time varies widely from a couple of hours to 3 days in the literature [86][87][88][89][90][91]. However, it turned out that the time for the base to be completely consumed was about 24 hours [85]. Besides, there are many methods in order to obtain an intensively mixed solution such as shaking, stirring or ultrasonication. Under working circumstances of the laboratory, after the injection of the reaction base, the sample was shortly afterwards sealed with protection parafilm and placed on a hot plate stirrer for 24 hours (Heating Magnetic Stirrer FB15001, Fisher Scientifique).

Once the consumption of the base was completed, the raw reaction-base solution was transferred to a 50 mL conical tube (Thermo Fisher Scientific) with a screw cap. The AC was then separated from solution sample by centrifugation (Hettich Universal 320/320R centrifuge) at 5000 rpm for 60 minutes. During this process, the inner temperature of the centrifuge was maintained at 20°C by a cooling system. Finally, the resulting solution was filtered using cellulose filters to eliminate last traces of AC.

A general procedure is described as follow:

• Transfer 10 mL of reaction base to a glass beaker via a 10±0.02 mL pipette.

• Add 20 mL of pre-prepared HCl 0.01 N into the aliquot sample via a 20±0.03 mL pipette.

• Titration with Na 2 CO 3 0.01 N and pH measurement of each sample by a graduated burette (ASPIN, 50±0.1 mL) and a pH meter (Accumet Model 15). During the titration, the burette is covered by parafilm to avoid undesired contamination.

In comparison with direct titration, indirect titration is advantageous because it prevents the influence of CO 2 from air on the titration. Correspondingly, the removal of CO 2 by degassing or heating is not compulsory [85]. However, in order to verify the repeatability of the experimental results, the titration with Na 2 CO 3 of 3 samples of each reaction base (NaOH, NaHCO 3 and Na 2 CO 3 were carried out one after another.

The pH point of zero charge (pH PZC ) allows us to consider whether a surface is rather acidic or basic. While "acidic" means the surface consists of positive charge, "basic" means negative surface charge. Hence, it is essential to understand the surface charge of the material because we can produce a high surface area material but if its surface charge has the same charge as the adsorbate, the adsorption is insignificant [92]. This property is obtained by the measurement of the pH point of zero charge (pH PZC ), the pH where the surface charge of the material equals to zero. For each AC, 0.1 g of sample was put in contact with a set of 5 solutions whose pH varies from 2 to 10. These initial solutions were prepared beforehand by additions of NaOH 0.1 N or HCl 0.1 N in distillate water. Afterwards, the solutions were put under stirring for 72 hours and the final pH were measured using a Metrohm 913 pH Meter. The pH PZC value was determined by the pH drift method, as the intersection point of the (pH initial ; pH final ) profile graph and the straight line pH initial = pH final (Figure 2.2) [93][94][95][96].

Temperature programmed desorption coupled with mass spectrometry (TDP-MS) is a common analysis method to quantify and to qualify the surface chemistry of carbon materials. This method also allows us to quantify the oxygen-containing functional groups as well as nitrogen-containing functional groups on the surface of materials.

A home-built TDP-MS equipment was used to perform these analyses. It includes an Inficon Transpector 2 mass spectrometer and a Leybold ITR Bayard-Alpert ionization vacuum gauge (IONIVAC), which allows to measure continuously the mass intensity (m/z) of the released gases and the total gas pressure while the material was heating at constant rate of temperature. The device was calibrated by measuring the mass spectrometer intensity and pressure of pure gases. In the case of commercial activated carbons, CO and CO 2 desorption were determined. A more detailed study was done for modified activated carbons of CNR-115 family and the desorption of H 2 , H 2 O, NO, NH 3 was added to find out the presence of functional surface groups more precisely. Besides, the time integration of the TDP-MS graphs also gave the total amount of each released gas per gram of activated carbons. The TDP-MS experiments were conducted under a secondary vacuum (10 -5 Pa). The sample was put in a quartz tube and heated to 95°C by a rate of 2°C/min. Once the maximal temperature was attained, it was maintained for 30 minutes before cooling.

Commercial activated carbons

Origin

Five Norit® activated carbons named RX 1.5, CNR-115, CGRAN, ROX 0.8 and GAC 1240 (Cabot Corporation, USA) were purchased for textural and surface chemistry characterization. Table 2.3 shows the product application for each activated carbon according to the provider [97].

Name

Type Product description

RX 1.5 Extruded activated carbon

Acid-washed steam activated carbon, possesses high pore volume, suitable as a precious metal catalyst carrier.

CNR-115

Extruded activated carbon

Standard pelletized extruded chemically activated carbon, specifically designed for gasoline vapor capture.

ROX 0.8 Extruded activated carbon

Produced by acid washed steam activation, having superior adsorption properties and an ultra-high purity level, ideally suits for the removal of organic pollutants from public aquariums and water parks thanks to superior hardness and dedicated particle shape.

CGRAN Granular activated carbon

Chemically activated carbon, high capacity of absorbing high molecular weight organics like large color bodies and proteins, can be used in the food industry for special applications or pharmaceutical preparations.

GAC 1240 Granular activated carbon

Possesses superior adsorption properties and hardness in a wide range of applications, such as decolorization and purification of pharmaceuticals, removal of impurities from industrial process water, as well as thermal reactivation.

Table 2.3: Product description of five commercial activated carbons by provided by Cabot Corporation [97].

Properties of commercial activated carbons

With the exception of SEM analysis at 200 µm scale, the textural properties and surface chemistry of five commercial activated carbons was published previously in Peredo et al. ( 2019) and the doctorat thesis of Dr. Peredo-Mancilla (2019) [26,98]. In this work, a brief summary of those characteristics is presented in Table 2.4. In the terms of XRD analysis, most ACs show three peaks at the intensity 2θ of 24°, 44°and 80°. However, the peaks are very widespread and obtuse, indicating the high disorder on surfaces and the non-graphitizing materials. For three ACs GAC 1240, ROX 0.8 and RX 1.5, additional sharp peaks are also observed, pointing out the existence of impurities. These impurities turned out to be SiO 2 quartz for RX 1.5, SiO 2 tridymite for ROX 0.8 and aluminium silicate Al 2 SiO 5 for GAC 1240.

Textural properties

The five commercial ACs own different N 2 adsorption capacities, ranging widely from 300 to 600 cm 3 of N 2 adsorbed per 1 g AC at P P 0 = 1. CNR-115 has the highest N 2 adsorption capacity while GAC 1240 absorbed N 2 significantly less than the other ACs. Indeed, according to Lowell et al. [99], adsorptions on RX 1.5, ROX 0.8, CNR-115 and GAC 1240 give type I isotherm, where the presence of a saturation limit indicates the completion of a single monolayer of N 2 at the material surface. Meanwhile, CGRAN exhibits a type IV isotherm, representing a finite multi-layer formation corresponding to complete filling of the capillaries, from which a wide distribution of pore sizes is inferred for this AC [100].

The NLDFT pore size distribution reported in Peredo et al. (2018) confirmed that suggestion . CGRAN has a broad distribution of pore sizes from 0.7 nm to 1.2 nm while more microporous ACs RX 1.5, ROX 0.8, CNR-115 and GAC 1240 have two distinct peaks. Especially in the case of RX 1.5 and ROX 0.8, the two peaks around 1 nm and 1.7 nm are clearly observed [101].

The values of BET areas vary from 982 (GAC 1240) to 1714 m 2 g -1 (CNR-115) V micro = 0.61cm 3 g -1

Sample

V meso = 0.20cm in the usual value range of activated carbons [73,102]. Moreover, along with the highest BET areas, CNR-115 and RX 1.5 also own a great proportion of microporous volume (0.64 and 0.61 cm 3 g -1 respectively -Table 2.4). CGRAN has the most important total pore volume (0.99 cm 3 g -1 ) but also the highest mesopore volume (0.54 cm 3 g -1 ), which leads into the average value of BET area. This result approved the two previous experimental data of nitrogen adsorption isotherms and pore size distributions, where it was suggested that there was the presence of an important volume of mesopore in CGRAN. Meanwhile, ROX 0.8 possesses a low mesopore volume (0.16 cm 3 g -1 ) but also a relatively low micropore volume (48 cm 3 g -1 ), therefore carries the similar BET area value as CGRAN. Finally, in the case of GAC 1240, due the low proportion of V meso and the low total pore volume (0.56 cm 3 g -1 , this AC is considered less porous as it has the smallest BET area (982 m 2 g -1 ).

Surface chemistry

In terms of pH PZC , a wide range of pH PZC was obtained for the aqueous solutions of five commercial ACs. From the most acidic to least acidic material, the order of pH PZC is CGRAN < CNR-115 < GAC 1240 < ROX 0.8 < RX 1.5. This trend justified the treatment process for each AC, where CGRAN, CNR-115 were chemically activated, resulting in the strongest acidity for these two ACs (3.86 and 6.14 respectively). At the same time, since RX 1.5 and ROX 0.8 were activated by steam, they have a more basic surface, where pH PZC are 9.75 and 8.74, considerably higher than other ACs.

From the value of pH PZC , CNR-115, GAC 1240 and CGRAN are inferred to possess a dissociation of surface oxygen complexes of acid character such as carboxyl and phenolic groups, while the presence of positive charges can be justified by π-electron-rich regions within layers to make the surface act as Lewis bases, i.e accept protons from aqueous solutions [103]. On the other hand, although the surface acidity of an activated carbon is originally stated to relate to the quantity of carboxyl groups, phenols, and lactones by Boehm et al. [84], in this case it may come from phosphoric groups because of the use of H 3 PO 4 during activation processes [104]. The Boehm titration confirmed this conclusion since CGRAN shows the great dominance of acidic oxygen functionalities (1.74 mmol g -1 ) compared to other ACs. Meanwhile, other steam activated carbons (RX 1.5 and ROX 0.8) have higher pH PZC , indicating the important presence of basic oxygen groups.

Further investigation to identify and quantify surface groups for the 5 activated carbons was therefore conducted by the TDP-MS. Compared to RX 1.5, GAC 1240 and ROX 0.8, it is noticed in the case of CGRAN and CNR-115 that a significant amount of oxygen groups are present on their surfaces, which is in agreement with the Boehm titration results. Besides, the more CO 2 and CO are released from 673.15 K and 923.15 K, the more the surface is enriched in carboxylic groups and lactones [78,[START_REF] Muhammad Usman Khan | Current status of biogas upgrading for direct biomethane use: A review[END_REF]. Moreover, the presence of CO 2 desorption peak at 1123.15K for CNR-115 witness the supplementary presence of thermally stable groups such as phenolic groups, carbonyl groups and quinones. The CO desorption profiles confirm this outcome: two separated peaks at 900 K and 1100 K are observed for CNR-115. The second peak is however slightly noticed for CGRAN. Meanwhile, other ACs possess lower concentrations of oxygen functionalities due to their minor CO 2 /CO desorption profiles. This result is consistent with the result of total CO 2 /CO desorbed quantities, where CO 2 and CO desorbed quantities for CNR-115 and CGRAN are greater than the others [101]. In general, the quantity of acidic groups quantified by CO 2 desorption are far lower than the basic oxygen groups determined by CO emissions. In the literature, oxidation is a common method to introduce oxygen-containing functional groups on the surface of activated carbon [106,107]. In general, the oxygenated groups stay near the pore opening so that they can block the pores [108]. It was also reported that the density of π-electron in the graphene layers is lowered after oxidation, leading to the decrease in the adsorption potential [109].

Modified activated carbons

Properties of modified activated carbons

Textural properties

For the activated carbons of CNR-115 family, nitrogen adsorption/desorption isotherms at 77 K exhibit a sharp increase at low relative pressure (P P 0 < 0.1) and plateau at higher working relative pressure as presented in Figure 2.6. This figure also shows that the N 2 adsorption capacity of CNR-115 is reduced after oxidation and keeps decreasing after ammonia treatment. For example, at P P 0 =0.6, the volumes of nitrogen adsorbed are 600, 270 and 110 cm 3 g -1 respectively for CNR-115, CNR-115-ox and CNR-115-ox-am, which means the capacity is reduced by 55 % after oxidation and a further 60 % after ammonia treatment. In general, the three activated carbons exhibit type I isotherms, which characterizes microporous materials with narrow pore size distribution. This result is consistent with the previous results of five commercial activated carbons reported in Peredo et al. (2018), while the pore size distribution of activated carbons of type I behavior (RX 1.5, ROX 0.8, GAC 1240 and CNR-115 family) are much more narrow than CGRAN which exhibits type IV behavior [101]. The pore volume of CNT-115-ox-am is remarkably inferior to that of CNR-115 and CNR-115-ox and the pore size distribution is also narrowed progressively. For example, pores sizes ranged from 0.4 nm to 3 nm for CNR-115, then from 0.4 nm to 2.5 nm for CNR-115-ox and from 0.4 nm to 2 nm for CNR-115-ox-am. Indeed, the average pore size of CNR-115 diminished from 1.1 nm to 0.96 nm for CNR-115 and 0.78 nm for CNR-115-ox-am (Table 2.5).

The BET surface and the pore volumes (including micro-pore and meso-pore volumes) reported in Table 2.5 also confirms the conclusion above. After oxidation and ammonia treatment, S BET of CNR-115 decreases notably from 1714 to 929 and 352 (m 2 g -1 ) respectively. In fact, the S BET is reduced by 46 % after oxidation and continues to decrease by a further 62 % after ammonia treatment. Both micro-pore and meso-pore volumes were noticed to be affected by these two modifications. The total pore volume declines considerably by 53 % from 0.95 to 0.45cm 3 g -1 after oxidation and by another 53 % from 0.45 to 0.21cm 3 g -1 after ammonia treatment. The meso-pore volume was observed to be the most affected by oxidation: it fell by 71 % from 0.31 to 0.09cm 3 g -1 . However, the ammonia treatment just slightly reduces the meso-pore volume by 22 % from 0.09 to 0.07cm 3 g -1 .

The loss in S BET and pore volumes can be explained by two reasons:

-On the one hand, the burn-off level is ≃ 40 wt%. The term burn-off represents the difference between the mass of the original activated carbon sample and the mass of activated carbon after oxidation. The burn-off level depends on activation time and is calculated as follows [110]:

η = m i -m f m i × 100% (2.1)
where m i and m f is the dry ash-free mass of the carbon sample before and after oxidation. In general, during the activation, the porosity of carbon sample can be significantly improved due to the opening of blocked pores and the widening of micro pores. However, in case of long activation time, external carbon particles ablation may become dominant, leading to the destruction of porosity [111]. A similar result was obtained by Chang et al., a carbon sample activated by steam at 1173 K for 60 min had a smaller BET surface area and pore volumes than the one activated for 50 min [112].

-On the other hand, it is possible that the formation of oxygen and nitrogen functional groups blocked some remaining pores, resulting in a lower porosity of final carbons. Indeed, the ammonia treatment is also a common process to enhance BET surface and porous volume due to the decomposition of surface functionalities to free radicals such as NH 2 , NH and H [65,66]. However, at low temperature, the ammonia decomposition effect did not take over compared to the development of functional groups [113].

Sample
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Surface chemistry

The acid -base character of CNR-115, CNR-115-ox and CNR-115-ox-am is presented in Table 2.6. The experimental pH PZC are in good agreement with the obtained values of the acid and basic groups concentration, which is closely linked to the modification steps. For example, the oxidation may lead to the increase in oxygen-containing groups, including carboxyl and alcohol groups which are acidic or slightly acidic. Therefore, the pH PZC of CNR-115-ox (5.87) is lower than that of CNR-115 (6.14).

By contrast, the ammonia treatment may cause the neutralization of the acidic oxygen functionalities and the creation of nitrogen-containing groups on the surface, resulting in the increase in pH PZC for CNR-115-ox-am (6.48). In general, both treatments enhanced the quantity of acid and base groups on the surface of CNR-115, which can block certain pores and decrease the S BET value. For CNR-115, the CO TPD-MS profile has two peaks at 600 °C and 850°C: the first one at 600°C indicates the potential presence of ether, ester and phenol groups, and the second one at 850°C was resulted from the decomposition of carbonyl groups [44]. The H 2 O profiles also has two peaks corresponding to physi-sorbed H 2 O into carbon pores (low temperature at 200 °C) and to the dehydration of two neighbor phenol groups (high temperature at 600 °C) [104]. An important peak of H 2 desorption was also observed in the range of 600 and 950°C corresponding to the unsaturated carbon atoms at the edge of basal planes (where bonding is ended). The released H 2 represents the C-H bonding breakage of these unsaturated carbon atoms hence it can be related to the amount of unpaired carbon electrons and to the carbon disorder degree [114]. On the other hand, CNR-115-ox and CNR-115-ox-am release remarkably more CO and CO 2 than the raw CNR-115. The simultaneous desorption of CO 2 and CO at 400 -600°C indicates the abundant presence of oxygen-containing functional groups which did not exist before oxidation. Desorption of CO in this range of temperature can be also explained by the decomposition of esters and ethers. The CO desorption peak at 850°C occurs with both modified materials, proving the existence of carbonyl groups even after oxidation. After oxidation, both CNR-115-ox and CNR-115-ox-am have a peak of CO 2 desorption at 500 -550°C, which can be due to phenols, lactones and anhydrides. However, as shown in the decline in H 2 O desorption, it can be concluded that the presence of phenol surface groups is negligible in CNR-115-ox and CNR-115-ox-am. In both cases, the absence of H 2 O desorption peak above 600°C implies that there is no phenol, which can be related to the dehydration reactions between surface functional groups during TPD-MS measurement [115]. Regarding the amount of desorbed hydrogen, CNR-115-ox and CNR-115-ox-am released three times less H 2 than CNR-115 (Figure 2.7.d). In fact, as CNR-115 is an AC with great S BET and porous volumes, it therefore owns more disordered structure and edges, which are more likely to react with oxidizing gases and solutions (oxygen, ozone, carbon dioxide, nitric oxide, nitric acid etc.) [114]. Generally, the oxidation not only increases the amount of existing oxygen-containing functionalities, but also creates new functional groups compared to the raw material.

Sample

There is a similarity between the TPD-MS profiles of CNR-115-ox-am (Figure 2.7.c) and CNR-115-ox (Figure 2.7.b) in terms of H 2 , CO, CO 2 and H 2 O. However, the desorption of NO and NH 3 is only observed after ammonia treatment in case of CNR-115-ox-am and did not exist before. These two gases were evolved at low temperature (140°C), indicating that nitrogen-containing groups were physisorbed on the surface of CNR-115-ox-am. Their presence also confirm that the ammonia impregnation treatment was successfully conducted. 2020). Rattanaphan produced activated carbon from waste tea (WTAC) and then modified by introducing nitrogen-containing groups via amines (MWTAC) to increase BET surface and basicity [24]. Santoyo-Cisneros et al. studied a range of activated carbons (F400 P, F400 TT, F400 OX) where pH PZC varied from 4.01 to 10.1, which means ACs surfaces ranged from rather acid to very basic [75]. Tang et al. produced a series of acidic-type activated carbons (AC, M1, M4, M5), whose pH PZC were lower than 3.5 with an important presence of acid groups. This result is justified by the fact that these activated carbons were activated by H 3 PO 4 with a prolonged time of activation [116].

Comparison with other activated carbons

In most cases, activated carbons have less important BET areas than the ones in this work except for CNR-115-ox-am due to a high burn-off level and an intense functionalization as explained above.

The change in BET surface and acidity/basicity is thought to affect the gas adsorption capacity of ACs. For example, F400 activated carbons, either possess acidic surface (pH PZC =4.01 for F400 OX) or basic surface (pH PZC =10.01 for F400 TT) and the BET areas are less than 1000 m 

Conclusion

Five commercial activated carbons: CNR-115, RX 1.5, ROX 0.8, CGRAN, GAC 1240 and two activated carbons modified from CNR-115 called CNR-115-ox and CNR-115-ox-am were successfully analysed by different methods: SEM, X-ray diffraction, NLDFT-PSD, Boehm indirect titration and TPD-MS. All the above commercial ACs have a promising gas adsorption capacity in terms of BET areas. However, from more detailed textural analysis, the highest proportion of mesoporous volume (CGRAN) and the lowest value of BET area (GAC 1240) can be a sign that CGRAN and GAC 1240 have lower adsorption capacity. In terms of chemical analysis, CGRAN have the most acidic surface while RX 1.5 is the most basic activated carbon. CNR-115 may be considered as sufficiently adequate for CH 4 /CO 2 separation as it has the largest S BET and acceptable pH PZC to be modified. This outcome is in agreement with CO 2 /CO TDP profiles as well as the quantification of desorbed gases.

Consequently, CNR-115 was modified via a 2-step procedure, resulting in CNR-115-ox and CNR-115-ox-am. The quantity of oxygen and nitrogen containing functional groups on the carbon surface was found to have increased considerably following each step. As a result, pH PZC of CNR-115-ox decreases but it increases again for CNR-115-ox-am. Through different analysis, the BET surface is also reported to be lowered due to the burn-off phenomenon and the introduction of new functional groups on the carbon surface.

From this insight into the physico-chemical character, adsorption isotherms of different gases were carried out for the previously-described activated carbons. Since each activated carbon have particular properties, their affinity with different gas molecules cab vary from one to another. Based on that principle, materials and methods to determine the adsorption capacity and the selectivity are presented in the following section.

Experimental Set-up and Methodology

Introduction

The gas adsorption performance of an adsorbent is determined by its adsorption isotherms, which is defined as the quantity of the gas adsorbed (n g ads ) by a mass of solid adsorbent introduced (m s in ). This relation is a function of the working pressure at constant temperature (Equation 2.2) [98]:

n a ads m s in = f (P ) T (2.2)
In general, the determination of gas adsorption capacity by manometric method works on the following principle: knowing the initial amount of gas before adsorption, the difference in equilibrium pressure after adsorption will allow us to calculate the amount of gas adsorbed. Therefore, a home-made gas adsorption system consists mainly of two cells: a dosing cell to quantify the original molar quantity and an adsorption cell with adsorbent to measure the adsorbed molar quantity. The gas is firstly introduced into the dosing cell and the temperature and pressure are noted. The gas is thus put in contact with the adsorbent-containing cell. Once the equilibrium in pressure is established again under isothermal conditions, the difference between the two pressures is used to calculate the molar quantity of gas adsorbed. The adsorption isotherm is then described through an accumulative process. At the end of the adsorption process, the pressure is lowered until 10 -2 Pa by connecting the whole system to a vacuum pump for 8 hours under 90°C, allowing to release the gas adsorbed on the surface in order to regenerate the adsorbent. Based on this principle, similar home-made systems were widely developed at laboratory scale. Peredo et al. improved a two-cells adsorption systems from Pino et al. to study the selective gas adsorption of five commercial activated carbons on equimolar CH 4 /CO 2 gas mixture [26,117] . Rios et al. also used a similar system to measure both single and binary gas adsorption of the same mixture using activated carbons [118]. In 2020, Yang et al. used a two-adsorption chambers system to study the efficiency of N 2 separation from CH 4 /N 2 mixture using silicate pellets [119].

The rest of this section therefore details two home-made adsorption systems developed to conduct the adsorption isotherms. These systems, in this work, include one pure gas adsorption system and one gas mixture adsorption system, with minor improvement from previous works [101,[120][121][122].

Device description

Four iron-cast cells of similar volume (18.5 ± 0.2 cm 3 ) fabricated by Top Industries were used as dosing cells and adsorption cells respectively for two home-made adsorption systems. In each adsorption system, these two cells (dosing and adsorption) were put in series and connected to a manometer PR 400B-S supplied by MKS Instruments, Inc. This manometer allows measuring a wide range of pressure from vacuum to 33 bar (Figure 2.12 and 2.14).

A heating cord controlled by a temperature proportional-integral-derivative controller (Eurotherm 3208) wraps around the whole system to maintain the isothermal conditions (Figure 2.12). Two independent thermocouples are also integrated in the system to monitor the stabilization of the working temperature.

Besides, isolating foam was also used to cover the whole system from heat exchange with exterior ambiance. Other equipment including two-way valves, switch valves 41G type, stainless 1/8 tubes and connector were provided by Swagelok (USA).

Furthermore, a recirculation pump (GK-M 24/02, max. flow: 2.8 L min -1 , max. pressure: 150 bar) were integrated into the gas mixture adsorption system to ensure the homogeneity of the circulating gas. The home-made gas adsorption system was also connected to a gas chromatograph (Agilent Technologies 7890 A) to detect the concentration of resulted gas (i.e. CO 2 , CH 4 and C 6 H 5 C 3 ) after adsorption equilibrium (Figure 2.14) [26,117,120].

Volume calibration

The volume of the system including adsorption cell and dosing cell was calculated at two stages: without and with adsorbent sample. The first stage is the determination of the dosing cell volume, which remained the same whether the absorbent was put in the adsorption cell or not. The latter allows us to know the volume of the adsorption cell after adsorbent introduced, as the working dead volume of the cell which represents a specific quantity of a particular adsorbent.

Volume calibration of the adsorption system without adsorbent

After assembling the different components of the adsorption system, the volume of the empty system was assessed by using gravimetric calculation. Figure 2.8a and 2.8b represent the schematic plan of volume calibration process for two home-made adsorption systems and an experimental set-up for gas mixture adsorption system is shown in Figure 2.9. On this work, gravimetric calculation was based on the difference in mass of the gas container before and after each injection as follows:

1. The adsorption cell is isolated by closing valves (V2 in Figure 2.8a, V2 and V3 in Figure 2.8b). A small amount of CO 2 is thus introduced into the dosing cell (V1 opened). Once a change in the mass of the container is observed, V1 is closed to attain the pressure stabilisation (P i ). The volume of the dosing cell is thus calculated by Equation 2.3:

V dos = ∆m M CO2 ⋅ 10 6 ρ CO 2 m (P i , T ) (2.3)
where:

• ∆m in [g] is the difference in mass of the CO 2 container before and after each injection. • M CO 2 is the molar mass of carbon dioxide (44.01 g mol -1 ).

• ρ CO 2 m in [mol m -3 ] is the molar density of carbon dioxide at working temperature T and pressure P i from the Chemistry Webbook of National Institute of Standards and Technology [START_REF] Pera-Titus | Porous Inorganic Membranes for CO2 Capture: Present and Prospects[END_REF]. The factor 10 6 is thereby to convert the volume unit from m 3 to cm 3 .

2. The adsorption cell is then connected by opening valves (V2 in Figure 2.8a, V2 and V3 in Figure 2.8b), allowing the gas to expand throughout the system. After expansion of CO 2 , once the pressure is stabilized (P f ), the total volume without adsorbent V 0 tot can be calculated by Equation 2.4:

V 0 tot = ∆m M CO 2 ⋅ 10 6 ρ CO 2 m (P f , T ) (2.4)
3. Finally, the volume of the empty adsorption cell V 0 ads is obtained by deducting the volume of the dosing cell from the total volume (Equation 2.5):

V 0 ads = V 0 tot -V dos (2.5)
After each measurement, in order to renew the system, it was put under vacuum for 30 minutes in order to outgas CO 2 completely from the two cells. After out-gassing, the same process was conducted 5 times to ensure the outcome repetition. Table 1 shows an example of results obtained for the volume calibration on the pure adsorption system in May 2018 due to a valve replacement. Seven measurements were conducted. V dos , V tot and V ads were successfully determined with a low standard deviation. For example, the standard deviation of V dos was 0.20 cm 3 , being equal to 0.6% of the mean value. Following this result, the dosing volume of the system is hence supposed to remain 30.71 cm 3 for all experiments for all experiments whereas the adsorption volume is estimated to be 19.01 cm 3 . Once the volume of the dosing cell was known, the next step is to determine the dead volume V ads , the free space in the adsorption cell when the adsorbent was put inside (Figure 2.10a and 2.10b) [124].

m g P i Pa P f Pa T °C ρ i mol m -3 ρ f mol m -3 n mol V dos cm 3 V tot cm 3 V 0 ads cm 3 1 
An amount of activated carbon (0.7 ± 0.02 g) was introduced directly into the cleaned adsorption cell and put under vacuum using a vacuum pump at 90°C for at least 8 hours. This treatment at high temperature is required for activated carbons to ensure that all water and residual adsorbate molecules are removed from the pores thus guaranteeing the reliability of the adsorption isotherms.

Under assumption that V ads remains constant during adsorption isotherms, the measurement of V ads was carried out by using helium every time when a new absorbent sample was introduced into the adsorption cell. Indeed, based on the fact that activated carbons do not adsorb noble gas, a helium expansion was undertaken from the dosing cell into the adsorption cell before each measurement to determine the adsorption volume of the system possessing an activated carbon sample. Knowing the dosing volume V dos in advance by carbon dioxide calibration (Section 2.3.3.1), the adsorption volume was calculated in function of n consecutive measurements (n ≥ 6), and it must be inferior than the one without sample i.e V ads ≤ V 0 ads . The experimental protocol is as follows:

1. An amount of helium is conducted to the dosing cell only. At this moment, isolation valves stay closed (V2 in Figure 2.10a and V2, V3 in Figure 2.10b).

2. Once the pressure stabilized and was noted P int , opening valves will release helium in the dosing cell into the adsorption cell, leading to a decrease in pressure of the whole system. The newly stabilized pressure is noted again

P f in .
The first point of the V ads determination (i = 1) is thus calculated as in Equation 2.6:

V 1 ads = V dos ⋅ P 1 int P 1 f in -1 (2.6)
3. The adsorption cell is isolated again and the procedure is repeated from Step 1. From the second step (i = 2), the V ads at the i th step was determined by using Equation 2.7:

V i ads = V dos ⋅ P i int -P i f in P i f in -P i-1 f in (2.7)
4. Finally, the dead volume V ads of the adsorption cell was calculated as the average of all measurements:

V ads = V ads = 1 n ⋅ n i=1 V i ads (2.8)
Table 2.9 details an example of the volume calibration by helium expansion. Here, a sample of 0.622 ± 0.001 g of the activated carbon CNR-115 was introduced into the adsorption cell. The system was put under vacuum at 90°C for 8 h beforehand to remove all the residual gas molecules. Thanks to the value of 30.7 ± 0.2 cm 3 for V dos , the calculated V ads is 18.33 ± 0.06 cm 3 , which meets the limit of the maximum adsorption volume V 0 ads (19.07 ± 0.17 cm 3 ). The standard deviation is also acceptably low, which is 0.06 cm 3 . After the calculation and verification of the V ads value, helium is then out-gassed from the system by vacuum pump for 2 h at 90°C to get ready for gas adsorption isotherms. Knowing the volume of the dosing cell and the adsorption cell with adsorbent, the adsorption capacity on different pure gas were measured by using a home-made manometric adsorption device demonstrated in Figure 2.11. In Figure 2.12, the experimental set-up is shown along with the temperature regulation as well as temperature isolating foam. In general, the procedure of an pure gas adsorption such as natural components (CH 4 , C 2 H 6 , C 3 H 8 ) or CO 2 isotherms is calculated in function of pressure variation after each act by taking in account the adsorption capacity of adsorbent on adsorbate gas and detailed as follows:

P

1. The valve V2 is firstly closed to isolate the adsorption cell. The valve V1 was thus opened, leading to the introduction of the adsorbate gas into the dosing cell. The valve V2 remains closed until the equilibrium in the dosing cell is obtained (stabilized pressure P int ). For the first point of the isotherm (i = 1), the number of moles of the adsorbate gas introduced in the dosing cell n 1 tot is calculated as in Equation 2.9:

n 1 tot = V dos ⋅ ρ 1 int (2.9)
where ρ 1 int [mol cm -3 ], which is also denoted ρ 1 int (P, T ) is the molar density of the adsorbate at a particular initial pressure P int and constant working temperature. ρ (P, T ) is calculated by using Equation 1, which is considered as a function of P at 303.15K and its referential values were obtained from NIST database [START_REF] Pera-Titus | Porous Inorganic Membranes for CO2 Capture: Present and Prospects[END_REF]. The polynomial parameters of different pure gases are shown in Table 2.10.

ρ (P, T ) = a ⋅ P 4 + b ⋅ P 3 + c ⋅ P 2 + d ⋅ P + e 2.
The valve V2 is opened to allow the expansion of the adsorbate into the adsorption cell. Once the pressure stabilized P f in , i.e the adsorption process is terminated, the molar quantity of gas adsorbed onto the surface of the adsorbent is calculated as in Equation 2.10:

n 1 ads = n 1 tot -V tot ⋅ ρ 1 f in (2.10) 
where V tot [cm 3 ] is the total volume of the adsorption system with adsorbent and ρ 1 f in is the gas density at the final pressure, hence:

V tot = V dos + V ads 3.
The valve V2 is closed again and a new dose of the adsorbate gas is introduced into the dosing cell and starting to stabilize. The procedure is repeated in steps of 5 bar until P int = 30 bar i.e limit of the manometer. From the second point of the isotherm (i ≥ 2), n tot and n ads at the i-th point are calculated as follows [101,125]: Figure 2.12: Experimental set-up of pure gas adsorption system with heating cord and isolating foam.

n i tot = V ads ⋅ ρ i-1 f in + V dos ⋅ ρ i int (2.11) 
n i ads = n i tot -V tot ⋅ ρ i f in (2.12) 
Compound Kinetic diameter (pm) a ⋅10 -10 b ⋅10 -8 c ⋅10 -4 d e ⋅10 -4

Langmuir fitting parameters

The Langmuir model is the most popular model used to represent experimental isotherms by assuming that the adsorbate behaves as an ideal gas in isothermal conditions and the adsorbent has an ideal chemically homogeneous solid surface [START_REF] Alothman | A Review: Fundamental Aspects of Silicate Mesoporous Materials[END_REF]130]. In this context, the modified Langmuir model was chosen, where we assumed that during the adsorption procedure, the attachment gas molecules onto the surface of activated carbons in the form of a single-layer coverage. We denoted n excess ads the excess adsorbed quantity of gas at the working pressure P. The experimental results were then compared to the calculated estimation by using the modified Langmuir model with two parameters [131]:

n excess ads = n L × p p + p L 1 - ρ m (p, T ) ρ ads (2.13) 
where p L , called the Langmuir pressure, is the pressure where the adsorbate occupied half of the sites the surface of the activated carbon and n L is the maximum amount absorbed, corresponding to the occupancy of all sites. In this study, the value of ρ ads had been fixed at 423 kg m -3 for methane, 546 kg m -3 for ethane and 581 kg m -3 for propane [120,132,[START_REF] Patterson | An evaluation of the policy and techno-economic factors affecting the potential for biogas upgrading for transport fuel use in the UK[END_REF]. Since the Langmuir fitting parameters are determined considering the confirmation of fitted Langmuir equation in low working pressure and its acceptance in high-pressure zone, a deviation standard was thus required and calculated as Equation 2.14:

∆n = 1 N N i=1 n excess(i) -n F IT 2 (2.14)
where ∆n stands for the standard deviation of the sample, N is number of n excess values observed and n F IT is the corresponding mean value calculated by the modified Langmuir equation 2.13 [127].

Gas mixture adsorption system

Finally, in order to study the behavior of adsorbent on the co-adsorption of gas mixture, a home-made high pressure manometric system coupled with a gas chromatograph was designed and installed (Figures 2.13 and 2.14 ). In general, the design of the gas mixture adsorption system is similar to the pure gas one, taking to account some difficulties during gas mixture manipulation, mainly gradient in their composition:

• A recirculation pump is integrated into the system in order to ensure the homogeneity of the gas homogenization [122].

• A gas chromatograph analyzer (Agilient 7890 A) is coupled with the system via the valve V chro, allows to analyze the composition of the gas mixture once the equilibrium is attained. The working conditions of the chromatograph is detailed in Table 2.11.

After out-gassing and Helium expansions, the experimental protocol is conducted via a successive procedure and described as follows:

1. A dose of the gas mixture is introduced in the dosing cell while the valves V2 and V3 stay closed.

2. Once the stable pressure is obtained, opening the valves V2 and V3 will lead to the co-adsorption of the gas mixture in the adsorption cell.

3. Once the equilibrium of the final mixture is attained, the valves V2 and V3 are closed again and the valve V chro is opened to introduce the gas mixture into the capillary of the gas chromatograph, hence analyse the composition of the remaining gas (Figure 2.15).

4. The dosing volume is evacuated after each point and a new dose of the same composition is introduced again in the dosing cell. It is important to note that at each dose, the mixture needs time to obtain the homogeneity, therefore, at each step, it is necessary to let the mixture circulate throughout the circuit for at least 15 minutes and the recirculation pump needs to be put under operation all the time. For each dose, the total amount adsorbed onto the surface of adsorbent is calculated by a mass balance before and after equilibrium, which is:

n ads tot = n dos tot -n gas tot (2.15)
in which:

• n dos tot is the number of moles of the gas mixture introduced in the dosing cell.

• n ads tot is the total number of moles of adsorbed gas.

• n gas tot is the number of gas moles remaining in of in the gas phase after adsorption.

In both terms n ads tot and n gas tot , there is a contribution from each component in the gas mixture. In the co-adsorption of the mixture of n components, the contribution in each term is as in Equations 2.16 and 2.17:

n ads tot = n i=1 n ads i (2.16
)

n gas tot = n i=1 n gas i (2.17)
In the interest of calculating the amount adsorbed of each individual gas, it is essential to know the molar fraction of each gas in the bulk gas phase, denoted y i and. In the bulk gas phase, the molar fraction y i is defined as:

y i = n gas i n gas tot (2.18)
The value of y i is obtained at each point of measurement using the gas chromatograph. Similarly, the molar fraction x i in the adsorbed phase is denoted as:

x i = n ads i n ads tot (2.19) hence n i=1 x i = 1 (2.20) 
and

n i=1 y i = 1 (2.21) 
When the first dose of adsorbate gas mixture is introduced into the dosing cell, the number of moles of gas adsorbed for component i is calculated by Equation 2.22:

n ads i = n ads tot ⋅ x i (2.22)
From the second step of measurement (i ≥ 2), as the dosing volume is out-gassed and then filled again with a dose of gas of the initial mixture, the general expression of the gas adsorbed of the component i at k -th step is provided as the following relations:

n ads, k i = (n dos tot ⋅ χ i + n gas, k-1 tot ⋅ y k-1 i ) -(n gas, k tot ⋅ y k i ) (2.23) 
where χ i is the molar fraction of the component in the initial gas mixture. The individual molar quantity adsorbed is then obtained by an accumulative sum:

n ads i = k n ads, k i (2.24)
Additionally, the adsorbent selectivity at each point can be calculated as a function of pressure by Equation 2.25:

Selectivity = y 1 y 2 x 1 x 2 (2.25)
in which y 1 and y 2 are CH 4 and CO 2 molar fraction in the bulk phase, and x 1 and x 2 are CH 4 and CO 2 molar fraction in the adsorbed phase. The list of experiments conducted in this work is summarized in Table 2.12. It is to note that some of experiments carried out by Dr. Peredo Mancilla were redone in order to verify the reliability of the results. 

Analysis of the uncertainties

In order to obtain the most accurate experimental results, it is important to follow the protocol systematically and consider all factors of uncertainties. For example, whenever there is a modification on any system such as valve replacing or changing in conduction tube length, the volume calibration of the empty system is necessarily conducted to rectify the dosing volume and the empty adsorption volume as reference. In this work, all adsorbents used during adsorption experiments are activated carbons as mentioned in Section 2, which are promising adsorbents thank to their high capacity of adsorption and their easiness to be regenerated. Indeed, a simple out-gassing of adsorbent under vacuum at high temperature is enough to regenerate activated carbon sample introduced in the adsorption cell. However, due to their large specific areas, it is also important to ensure the sufficient out-gassing of adsorbent. Indeed, the design and the assembling of both pure gas and gas mixture system adsorption were indeed studied and validated by our numerous research [26,101,117,120,122] and it was proven that 8 h of out-gassing at 90°C was enough to evacuate all residual gas molecules on the surface of adsorbent samples. During experimental procedure, the significant difference in out-gassing temperature and working temperature may also loosen some joints, leading to a micro-leak of gas thus falsifying the the measurements. This is why continuous monitoring is required during the whole time of experiments and a stable pressure record is considered when the same value is maintained for at least 3 min. Other factors of uncertainties also includes the accuracy of the measuring devices.

The use of the 121A Baratron Capacitance Manometer MKS allows us to precise pressure value with the inaccuracy ∆P of 0.05 % of the full scale. For sample weighing, the laboratory scale (Acculab) gives the uncertainty ∆m = 0.001 g. In contrast, as the correctness of two monitoring thermocouples is ∆T = 0.2 K, before each measurement, it is essential to wait for the temperature stabilisation and to verify the working temperature regularly. Additionally, the main contribution to the global uncertainty is due to the errors on the volume calibrations (less than 1%, see Table 2.3.3). Pino and al. have provided a deep analysis of the uncertainties showing that the global uncertainty on the adsorbed data is less than 2% [117].

Thanks to the detailed protocol, even with the change of different components (valves and cells), some experiments that were conducted a couple of times gave the similar results within the claimed uncertainty. For example, as shown in Figure 16, two CH4 adsorption isotherms of CNR-115 were conducted separately but still gave relatively identical outcomes with about 0.07 mol kg -1 in deviation.

Conclusion

The first part of this chapter presents an insight into the used activated carbons and a detailed methodology, allowing us to proceed to gas adsorption experiments. Though analysis tests are time-consuming and sensitive, their outcomes give us a thorough understanding of the physico-chemical properties of the activated carbons in order to explain the behavior of each one in gas adsorption. This is the main goal of this work to give an insight on the relationship between the structural and chemical properties of the adsorbents with their adsorption capacity and selectivity. This comprehension will also play an important role in the selection of adsorbents for further investigations.

Secondly, the methodology used to perform adsorption measurements is largely described. The protocol of experiments is to follow and the errors are easily tracked. Moreover, the present methodology, detailed for binary mixtures, can be easily generalized for the study of multi-component gases such as ternary mixtures.

Chapter 3

Experimental determination of methane, ethane, propane and carbon dioxide adsorption isotherms on a set of activated carbons: application to biogas and natural gas production

Chapter Outline

In order to study the adsorption of biogas on activated carbons for biogas upgrading, the preliminary step is to understand the behavior of this adsorbent towards pure gas compounds.

Indeed, the textural properties and surface chemistry of a given activated carbons are thought to affect its adsorption behavior on different gases (Chapter 2 -Section 2).

The study of pure gas methane and carbon dioxide is largely documented in the literature. In a previous work, Peredo et al. investigated the adsorption of methane and carbon dioxide on the activated carbons used in this study [1]. The technical and economical feasibility to eliminate higher alkanes -namely ethane and propane -has been also investigated. The main purpose is to produce chemicals that can be used for the upgraded biogas production to replace the LPG fossils.

Additionally, the comprehension of these vapor alkanes is also of interest for natural gas production and storage. The properties of natural gas are similar to biogas and both of them are treated for national gas grids injection. For all these reasons, in this chapter, the experimental adsorption isotherms of pure methane, ethane, and propane, were carried out on a set of five commercial activated carbons. Due to its promising properties, one of those activated carbon-the CNR-115 -was chemically modified in order to study the carbon dioxide separation. The pure alkanes and carbon dioxide adsorption isotherms were also studied on these modified activated carbon.

Gas adsorption isotherms were conducted at 303.15K along a working pressure ranging from 0 -3 MPa using the manometric system described in the previous chapter. The influence of textural and chemical properties of each adsorbent on the gas adsorption is analysed after each step.

As the performances of two modified activated carbons CNR-115-ox and CNR-115-ox-am considerably differ from the ones of commercial activated carbons, the influence of surface modification was also interpreted to justify the decrements in adsorption capacity. A further experiment on the regenerability of these two modified activated carbons was also carried out.

The main objective of this chapter being to provide insights on the relation between textural and chemical properties of the adsorbents and their adsorption capacity. As detailed in the introduction, this work finds its main application in biogas production. At the same time, the study of these pure gases is also of great interest for the production of natural gases. As a consequence, the introduction of the present chapter provides information on the study of alkanes adsorption in the context of natural gas production.

Introduction

Raw natural gas contains prominently up to 70-90% of methane (CH 4 ), other alkanes such as ethane (C 2 H 6 , 6.4%), propane (C 3 H 8 , 5.3%), butane (C 4 H 10 , 1.4%), and other non-hydrocarbons such as carbon dioxide (CO 2 , 5%) [2]. Upgraded natural gas, containing more than 96% methane in volume, is highly used as an energy sources for heating, cooking, and electricity generation [3,4]. It is because methane own the highest heat of combustion among principal hydrocarbons including ethane and propane (Table 3.1). Moreover, since the presence of compounds other than methane decreases the combustion capacity of the gas and leads to the damage of the pipelines, they must be eliminated from natural gas before application [5,6].

In Chapter 1, we have reviewed various technologies and recommended pressure swing adsorption (PSA) with activated carbons as adsorbent due to its effectiveness and its capacity of undesired compounds elimination [8]. In the research on absorbents for purification of the raw natural gas, a lot of experiments were performed on mostly targeted compounds i.e methane and carbon dioxide [9][10][11]. However, the elimination of ethane and propane, two other compounds in Table 3.1: Heat combustion values of main components in natural gas [7].

natural gas, is also desirable to increase its heat combustion [12]. Furthermore, the study of gas adsorption on activated carbon for other hydrocarbons thus allows us to comprehend their potential performance for natural gas purification, hence lead to effective solutions on an industrial scale.

Previously published works have only generally shown that the adsorption of gas molecules onto the surface of activated carbon is influenced by numerous factors such as surface chemistry, morphology, and affinity of the adsorbate with the adsorbent [13,14].

In this context and as previously mentioned, considering both biogas and natural gas production, the objective of this study is to investigate methane, ethane, propane isothermal adsorption on five commercial activated carbons (RX 1.5, ROx 0.8, CGRAN, CNR-115, GAC 1240) and two modified activated carbons (CNR-115-ox and CNR-115-ox-am) to deduce the relationship between the textural properties of adsorbents and their adsorption performance in both low and high working pressures. A further experiment on CO 2 adsorption was also conducted on the three activated carbons of CNR-115 family in order to complete the study as published in Peredo et al. [1].

The main physical properties of these activated carbons as well as the experimental set-up, materials and the methodology were presented in Chapter 2. In this chapter, an analysis of the results is provided focusing on the relationship between the structural properties of the activated carbons and the adsorption capacity is deduced. The experimental outcome was fitted to the modified Langmuir model described in Chapter 2 Section 3.4.2 and compared to various reported results in the literature. Besides, the stability of modified activated carbons was assessed by carrying 10 cycles of CO 2 adsorption-desorption.

Results and discussion

Pure alkanes gas adsorption on a set of native activated carbons

The results presented in this Section were published in the article Determination of methane, ethane and propane on activated carbons by experimental pressure swing adsorption method in Journal of Natural Gas Science and Engineering [15].

Experimental adsorption isotherms

Tables 3.2 -3.4 and Figure 3.1 present the experimental results of methane, ethane, and propane at 303K for the five previously-described activated carbons. Note here that the methane was already studied by Peredo et al [1]. The methane adsorption measurements were repeated in order to check the reliability of our experimental set-up. The deviations observed with Peredo's data and reported in Figure 3.2 were always inferior to the claimed uncertainties ∆n (Absolute Average Deviations are less than 0,5%).

All isotherms belong to type I which indicates the monolayer isotherms of physisorption as described in Langmuir's theory of adsorption. In other words, the adsorption uptake increased rapidly at low pressure and then saturated upon the pressure augmentation when the pores are gradually filled [16]. All activated carbons show a major difference between the adsorption capacities, as the adsorbed quantity of ethane and propane was significantly higher than methane.

Indeed, in the case of RX 1.5, the adsorption capacity for ethane achieved 9.12 mol kg -1 at 2.41 MPa while there was only 7.25 mol of methane adsorbed per kilogram of this activated carbon. In addition, at a low working pressure (0.50 MPa), the propane adsorption capacity already leveled up to 8.09 mol kg -1 while the ones for methane and ethane are 3.68 and 7.37 mol kg -1 respectively. Likewise, at 1.9 MPa, CNR-115 underwent an adsorption capacity of 8.79 mol kg -1 for ethane in relation to 4.17 mol kg -1 for methane whilst the same capacity for propane attained at 0.57 MPa. ROx 0.8 had a less important adsorption capacity when 1 kilogram adsorbed only 5.14 mole of methane or 6.44 mol of ethane at 1.2 MPa. The same results also happened to CGRAN, having 5.08 and 7.71 mol kg -1 as methane and ethane adsorption capacities and reached 7.26 mol kg -1 as propane capacities at 0.604 MPa. In the same way, at 1.0 MPa the measured CH 4 adsorption capacity of GAC 1240 was 5.23 mol kg -1 while for ethane and propane, it adsorbed 6.7 and 7.6 mol kg -1 respectively. This phenomenon can be attributed that at low and intermediate pressures, the interaction between propane and the surface of the adsorbent is much higher than methane. Being linear molecules, the more carbon atoms in the chain, the stronger the covalent bond created between alkane molecules and the surface of the activated carbon. For that reason, at low pressure, propane gets adsorbed the most, thus ethane adsorbs the second and methane adsorbed the least [17]. This explanation is also consistent with the argument of Pino-Perez et al., that porous materials adsorb preferentially long-chain molecules than short-chain molecules in a study on propane, pentane, and heptane adsorption by using Ecosorb activated carbon [18]. In addition, the strong interactions of ethane and propane with the adsorbents can also be described by Van der Waals's attractive force based on the polarizability of the gas molecules. Indeed, since the polarizability of propane (7.0 × 10 16 C m 2 V -1 ) is greater than ethane (4.93 × 10 16 C m 2 V -1 ) and methane (2.89 × 10 16 C m 2 V -1 ), propane is expected to be the most attracted onto the surface of adsorbents [19]. Despite the higher uptakes, a plateau was observed for C 2 H 6 and C 3 H 8 isotherms of most activated carbons i.e the maximal filling of micro-pores at 303K. Once entering a higher pressure zone, bigger pores start to be filled by the adsorbate. As propane and ethane have longer carbon chains, their rotation and translation get limited, leading to rapid saturation compared to methane. The saturation is clearly observed in the case of RX 1.5, ROX 0.8, and GAC 1240 since their mesopore volumes are low (0.20, 0.16 and 0.20 cm 3 g -1 ). This finding is in agreement with the study of Mhaskar et al., where the C 3 H 8 adsorption capacity on silica gel in the range of 0 -1 bar is significantly higher than ethane and methane ones [20].

In general, RX 1.5, ROx 0.8, and GAC 1240 adsorb more methane than CNR-115 and CGRAN. It is because the surface acidity of CNR-115 and CGRAN are reported to be higher than other commercial activated carbons due to the initial chemical activation [21]. As methane is an inert compound, together with the pore blockage of the functional groups, the acidic surface tends to adsorb less than basic ones. This outcome is consistent with the findings of Contreras et al. that the presence of acidic functionalities disfavors the CH 4 uptakes and the basic surface is thought to be responsible for the improvement on CH 4 adsorption [22]. In reference to the CO 2 adsorption capacity, it also seems to be coherent to Peredo et al. [1]. As the surface of RX 1.5 and ROx 0.8 are more basic, they adsorbed more CO 2 pure gas than CNR-115 and CGRAN.

On the other hand, it was observed that not only the C 2 H 6 and C 3 H 8 isotherms, but also the CH 4 isotherm of GAC 1240 saturated considerably faster than other ACs due to its minimal micro-pores and mesopores volumes. Indeed, since GAC 1240 owns only 0.36 and 0.20 cm 3 g -1 micro-pores and mesopores respectively, at low working pressure, most of its pores filled quickly, leading to fewer spaces for gas molecules at high pressure. The same scenario happened to C 2 H 6 isotherm on RX 1.5 and ROx 0.8, the ethane uptake saturated at 2 MPa, justifying the inferior mesopores volume (0.20 cm 3 g -1 and 0.16 cm 3 g -1 respectively).

In the case of C 3 H 8 isotherms, it is necessary to note that the interval of working pressure is reduced due to the limit of gas-liquid transition of propane. However, it was noticed that the results for C 3 H 8 are in coherence with CH 4 and C 2 H 6 , especially in the case of low mesoporous activated carbons like RX 1.5 and ROx 0.8. Here, RX 1.5 showed the highest propane uptakes and saturated at 0.7 MPa. The saturation was also witnessed clearly in ROx 0.8 at 0.5 MPa. 

Langmuir fitting parameters

Langmuir fitting parameters of methane, ethane, and propane for the five commercial adsorbents are presented in Table 3.5.

These parameters are considered accurate as the deviations are relatively low (∆n ≤ 0.03). Furthermore, the relationship between the BET surface of each activated carbon and its maximum Langmuir adsorption capacity is also presented in Figure 3.3a. This linear regression proved an adequate correlation for methane (blue squares, R 2 = 0.902), ethane (red diamonds, R 2 = 0.968) and propane (yellow diamonds, R 2 = 0.980). In all cases, it is observed that n L is proportional to S BET , indicating the dependency of this capacity on the textural properties of ACs. The relation between n L and the pore volumes of each activated carbons including micropores, mesopores, and total pores are also established in Figure 3.3b -3.3d. The dependence of n L on V micro also shows an analogous trend i.e the adsorption capacities increase along with the increment of V micro . However, no clear linear relation is noticed like the BET surface area. This outcome is consistent with the precedent findings of Peredo et al. and Ortiz, the higher BET surface area is responsible for the higher maximum adsorption capacity since it is related directly to the number of available physisorption sites [1,23]. Note that a comparison of the Langmuir's parameters between the different compounds should not be consistent. Indeed, methane is under super-critical state while ethane and propane are considered under the vapor phase. Additionally the experimental pressure ranges are quite different for each compound. 

Sample

Adsorption isotherms

In the same way, pure gas adsorption isotherms of methane, ethane, and propane were also conducted on CNR-115 activated carbon family keeping in mind that the surface modification was mainly done to enhance carbon dioxide adsorption. The obtained results are presented in Figure 3.4. Despite the collapse of porous sites, CNR-115-ox and CNR-115-ox-am can be considered as highly microporous by owing the type I isotherms for all three adsorbates. It is observed that, as expected, the adsorption capacity of methane, ethane, and propane on CNR-115-ox and CNR-115-ox-am decreases significantly due to two reasons: i) the reduction in S BET area during the oxidation, and ii) a large amount of oxygen-containing and nitrogen-containing groups on the surface of the original CNR-115 blocks a considerable part of available pores. As observed in the previous section adsorption of alkanes is mainly driven by BET value. The modification of surface chemistry of CNR-115 therefore resulted in the fall of methane, ethane, and propane adsorption though the surface of CNR-115-ox-am is slightly more basic than CNR-115. For example, at 1 MPa, the CH 4 adsorption capacity of CNR-115 was 3.26 mol kg -1 , while CNR-115-ox and CNR-115-am possessed only 1.86 and 1.02 mol kg -1 respectively. At the same pressure, CNR-115-ox-am adsorbed 65% C 2 H 6 less than CNR-115 (2.37 and 7.31 mol kg -1 respectively). In terms of saturation, the isotherms of CNR-115-ox and CNR-115-ox-am also saturates quickly compared to CNR-115 at 1 bar. Besides, the saturation of CH 4 adsorption is also observable for these two activated carbons due to the major decrease in mesopore sites during modification by oxidation process (Chapter 2 -Section 2.3). The experimental adsorption isotherms of CNR-115 family on natural gas components were also compared to the Langmuir theory. Their fittings parameters are shown in Table 3.9 and the linear regressions are presented in Figure 3.5a. Similar to the precedent outcome of commercial activated carbons, the fitting parameters of Langmuir model for CNR-115-ox and CNR-115-ox-am are rather good with ∆n ≤ 0.12. Moreover, a linear correlation between S BET and the maximum Langmuir capacity can be depicted with an acceptable goodness-of-fit (R 2 ≤ 0.98 for all three gases). This good coherence between the adsorption capacity and the BET surface areas were found by [START_REF] Kim Choon Ng | A Universal Isotherm Model to Capture Adsorption Uptake and Energy Distribution of Porous Heterogeneous Surface[END_REF], Ortiz (2018) in the studies of methane adsorption capacity of shale and Lu et al. (2021) in the study of deformed coal [23][24][25].

Unlike the case of commercial activated carbons, a linear relationship between V micro and n L can be deducted for CNR-115 family (R 2 ≤ 0.99 for all the gases). It is because CNR-115-ox and CNR-115-ox-am are considered highly microporous materials. Therefore, mesopore sites play a less important role in the gas adsorption even at high pressure. Consequently, the linear regression between V tot and n L is relatively improved (R 

Comparison with other activated carbons in literature

A comparison study was led to assess the performance of the activated carbons used in the present study in adsorption capacity. In this context, we report the values for RX 1.5 and CNR-115, the two activated carbons with higher adsorption capacities.

Methane adsorption

Methane adsorption onto activated carbons is commonly published in the literature because this compound exists in both natural gas and raw biogas as a main component. As observed, the methane uptakes of activated carbons range widely depending on the textural properties and surface chemistry of the adsorbent. For example, AC-H 3 PO 4 is an olive stones-based activated carbon activated by H 3 PO 4 that had inferior specific surface area (1178 m 2 g -1 ) but superior methane adsorption performance. This outcome can be attributed to the original surface chemistry of the precursor and the activation process. In the same way, MP48 was also activated by H 3 PO 4 that had a lower BET surface (1368 m 2 g -1 ) and micropore volume (0.37 cm 3 g -1 ) but the methane uptake of MP48 at 1 MPa was only 2.4 mol kg -1 compared to 3.1 mol kg -1 of CNR-115. On the other hand, the morphology of MCa2 was close to CNR-115 (S BET = 1700 m 2 g -1 , V micro = 0.64 cm 3 g -1 ) but this activated carbon was activated by CaCl 2 , which may improve the affinity of its surface with CH 4 molecules and enhanced the adsorption capacity [26]. In the case of HS-KOH1:2, the KOH treatment is proved to increase the CH 4 adsorption by widening pores and adjusting the affinity with the adsorbate. However, the CH 4 isotherm of HS-KOH1:2 was quickly saturated, indicating that this adsorbent did not possess enough mesopores to adsorb methane at high pressure [27].

Ethane adsorption

Liang et al. [28,29], Wang et al. [30] and Pires et al. [31] carried out previously ethane adsorption isotherms on different activated carbons from various precursors and activation agents. The experimental outcomes are shown in Table 3.11. [29] 298K and 1 MPa 5.0 IRMOF-8 [31] 298K and 1 MPa 4.0 At 1 MPa, RX 1.5 and CNR-115 exhibit superior ethane adsorption capacity over C-700-3 and C-800-3 despite the lower BET surfaces. It is because C-700-3 and C-800-3 are rather mesoporous materials due to the excess use of KOH as activation agent, which resulted in the low ethane uptakes at low pressure but allows to adsorb ethane at high pressure without being saturated. Likewise, since C-PDA-3 was activated with an increase in KOH/C ratio, some micropores were transformed into mesopores, hence the ethane uptakes is reduced at 1 MPa but it still has room for adsorption at high working pressure. On the other hand, as observed, RX 1.5 and CNR-115 are more microporous hence adsorbed ethane more quickly but also had a faster saturation tendency.

In general, activated carbons have shown their promising adsorption capacity over MOFs. Liang et al. and Pires et al. [29,31] reported the ethane adsorption capacities of two MOFs Ni(bdc)(ted) 0.5 and IRMOF-8 were 5.0 and 4.0 mol kg -1 respectively. Meanwhile, the specific surface area ad total pore volume of Ni(bdc)(ted) 0.5 were 1701 m 2 g -1 and 0.79 cm 3 g -1 , which were relatively similar to the morphology of RX 1.5 and CNR-115 [29]. Therefore, the inferior performance of MOFs is not only due to the lower BET area but also the weak affinity of adsorbate with the MOF surface. The adsorption capacity is hence thought to be resulted from various factors such as morphology, surface chemistry of the adsorbent and physico-chemical properties of the adsorbate.

Propane adsorption

Regarding the propane adsorption, RX 1.5 and CNR-115 also show advantageous capacities in comparison with the MOFs Cu-MOF-74 and Co-MOF-74 by Abedini et al. and the activated carbon Ecosorb by Pino et al. [13,32]. However, a quick saturation of C 3 H 8 adsorption isotherms was observed for all adsorbents, indicating the total micropore filling at low temperature and low pressure due to the high affinity between the long-chain molecules and the force field of the adsorbent.

As with the ethane uptakes, the propane adsorption capacity depends predominantly on the morphology of the adsorbent. Since the BET area and average pore size of the activated carbon Ecosorb were 1290 m 2 g -1 and 0.46 nm, this adsorbent was more microporous than CNR-115 and RX 1.5 and did not own too much available sites for adsorption at high pressure. Consequently, at 0.5 MPa, the propane uptakes of Ecosorb was 5.7 mol kg -1 while RX 1.5 and CNR-115 reached 8.0-8.1 mol kg -1 . Similarly, in addition to the inferior BET area and micropore volume, Cu-MOF-74 and Co-MOF-74 also had weaker affinity with propane, leading into lower propane uptakes compared to activated carbons. As highlighted on the introduction of this memory, CO 2 separation and capture is a key point of the biogas and natural gas production. The native CNR-115 was modified to enhance its CO 2 separation. The selectivity being the major drawback of the activated carbon for their application in natural gas and biogas upgrading. As mentioned above, this modification induces a diminution of the BET area which affects the adsorption uptake. Knowing that the adsorption capacity is also an important indicator to assess the adsorbent performance, we performed adsorption measurements of pure CO 2 adsorption on the CNR-115 family activated carbon.

These results were compared with both those obtained by Peredo -Mancilla on the set of the commercial activated carbon and other literature data. The experimental results are reported in Table 3.13 and displayed in Figure 3.6.

In order to assess the CO 2 isothermal adsorption, together with the published work in Peredo-Mancilla et al. on five commercial activated carbons, a further investigation of CO 2 adsorption capacity was carried out on three activated carbons of CNR-115 family. The experimental results are shown in Figure 3.6.

As with the pure alkanes adsorption, the CO 2 adsorption capacity of CNR-115 decreased considerably after the oxidation due to the fall of BET surface area. At 1 MPa, the CO 2 adsorption capacity of CNR-115-ox decreases by 65% compared to CNR-115 (4.6 and 7.02 mol kg -1 respectively). However, through the surface modifications, the presence of newly-formed oxygen and nitrogen-containing groups on the surface of the adsorbent plays a role in the improvement the CO 2 adsorption capacity of CNR-115-ox. For that reason, even though the BET surface is reduced by 63%, CNR-115-ox-am still adsorbs 2.7 mol CO 2 kg -1 .

On the other hand, through Figures 3.4a and 3.6, it is observed that CNR-115, CNR-115-ox, and CNR-115-ox-am adsorb CO 2 more than CH 4 . This can be explained by following reasons: i) originally the surface of CNR-115 prefers CO 2 due to the superior ratio V micro /V meso leading to the favorable behavior on CO 2 at low pressure; ii) the introduction of oxygen-containing basic groups (Lewis bases) increased the affinity of the surface with CO 2 (Lewis acid), and iii) after the ammonia treatment, the immense introduction of nitrogen-containing functionalities (strong Lewis bases) decreases the affinity of the surface with CH 4 and increased the one with CO 2 [33][34][35].

In terms of adsorption saturation, similar to pure alkanes, CNR-115-ox and CNR-115-ox-am reach the saturation quicker than CNR-115 due to the lack of mesoporous sites, leading to the limited adsorption ability in high pressure zone. However, in comparison with the pure alkanes isotherms, CNR-115-ox and CNR-115-ox-am still have more room for CO 2 uptakes. This phenomenon can be justified by the superior affinity between CO 2 and the surface as well as the inferior CO 2 kinetic diameter (330 pm) compared to the ones of CH 4 (380 pm), C 2 H 6 (416 pm) and C 3 H 8 (444 pm). 

Regeneration

The durability of Norit activated carbons was previously proved to be stable in Plaza et al. and Aumeier et al., where 5-10 cycles of adsorption-desorption cycles were carried out for different configurations of adsorption [36,37]. However, unlike commercial activated carbons that are considered sustainable i.e do not lose adsorption capacity over numerous adsorption-desorption cycles, the stability of modified activated carbons needs to be verified [38,39]. With the aim of removing CO 2 , 10 adsorption-desorption cycles at 303.15K were carried out on two modified activated carbons CNR-115-ox and CNR-115-ox-am to assess the stability of the newly-introduced functional groups (Table 3.14 and Figure 3.7). The working capacity of these two carbons remains practically constant, indicating a good durability along the experiment (the standard deviations σ = 0.03 and 0.05 mol kg -1 respectively). This promising outcome allows us to progress to the further study of gas mixture adsorption on modified activated carbons. Besides, since the stability of functional groups is confirmed, the optimization of the modification process may be engaged. 

Comparison with the literature

In order to assess the CO 2 adsorption performance of modified carbons, in this context, the values of CNR-115, CNR-115-ox, and CNR-115-ox-am were compared to several studies reported on the literature for activated carbon. Similarly to the alkanes isotherms, CNR-115 and RX 1.5 (reported in Peredo et al.) have higher CO 2 adsorption capacity compared to other commercial activated carbons. This superior performance is justified by the fact that although both RX 1.5 and Ecosorb are activated by steam, RX 1.5 possesses higher BET area and pore volume (1683 m 2 g -1 , 0.81 cm 3 g -1 ) than Ecosorb (1290 m 2 g -1 , 0.6 cm 3 g -1 ). In the case of CNR-115, this carbon is activated by H 3 PO 4 hence possesses higher S BET and more susceptible surface chemistry.

It is also to note that despite the inferior S BET of CNR-115-ox (929 m 2 g -1 ), its CO 2 adsorption capacity is relatively close to Ecosorb. For this case, along with the S BET , oxygen-containing basic functionalities in CNR-115-ox show their influence on the enhancement of the CO 2 adsorption. Meanwhile, PINPEL20 has a limited S BET (561 m 2 g -1 ) and is activated by CO 2 , resulting in a lower CO 2 adsorption capacity.

On the other hand, CNR-115-ox-am owns a similar BET surface area but a higher CO 2 uptake compared to IL@MOF-80 (S BET = 485 m 2 g -1 ). It is because CNR-115-ox-am was resulted from a long NH 4 OH impregnation (36h) thus has nitrogen-containing functionalities in high concentration while IL@MOF-80 were prepared from [Bmim][NTf 2 ] wet impregnation for 2 h, leading to a lesser degree of functionalization.

Conclusion

The adsorption isotherms of methane, ethane, propane on a set of five commercial carbons were successfully conducted.

Most activated carbons presented the type I isotherm, indicating the highly porous adsorbent with monolayer adsorption. Regarding the three alkanes, the increase in chain length leads to the preferential adsorption of gaseous molecules as reported in the literature [13,32]. Therefore, all activated carbons showed a greater adsorption capacity on propane than ethane and methane at low pressure. However, once the experimental pressure enters the higher zone i.e micropores are filled, the adsorption of gas molecules on mesoporous adsorbents tends to saturate slower. Among the commercial activated carbons, for ethane and propane adsorption, RX 1.5 and CNR-115 showed superior adsorption capacities of the three gases because they possess not only high BET surface but also adequate volumes of micro-pores and mesopore. Hence, they have a good balance of different porosity to satisfy the low and high-pressure adsorption. This relationship was not noticed previously in the studies of smaller molecules because they can rotate and translate more freely compared to carbon chains.

Additional measurements were performed for the same compounds on modified CNR-115 activated carbons. Due to the significant fall in pore sites during modification by oxidation process, both two modified activated carbons CNR-115-ox and CNR-115-ox-am have inferior gas adsorption capacity. Moreover, the saturation of their isotherms are clearly observed because of the lack of mesopore sites, indicating that they are highly microporous materials.

The obtained data for pure gas adsorption isotherms were well fitted to the Langmuir two parameters model, indicating they are all microporous adsorbent and the surface coverage can be considered monolayer. In terms of the highest maximum Langmuir capacity, RX1.5, CNR-115, and ROx 0.8 showed the highest adsorption capacity of CH 4 , C 2 H 6 , and C 3 H 8 respectively compared to CGRAN and GAC 1240. The Langmuir adsorption capacity also was found to be influenced directly by the BET area of the adsorbent.

In the case of highly microporous activated carbons like CNR-115-ox and CNR-115-ox-am; the direct relationship between V micro and n L is observed. Since the number of micropore sites is more important than mesopore sites, the micropore volume now play a dominant role in gas adsorption at both low and high working pressures. In the case of pure alkanes gas, since the molecules are similar, in addition with the important change in the BET area, it is still difficult to justify the influence of the surface chemistry as well as the presence of surface functionalities on the adsorption isotherms.

Further investigation of CO 2 isothermal adsorption were also carried out for CNR-115 and its two modified activated carbons. In this case, along with the specific surface area, the surface chemistry is a key factor on adsorption capacity: CNR-115-ox and CNR-115-ox-am respectively possess significant amount of basic oxygen-containing and nitrogen-containing functionalities, that prefer CO 2 adsorption to CH 4 . Hence, the influence of surface chemistry is slightly proven.

The working capacity of two modified activated carbons CNR-115-ox and CNR-115-ox-am remain almost constant, hence their stability is confirmed as well as the modification method. This result allows us to continue with further investigation and to focus on the optimisation of the modification process to enhance the performance of these two carbons.

With the aim of biogas and natural gas production, the study of CO 2 and other compounds capture in the presence of CH 4 is essential. It is therefore necessary to conduct experimental co-adsorption of CH 4 /CO 2 mixtures to analysis this competition.

micropores volume).

In co-adsorption isotherms, both textural structure and surface chemistry is responsible for the performance of an activated carbon. The main indicator is then the adsorbent selectivity.

The present study, as already observed by Peredo et al., shows that the CO 2 /CH 4 selectivity significantly increases for two modified activated carbons thanks to the abundance of O-containing and N-containing functionalities on the surface [3].

Additionally, N-doped activated carbon CNR-115-ox-am was found to adsorb toluene in the mixture. In terms of different N-doped functional groups, their electronegativity is inferior to O-containing ones, making them stronger Lewis bases. As a consequence, CNR-115-ox-am can trap slightly electronegative H + of toluene molecules that were barely attracted by CNR-115 or CNR-115-ox. This study gave us hints to conduct a proper modification process not only to enhance the toluene adsorption onto activated carbon but also the adsorption capacity of other VOCs that exist in raw biogas.

To the best of our knowledge, this is the first study carried out for synthetic mixtures representative of a biogas composition.

Introduction

Activated carbons are proven to be one of the most efficient adsorbents for biogas upgrading and purification. They own developed microporosity, high thermal and mechanical stability, as well as their low production costs, making them excellent candidates for CO 2 adsorption capacity as shown in chapter 3.

Activated carbons, however, still present a major drawback for their application in natural gas and biogas upgrading: a low CH 4 /CO 2 selectivity in comparison with other adsorbents such as zeolites and carbon molecular sieves (CMS) [4]. In this sense, many works focused on the surface modification of activated carbon in order to increase their affinity with carbon dioxide. Indeed the activated carbons surface can be tuned through post-synthesis treatment, i.e., physical (heat treatment), chemical (acid, basic, impregnation) and biological (microorganisms attachment), or by a mix of those methods, to improve their selectivity towards a specific gas or chemical compound. Due to the Lewis acid behavior of carbon dioxide, the introduction of basic surface functionalities has been proposed as a way to increase the affinity between carbonaceous adsorbents and CO 2 by creating electron-donor groups on the surface of the activated carbon with enhanced polarity and electric conductivity.

Indeed, the behaviors of CO 2 and CH 4 molecules are very different from each other although they possess similar kinetics diameters (0.330 nm and 0.382 nm respectively) [5]. Even though both molecules are non-polar, CO 2 owns a permanent electrical quadrupole moment of 13.4×10 -40 with a positive center [6]. Therefore, the presence of functionalities on the surface of adsorbent with lone electron pairs may preferentially adsorb more carbon dioxide. It is reported in many studies that the presence of polar functionalities on the surface of adsorbent can favor the adsorption of CO 2 in competition with CH 4 [7][8][9][10]. As a consequence, the study of adsorbent surface modification for CO 2 capture has been developed for years. Plaza et al. has compared two methods of surface modification undertaken on almond shells and found that the oxidation enhanced the CO 2 uptake at atmospheric pressure [11]. Fameti et al. functionalized carbons by nitrogen-containing groups on their surface and observed an improvement in CO 2 single gas adsorption as well as in the CO 2 /CH 4 selectivity [12]. Similarly, the increase in CO 2 capture capacity of modified activated carbons after ammonia treatment compared to the parent carbons is also reported by Pevida et al. [13]. The modifications proposed by Peredo [3] -used in the present work -were also clearly dictated by these previous works.

While CO 2 separation is a key aspect to upgrade biogas, another aspect is the depollution of biogas. A great variety of volatile organic compounds (VOCs) can be removed by adsorption with low investment, affordable operating and maintenance cost. Since the selectivity for adsorbates is one of the main challenges in adsorption method, the choice of appropriate adsorbent has become essential and must depend on the purpose of the gas treatment [14][15][16].

As previously shown in Chapter 1 (Table 1.3), toluene exists in many sorts of raw biogas with a wide range of concentration from 3.18 to 287 mg m -3 (1 -100 ppm), especially biogas originating from landfill and industrial waste [17]. It is because toluene is widely used in industry and commercial products such as paint, nail polish, varnishes, rush preventives, metal cleansers and adhesives [18,19]. Gasoline, natural gas stream and some fuels also contains toluene in trace concentration [20][21][22].

Without safety measures and suitable ventilation, toluene may irritate eyes, noses and throat, dry skin and cause headache. Furthermore, chronic exposures of toluene via breathing to toluene can cause more severe effects such as tiredness, slow reaction, insomnia and reproductive system damage [23,24]. The occupational permissible exposure limit of toluene therefore is very strict in many countries like Japan (50 ppm), United States (30 ppm) and France (50 ppm) [25][26][27]. On the other hand, the presence of toluene in fuels is proved to decrease the combustion heat as well as the efficiency of ignition system of the vehicle [28]. Accordingly, it is necessary to remove toluene from raw biogas to reduce the environmental issues, harmfulness to human as well as increase the energetic efficiency.

For the toluene adsorption on activated carbons, Zhou et al. assessed the adsorption of three VOCs methanol, ethanol and toluene on a commercial activated carbon (AC) and found out that the adsorption of toluene was inferior than other VOCs due to its superior diameter and weaker molecular polarity [29]. Azhagapillai et al. compared the adsorption of benzene, toluene and m-xylene vapor on different sulfonated carbons, and discovered their adsorption uptakes decreased following the downwards of hydrophobicity and molecular weight i.e. m-xylene > toluene > benzene [30]. Lu et al. approached this problem by synthesizing a new N-doped activated carbon and declared that if we grafted an adequate amount of nitrogen-containing groups onto the surface of activated carbon and optimized the total pore volume of the modified carbon, the toluene adsorption proprieties would be significantly enhanced [31]. Su et al. confirmed this statement by experimenting methanol and toluene adsorption on resin-based activated carbon and bamboo char, saying that N-functional groups provided a stronger molecular polarity thus improved the adsorption of VOCs [32].

Despite the profound study of CO 2 separation for biogas upgrading and VOCs elimination, most of them focus on the study of CO 2 separation from CH 4 /CO 2 binary mixture or the elimination of siloxanes compounds. Very few results reported at the same time the CO 2 separation and the removal of other trace compounds. Our study hence focuses on that aspect of the biogas purification. The remainder of this chapter is presented as follows:

• In Section 4.3, the adsorption isotherms of CH 4 /CO 2 (60%/40%) mixture were performed at 303.15 K for all activated carbons studied in Chapter 3 except for GAC 1240 in order to assess the effect of surface chemistry modification on the CO 2 separation. The choice of these adsorbents was clearly dictated by the results obtained by Peredo et al. [3] on the equimolar mixture. Knowing the separation factor depends on the composition, the objective is to assess its value for a mixture representative of the biogas composition. The CH 4 /CO 2 60%/40% mixture adsorption isotherms are conducted at the temperature of 303.15K (Figure 4.1). The outcomes indicate a superior carbon dioxide uptakes compared to methane adsorption for all four activated carbons. This preferential adsorption can be explained by the different molecular polarity of carbon dioxide and methane. Indeed, the permanent quadrupole moment of CO 2 , which can interact with the three dimensional lattice, allows the gas to fill the cavities. In contrast, CH 4 has no quadrupole moment and therefore adsorbs less [33]. Moreover, the increase of the total amount adsorbed alongside the pressure augmentation is found to be in coherence with the typical behavior of activated carbons on gas adsorption [3] Previously, the adsorption of pure gas methane and carbon dioxide on activated carbons was proved to be linked directly to the BET surface area in Chapter 3 and in the study of Peredo et al. and Ortiz [2,34]. In this case, the total amount adsorbed of gas mixture on the surface of CNR-115 is higher than other activated carbon, which highlights, as expected, the influence of the BET surface area on the adsorption capacity [35,36]. In fact, as mentioned in Chapter 4, the BET surface value indicates the number of available physisorption sites, hence being responsible to the range of adsorption capacity. However, in the case of co-adsorption i.e. competition between the gas in the adsorbate, it is necessary to note that other factors also affect the total amount adsorbed. For example, even though the S BET of ROx 0.8 and CGRAN are similar (1323 and 1378 m 2 g -1 ), their gas uptakes adsorption are rather difference. This phenomenon relies on the difference of the pores volumes and the surface chemistry of carbons. Nevertheless, the CH 4 uptakes in all carbons are considerable, which is a common behavior of commercial activated carbons but undesirable for CO 2 separation. Therefore, in order to improve the adsorption performance, the surface modification is envisaged. Figure 4.2 illustrates the selectivity factor of the four commercial activated carbons RX 1.5, ROx 0.8, CNR-115, and CGRAN on the binary CH 4 /CO 2 60/40 mixture with the pressure range of 0 -2.5 MPa. A preferential adsorption of CO 2 is depicted S CO2 CH4 > 1) for all the samples. The selectvities are higher than those reported by Peredo et al. for an equimolar mixture due to the different gas mixture composition (Table 4.5) but a similar trend is observed. On one hand the rise in selectivity is thought to be associated to cooperative adsorption effect. CO 2 molecules are smaller and have more prevalent interaction with the surface of the adsorbent, hence they can diffuse onto the pores, where carbon dioxide are favourably adsorbed onto the pores surface rather than methane [37]. On the other hand, the decrease in the selectivity relates the rotational confinement of the CO The inferior of the CO 2 /CH 4 selectivity on RX 1.5 can be explained by the fact that its high specific surface area (1683 m 2 g -1 ) may lower the gas separation selectivity as they weaken the adsorbent-adsorbate interaction throughout the adsorption process [38]. Meanwhile, the highest selectivity factor is observed for ROx 0.8 and CNR-115. Indeed, during the TPD-MS analysis, the ROx 0.8 surface was proved to own a certain amount of sulfur groups (total SO 2 desorbed quantity = 0.24 mol g -1 ), which relates to the preferential behavior towards CO 2 in the gas mixture adsorption [39,40]. Moreover, in comparison with other commercial activated carbon, the presence of basic groups on the surface of these two samples 1 Dashed lines are added for visualization purpose.
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are found to be high (0.61 mmol g -1 ), leading to the increase in surface basicity hence enhanced the adsorption of CO 2 over CH 4 in a co-adsorption. However, in this work, no direct link between the presence of such functional group and the selectivity enhancement was observed. Although the loss of specific surface area is proven to play an important role in the fall of the gas uptakes, the drop in S BET is not proportional to the change in the adsorption capacity. These outcomes indicate that there exist other factors that affect the adsorption isotherms such as the surface chemistry of the adsorbent. The mechanism of the interaction between adsorbate molecules and the functional groups on the basal plane was illustrated in Figure 4.3. In the case of basic surface chemistry (Figure 4.3a), basic functional groups acts as a Lewis base and donate their lone pair electrons to the electropositive C atom of the CO 2 molecule, which serves as a strong Lewis acid. As a result, the CO 2 molecules adsorption is considerably enhanced. On the other hand, in the case of the CH 4 molecule, since the electronegative C atom is surrounded by four electropositive H atoms, there was a repulsive force that occurred between the C atom and the functional group alongside with the attraction of H atoms. This force thus counteracted the adsorption of CH 4 onto the adsorbent surface. In contrast, if the surface is rather acidic (Figure 4.3b), one of the two O atoms in the CO 2 molecules is attracted and rotates around the functional groups thus increase the CO 2 uptakes. However, for CH 4 molecules, though the acidic surface repels electropositive atoms, it also attracts the electronegative C atoms, therefore resulting in the CH 4 uptake enhancement [41,42].

In conclusion, unlike pure gas adsorption isotherms, the CH 4 /CO 2 adsorption performance on commercial activated carbons is rather the combination of different key factors such as BET surface areas, micro and meso-pores volume, pH PZC , and the quantity of basic and acidic functionalities. For example, narrow pore size distribution, relatively high specific surface area and high surface basicity may be optimal for the CH 4 /CO 2 separation [2] 4.8. Correspondingly to the pure gas adsorption capacity, due to the importance collapse of pores sites, two modified activated carbons adsorbed less than the original CNR-115 in terms of total amount adsorbed. However, it is noticed that the carbon dioxide adsorption in the mixture increased significantly. On the other hand, the adsorption of methane in the gas mixture decreased upon oxidation (CNR-115-ox) and was found to be negligible (CNR-115-ox-am). In comparison with commercial activated carbons, the surface chemistry of modified activated carbons become more important for the enhancement of the selectivity.

Firstly, after oxidation, with the presence of oxygen groups, the CH 4 adsorption on CNR-ox-am decreased considerably even though CNR-115-ox still possess a close BET surface area to GAC 1240 (929 and 982 m 2 g -1 -Table 3.2). It is therefore suggested that the electronegative O in the oxygen functional groups (e.g., -COOH and -OH) now plays a role of a Lewis base, i.e. repulses the electronegative C in CH 4 and attracts the electropositive C in CO 2 , leading to the decline in CH 4 adsorption and the increase in CO 2 adsorption [41]. Mirzaeri same phenomenon for anthracite activated carbons before and after oxidation. In comparison with the original AC samples AC and AC-U, the three oxidized samples AC-OX, AC-OX-U1, and AC-OX-U2 were reported to have the lowest CH 4 uptakes [43]. Moreover, it is also suggested that when the pore size is ≤ 10 times of the molecule size, the adsorption potential is overlaid hence the adsorption capacity of the pore will be reinforced [44,45]. The pore size distribution of CNR-115-ox indeed ranges from 0.8 -1 nm, whilst the diameter of carbon dioxide is 0.34 nm [46]. For those reasons, despite the collapse of more than 60% of pore sites and the increase of surface acidity (pH PZC = 5.87), the selectivity of CNR-115-ox increased slightly in comparison with CNR-115.

In the case of CNR-115-ox-am, a very narrow pore size distribution was observed, while most of pore sites range from 0.6 -0.7 nm, which is optimal for both CO 2 and CH 4 uptakes. It hence may explain a small quantities of CH 4 was adsorbed at the beginning of the isotherm. On the other hand, after ammonia treatment, in comparison with CNR-115, the total basic groups on the surface of the adsorbent was doubled from 0.61 to 1.20 mmol g -1 . In this case, there exist N-containing and O-containing functional groups as Lewis bases that favor CO 2 over CH 4 . The presence of N-containing groups such as -NH 2 , -NHNH 2 , -NH has been reported to increase the CO 2 /CH 4 selectivity during the co-adsorption process in numerous studies [47][48][49][50]. Upon the pressure increase, being intense in concentration, the affinity of the adsorbent functionalities with CO 2 may become a predominant factor in the adsorption over the physisorption of the CH 4 molecules, resulting in the repulsion of methane adsorbed from some pores. Consequently, in the total amount adsorbed, the quantity of CO 2 is far higher than CH 4 and the selectivity is improved. This outcome is consistent with the finding of Peredo et al. (2019) in the study of equimolar CH 4 /CO 2 mixture on CNR-115-ox-am where the CO 2 selectivity obtained at 1 MPa is 33 [3]. In this work, an inferior selectivity can be due to the different composition of the CH 4 /CO 2 mixture, which may cause a minor leading dominance of CH 4 in adsorbate phase at high pressure. In both case, this selectivity is very promising and relatively closed to some zeolites and MOFs in the literature. For example, in Erucar et al. (2013), the CO 2 /CH 4 selectivity in the binary mixture of the MOF Zn-Atz is 10.65 while the ones of two traditional zeolites NaX and NaY are 32 and 44 respectively [48]. effect and hyper-conjugation [45] and ii) the change in hydrophobicity of adsorbent upon surface modifications [53]. Firstly, it is to note that the Lewis basicity associated with a functional group relies on its electronegativity. Since the electronegativity of an atom is usually a measure of its ability to attract σ-electrons, oxygen, as the more electronegative element (χ = 3.44), holds more tightly to its lone pair than the nitrogen (χ = 3.04) [54]. Indeed, compared to N-doped functional groups such as amines ( -NH 2 , -NHCH 3 ), oxygen-containing groups (e.g., -COOH, -CH 2 OH) generally possess higher electronegativity (4.12) [55,56]. Oxygen-containing groups are hence less willing to share those electrons with a proton which results in weaker Lewis basicity. In contrast, nitrogen with lower electronegativity is more susceptible to give their electrons, making its functional groups stronger Lewis bases.

Sample

On the other hand, the methyl group releases electrons to the aromatic rings and creates H + partially thanks to inductive effect and principally due to hyper-conjugation (Figure 4.6). As a result, toluene is considered slightly acidic and then only able to interact with strong Lewis bases such as N-doped functional groups.

The toluene adsorption therefore only took place in case of CNR-115-ox-am, which indicates that the surface functional groups of CNR- The second approach to the exclusive adsorption of toluene on the N-doped activated carbon surface is through the change in hydrophobicity as reported by Zhou et al. in 2019 [53]. They experienced the adsorption of toluene on N-doped mesoporous silica and also obtained consistent results. During the ammonia modification, apparently a significant amount of highly hydrophilic hydroxyl and carbonyl groups were substituted by more hydrophobic N-doped groups [60,61]. In consequence, upon the introduction of hydrophobic toluene molecules, hydrophobic interactions occurred between the two functional groups, and favored the increase in toluene adsorption.

Accordingly, the ability of CNR-115-ox-am to adsorb toluene was confirmed to be resulted from the merger between the structural properties (S BET ) and the affinity between functional groups (via electronegativity or hydrophilic/hydrophobic interaction) [62]. Furthermore, the toluene adsorption capacity can be enhanced by adding N-containing groups onto the surface of the adsorbents at adequate amount.

Conclusion

In the co-adsorption of CH 4 /CO 2 binary mixture, the specific surface area is proven to affect adsorption capacity but may be unfavorable for the gas separation due to the increase of CH 4 adsorption. However, the presence of functional groups plays an important role in gas adsorption preference. This influence is noticed for commercial activated carbons and clearly observed for modified activated carbons, in which the concentration of O-containing and N-containing functionalities is relatively high. Therefore, the performance of a given adsorbent on gas mixture separation in fact is the result of different effects from textural and chemical properties.

Regarding selectivity of the adsorbents, the presence of basic surface functionalities justified the improvement of CO 2 preference over CH 4 . Indeed, the modification by oxidation destructed some pore sites, and in combination with the ammonia treatment, newly formed functionalities also block an important amount of pores, leading to the decline of gas adsorption capacity. However, two modification processes made the modified CNR-115-ox-am own the highest CO 2 selectivity. CNR-115-ox-am lets most of CH 4 molecules passing through and the CH 4 adsorption is very negligible during the co-adsorption process. This result is very encouraging as the modified activated carbon possess the selectivity of high selective adsorbents like zeolites, MOFs while it still remains affordable and easy to regenerate.

In terms of toluene adsorption, among three activated carbons of CNR-115 family, only CNR-115-ox-am adsorbed a significant amount of toluene in the ternary mixture of CH 4 /CO 2 /C 6 H 5 CH 3 . Thanks to its high affinity with toluene molecule, CNR-115-ox-am can be considered as an adequate adsorbent for toluene adsorption.

In addition, having regard to the adsorption of toluene on CNR-115-ox-am, we can also conclude that CNR-115 materials with appropriate surface modifications are expected to be promising adsorbents for the removal of other VOCs in biogas mixture. Being justified by the electronegativity of the N-doped functional groups, the inductive effect and the hyper-conjugation of toluene, this experimental breakthrough in toluene adsorption were found consistent with the previous works in the literature.

A more appropriate surface modification of CNR-115 in order to increase the S BET and the pore volumes (V micro , V meso , and V tot ) therefore can increase the adsorption uptake of CNR-115-ox and CNR-115-ox-am to a certain extent degree. The synergy of structure and surface chemistry improvement will enhance the adsorption performance of CNR-115-ox-am, making it a competitive adsorbent in biogas processing industry.

General Conclusion

This study investigated the relationships between the structure, morphology, and physico-chemical and surface properties of activated carbons and their adsorption properties in the context of biogas production. The use of activated carbon for the treatment of biogas mobilizes many research teams. Amongst common adsorbents, activated carbons show great promise over others as they can be produced on an industrial scale from many carbonaceous materials via a wide range of preparation methods. Activated carbons exhibit large specific surface areas and therefore have a high adsorption capacity. Additionally, activated carbons are thermally stable and receptive to surface modification to achieve certain desired properties to enhance adsorption of target gas molecules.

In order to understand the adsorption performance of an activated carbon, it is necessary to study its morphology, its textural and physicochemical properties, which are the factors that determine the absorption mechanisms.

Within the scope of this laboratory-scale work, the study of gas adsorption on various activated carbons led to the following observations:

• the pure gas adsorption capacity depends explicitly on the specific surface area and the porosity of the adsorbent and the characteristic of gas molecules.

the larger the specific surface is, the greater the transfer of the gaseous molecules to be adsorbed to the activated carbon, therefore the more efficient the adsorption will be.

the greater the pore volume is, the greater the adsorption capacity becomes. The micropore volume of activated carbon is responsible for the adsorption capacity of gas molecules at low pressure while the mesopore volume of activated carbon can be related to the adsorption of gas molecules at high pressure. Activated carbons with large mesopore volume also adsorb more of the gaseous molecules at high pressure than those which are more microporous.

Beyond these predominant factors:

activated carbons of similar morphology (S BET , V micro , V m eso) may behave differently due to their different affinity with the adsorbate. This difference in surface chemistry can result from different activation processes (carbonization, activating agents) and/or surface modification (addition of heteroatoms and functional groups).

among a group of similar compounds, the size of the adsorbate molecules may affect the degree of saturation of the adsorption isotherms. For example in the case of alkanes, the adsorption of gases with larger molecules (propane and ethane) tend to reach saturation faster than methane due to limited molecular rotation at high pressure.

• the co-adsorption of CH 4 /CO 2 : the textural characteristics and the surface chemistry affect the performance of the activated carbons studied.

the adsorption capacity of the binary mixture is always slightly lower than the adsorption capacity for the pure gas which adsorbs the most (in this case CO 2 ) due to the competitive effect of adsorption between the two components.

the presence of basic groups such as alcohols, carbonyls and amines on the surface of an adsorbent increases the capacity of adsorbing carbon dioxide. CO 2 is a non-polar molecule, but this molecule has a partial positive charge at the carbon atom and attracts free electron doublets like Lewis acid. Basic functional groups that have partial negative charges are therefore more sensitive to CO 2 adsorption. The modification of the surface chemistry was carried out on this basis in order to improve the selectivity to CO 2 of the adsorbent.

-Air oxidation and ammonium hydroxide (NH 4 OH) impregnation resulted in a significant increase in the acidic and basic functionalities of the modified activated carbons. The intense concentration of nitrogen and oxygen-containing functionalities (especially nitrogen-containing groups) significantly improved the selectivity of modified activated carbon compared to native carbon. The result obtained is comparable to the selectivity observed for MOFs and zeolites.

However, the oxidation led to a significant decrease in the specific surface area (and therefore the number of adsorption sites) of the modified carbons which resulted in a decrease in the adsorption capacity. It is therefore recommended to revise the oxidation process to overcome this problem.

• the CH 4 /CO 2 /C 6 H 5 CH 3 co-adsorption: Surface chemistry plays an important role in the adsorption of toluene.

the CO 2 /CH 4 selectivity of the ternary mixture is similar to the selectivity of the binary mixture because the concentration of toluene (100 ppm) is minor compared to methane (60%) and carbon dioxide. carbon (∼40%).

the adsorption of toluene is observed on the oxidized activated carbon doped N. This phenomenon is justified by the inductive e and the hyper-conjugation of the toluene molecule, which is affiliated only to strong Lewis bases, i.e., N-doped functionalities. It should be noted that the concentration of toluene was at the limit of sensitivity of our analytical technique.

These results, to our knowledge, the first obtained on a mixture with a composition representative of that of a biogas, open up various study perspectives:

• the optimization of the oxidation process (by acting on the temperature) in order to obtain higher specific surfaces for modified activated carbons;

• the study of the influence of water vapor which is always present in different types of biogas. Its influence on the biogas purification system is therefore a direction to be explored;

• the study of the selectivity of the adsorbent during a co-adsorption of a multi-component mixture by adding other components of the biogas such as limonene in order to work with a biogas even closer to real conditions;

• finally, on a pilot scale, additional work could be undertaken to study the evolution of the breakthrough curves of a given activated carbon column for the sizing of a biogas purification prototype.

Conclusion générale

Cette étude portait sur les relations entre la structure, la morphologie et les propriétés physico-chimiques et de surface de charbons actifs et leurs propriétés d'adsorption dans le contexte de la production de biogaz. L'utilisation de charbons actifs pour le traitement du biogaz mobilise de nombreuses équipes de recherche. Les charbons actifs sont très prometteurs par rapport à d'autres adsorbants car ils peuvent être produits à échelle industrielle à partir de nombreux matériaux carbonés via un large éventail de méthodes de préparation.Les charbons actifs développent de grandes surfaces spécifiques et ont donc une capacité d'adsorption élevée. De plus, les charbons actifs sont thermiquement stables et réceptifs à la modification de surface pour obtenir certaines propriétés souhaitées afin d'améliorer l'adsorption de molécules gazeuses cibles.

Afin d'appréhender les performances d'adsorption d'un charbon actif, il est nécessaire d'étudier sa morphologie, ses propriétés texturales et physico-chimiques qui sont les facteurs qui déterminent les mécanismes d'adsorption.

A l'issue de ce travail à échelle du laboratoire, l'étude de l'adsorption de gaz sur différents charbons actifs a conduit aux observations suivantes :

• l'adsorption de gaz pur : la capacité d'adsorption de l'adsorbant dépend explicitement de sa surface spécifique et de sa porosité et de la caractéristique des molécules de gaz.

plus la surface spécifique est élevé, plus le transfert des molécules gazeuses à adsorber vers le charbon actif est important, plus efficace sera l'adsorption.

plus le volume poreux est important, plus la capacité d'adsorption est élevée. Le volume des micropores des charbons actifs est responsable de la capacité d'adsorption des molécules gazeuses à basse pression tandis que le volume des mésopores des charbons actifs peut être lié à l'adsorption des molécules gazeuses a haute pression. Les charbons actifs possédant un grand volume des mésopores ont aussi permis d'adsorber plus des molécules gazeuses a haute pression que ceux qui sont plus microporeux.

Au delà de ces facteurs prépondérants :

les charbons actifs de morphologie similaire (S BET , V micro , V m eso) peuvent se comporter différemment en raison de leur affinité différente avec les molécules gazeuses. Cette différence de chimie de surface peut résulter de différents processus d'activation (carbonisation, agents d'activation) et/ou de modification de surface (ajout d'hétéroatomes et de groupes fonctionnels).

parmi un groupe de composés similaires, la taille des molécules de l'adsorbat peut affecter le degré de saturation des isothermes d'adsorption. Par exemple dans le cas des alcanes, l'adsorption des molécules gazeuses de plus grande taille (le propane et l'éthane) a tendance à atteindre la saturation plus rapidement que le méthane à cause de la rotation moléculaire limitée à haute pression.

• la co-adsorption de CH 4 /CO 2 : les caractéristiques texturales et la chimie de surface affectent les performances des charbons actifs étudiés.

la capacité d'adsorption du mélange binaire est toujours légèrement inférieure à la capacité d'adsorption pour le gaz pur qui s'adsorbe le plus (en l'occurrence le CO 2 ) à cause des effets de compétition d'adsorption entre les deux composants.

la présence de groupes basiques tels que les alcools, les carbonyles et les amines à la surface d'un adsorbant entraîne l'augmentation de la capacité d'adsorption du dioxyde de carbone. CO 2 est une molécule non polaire, mais cette molécule possède une charge positive partielle au niveau de l'atome de carbone et attire des doublets libres comme un acide de Lewis. Les groupes fonctionnels basiques qui possèdent des charges négatives partielles sont donc plus sensibles à l'adsorption du CO 2 . La modification de la chimie de surface a été menée sur cette base afin d'améliorer la sélectivité en CO 2 de l'adsorbant.

l'oxydation a l'air et l'imprégnation a l'hydroxyde d'ammonium (NH 4 OH) ont entraîné une augmentation significative des fonctionnalités acides et basiques des charbons actifs modifiés. La concentration intense des fonctionnalités contenant azote et oxygène (surtout les groupements qui contiennent de l'azote) a amélioré considérablement la sélectivité du charbon actif modifié par rapport au charbon natif. Le résultat obtenu est comparable à la sélectivité observée pour les MOFs et les zéolithes.

Cependant, l'oxydation a conduit à une diminution sensible de la surface spécifique (et donc du nombre de sites d'adsorption) des charbons modifiés qui s'est traduite par une diminution de la capacité d'adsorption. Il est donc recommandé de réviser le processus d'oxydation pour surmonter ce problème.

• la co-adsorption de CH 4 /CO 2 /C 6 H 5 CH 3 : la chimie de surface joue un rôle important dans l'adsorption du toluène.

la sélectivité CO 2 /CH 4 du mélange ternaire est similaire à la sélectivité du mélange binaire car la concentration en toluène (100 ppm) est mineure par rapport au méthane (60%) et au dioxyde de carbone (∼40%).

l'adsorption du toluène est constatée sur le charbon actif oxydé dopé N. Ce phénomène se justifie à l'effet inductif et l'hyperconjugaison de la molécule de toluène, qui n'est affiliée qu'aux bases de Lewis fortes c-à-d les fonctionnalités N-dopées. Il est à noter que la concentration de toluène était à la limite de sensibilité de notre technique analytique.

Ces résultats, à notre connaissances les premiers obtenus sur un mélange à la composition représentative de celle d'un biogaz, ouvrent différentes perspectives d'études :

• l'optimisation de l'oxydation (en agissant sur la température) afin d'obtenir des surfaces spécifiques plus élevées pour les charbons actifs modifiés ;

• l'étude de l'influence de la vapeur d'eau qui est toujours présente dans les différents types de biogaz. Son influence sur le système d'épuration du biogaz est donc une ligne à explorer ;

• l'étude de la sélectivité de l'adsorbant lors d'une co-adsorption d'un mélange multi-constituants en ajoutant d'autres composants des biogaz tels que le limonène afin de travailler avec un biogaz encore plus proche des conditions réelles ;

• enfin, à échelle de pilote, des travaux supplémentaires pourraient être engagés afin d'étudier l'évolution des courbes de percée d'un charbon actif donné pour le dimensionnement d'un prototype d'épuration de biogaz.
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  . MacGrath et al., Doran et al., Lu et al. ont montré qu'il existe une relation évidente entre les émissions de dioxyde de carbone et le développement de l'économie [6-8].
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 2 Figure 2.3 presents the morphology of five commercial activated carbons at 200 µm scale by SEM analysis. They possess two types of morphology: granular (CGRAN, GAC 1240, and ROX 0.8) or pellet (CNR-115 and RX 1.5). In terms of surface roughness, at the scale of 200 µm, CGRAN has a hollow-channel form
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 23 Figure 2.3: SEM images of five commercial activated carbons: a) CNR-115, b) RX 1.5, c) CGRAN, d) ROX 0.8 e) GAC 1240 at 200 µm scale.
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 231 Modification processTwo modified activated carbons were obtained from commercial activated carbon CNR-115 at Institut de Science des Matériaux de Mulhouse by Dr. Ghimbeu. The choice of CNR-115 is due to its high specific area. The surface chemistry modification of CNR-115 was conducted through two stages as following:1. Oxidation (Figure2.4): CNR-115 was put under oxidation by air at 400°C for 2 hours in order to increase the amount of oxygenated groups. The obtained activated carbon at the end of this process is called CNR-115-ox.
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 2 Ammonia treatment (Figure 2.5): CNR-115-ox was put in contact with ammonium hydroxide (NH 4 OH) at room temperature for 36 hours. The resulting activated carbon after this treatment is called CNR-115-ox-am. NH 4 OH (aq) ⇀ ↽ NH 3(aq) + H 2 O (aq)
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 26 Figure 2.6: N 2 adsorption/desorption isotherms at 77 K and PSD analysis of 3 activated carbons in CNR-115 family: CNR-115, CNR-115-ox, CNR-115-ox-am.
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 3 for CNR-115 and CNR-115-ox. The total amount of each gas per gram of activated carbon is also given in Figure2.7.d.
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 27 Figure 2.7: CO 2 and CO TPD profiles for 3 activated carbons: a) CNR-115, b) CNR-115-ox, c) CNR-115-ox-am and total amounts of different gases desorbed during the TPD-MS (d).
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 1216 Figure 2.16: Adsorption isotherms of CH 4 on activated carbon CNR-115 carried out in 2018 and 2019.
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 318 Figure 3.1: Adsorption isotherms of natural gas components at 303 K on five activated carbons: RX 1.5 (red), ROx 0.8 (green), CNR-115 (black), CGRAN (blue), and GAC 1240 (olive).
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 132 Figure 3.2: CH 4 uptakes on commercials activated carbons (marked curves) in comparison with Peredo-Mancilla et al. (hollow squares): RX 1.5 (red), ROx 0.8 (green), CNR-115 (black), CGRAN (blue), and GAC 1240 (olive).
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 33 Figure 3.3: Maximum Langmuir capacity at 303K as a function of (a) BET surface area, (b) micro-pores volume, (c) meso-pores volume, and (d) total pores volume.
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 32 Pure alkanes adsorption on modified activated carbons of CNR-115 family
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 34 Figure 3.4: Adsorption of: a) CH 4 , b) C 2 H 6 , and c) C 3 H 8 at 303.15K on CNR-115 (black curve), CNR-115-ox (purple triangle), and CNR-115-ox-am (orange square).
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 35 Figure 3.5: Maximum Langmuir capacity of CNR-115 family at 303K as a function of (a) BET surface area, (b) micro-pores volume, (c) meso-pores volume, and (d) total pores volume.
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 36 Figure 3.6: Adsorption isotherms of pure gas CO 2 at 303.15K on CNR-115 family.

1

 1 

Figure 3 . 8 : CO 2

 382 Figure 3.8: CO 2 Langmuir maximum capacity at 303K as a function of the (a) BET surface areas, (b) micro-pores volumes, (c) meso-pores volume, and (d) total pores volume.
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 32 Adsorption of the CH 4 /CO 2 mixture on modified activated carbons of CNR-115 family The adsorption isotherms of CH 4 /CO 2 60/40 for three activated carbons in CNR-115 family are represented in Figure 4.4 and their selectivity at 1 MPa are given in the Table

  CNR-115-ox-amUncertainties: ∆n = 1%, ∆P = 0.01 MPa, ∆T=0.1 K
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  Figure 4.4: Adsorption of the CH 4 /CO 2 60/40 mixture at 303.15K on CNR-115 family activated carbons.
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 45 Figure 4.5: Adsorption of the CH 4 CO 2 C 6 H 5 CH 3 60%/40%/100ppm mixture at 303.15K on CNR-115 family activated carbons in comparison with their respective binary mixture uptakes.
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 46 Figure 4.6: The resonance structures for Toluene due to inductive effect and hyper-conjugation [58, 59].
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  1. le chapitre 1 dresse un état de l'art sur le biogaz comme énergie renouvelable

	La sélectivité CO 2 /CH 4 a été déduite à partir de ces mesures d'adsorption de
	mélanges. De manière analogue, une étude de Le facteur de séparation a été
	proposée en fonction des caractéristiques structurelles, morphologiques et
	chimiques des adsorbants afin de dresser une étude comparative des
	performances de chacun des adsorbants utililsés.
	5. Enfin, la conclusion pointe les résultats originaux de cette étude et ouvre des
	perspectives de recheche qui sont proposées sur la base des résultats les plus
	prometteurs.
	Cette thèse a été effectuée au sein du groupe Interfaces et Systèmes Dispersés
	du Laboratoire des Fluides Complexes et leurs Réservoirs (LFCR, UMR 5150) en
	collaboration avec le Laboratoire de Thermique, Energétique et Procédés (LaTEP)
	de l'Université de Pau et des Pays de l'Adour.
	Etant partie intégrante d'un projet Carnot IsiFOR, cette thèse a été financée
	par la Communauté d'agglomération Tarbes-Lourdes-Pyrénées et l'Institut
	Pluridisciplinaire de Recherche Appliquée (IPRA).
	partie
	du chapitre décrit les techniques expérimentales et la méthodologie utilisée
	pour la détermination des isothermes d'adsorption de gaz purs et en
	mélanges sur les différents charbons actifs sélectionnés.
	3. le chapitre 3 présente l'étude de l'adsorption des constituants purs présents
	dans le gaz naturel (CH 4 , C 2 H 6 , C 3 H 8 ), et le CO 2 sur l'ensemble des charbons
	actifs sélectionnés et développés pour notre étude. Une analyse systématique
	des résultats est proposée à partir de l'étude entre les propriétés texturales
	et de surface de ces charbons et leurs capacités d'adsorption. Les principaux
	résultats de ce chapitre ont fait l'objet d'une publication internationale [62].
	4. le chapitre 4 est consacré à l'étude de mélanges représentatifs de biogaz :
	-l'adsorption du mélange CH 4 /CO 2 (60%/40%) sur les charbons actifs
	(commerciaux) les plus performants et ceux modifiés à partir du CNR-115.
	-l'adsorption du mélange ternaire CH 4 /CO 2 /C 6 H 5 CH 3 (60%/40%/100 ppm)
	sur les trois charbons actifs de la famille CNR-115 (CNR-115, CNR-115-ox,
	CNR-115-ox-am).

dans le contexte du marché mondial de l'énergie. Différentes technologies et procédés d'épuration du biogaz sont présentés et les caractéristiques des grandes familles d'adsorbants font également l'objet d'un rappel. 2. le chapitre 2 est dédié à la description des adsorbants étudiés dans cette thèse. Il s'agit de cinq charbons actifs commerciaux (RX 1.5, ROx 0.8, CNR-115, CGRAN, GAC 1240) et deux charbons actifs modifiés sur la base du CNR-115 par deux méthodes différentes : l'oxydation en présence d'air (CNR-115-ox) et l'oxydation en présence d'air suivie d'une imprégnation par de l'hydroxyde d'ammonium (CNR-115-ox-am). Ensuite la deuxième

  -3 and 

						Industrial
		Unit Metal Aluminium (Al) Landfill gas Concentration Waste water treatment ng m -3 3138 -4712	Household waste digester	waste/ animal manure digester
		Selenium (Se)		124 -8924		
	Methane CH 4	%vol Zinc (Zn)	36-52	35-65 212 -2512	57-62	50-80
	Carbon dioxide CO 2	%vol Chromium (Cr) 30-41	36-38 306 -586	38.6-33.9	19-33
	Water vapor H 2 O	%vol Arsenic (As)	1-5	1-5 50.2 -110.2	n.a	
	Hydrogen sulfide H 2 S Nickel (Ni) ppm	15-427	169-250 240 -5440	n.a	32-169
	Ammonia NH 3	ppm Tin (Sn)	<5	<5 317 -657	<5	<5
	Benzene C 6 H 6	mg m -3 <36 Antimony (Sb)	<0.3 1439 -3389	2.13	0.24
	Toluene C 6 H 5 CH 3	mg m -3 10-287 Lead (Pb)	<12 61.1 -131.1	3.59	3.18
	Alkanes	Cadmium (Cd)		717 -841		
	Octane	mg m -3 2.39-2.30	3.5-6.0	n.a	1.0-1.4
	Nonane Decane Siloxanes Table 1.4: Metal concentrations in raw biogas from waste landfill and agricultural mg m -3 n.a 14.9-18.3 n.a 08-1.3 mg m -3 n.a 18.0-27.9 n.a 3.3-5.4 wastes [73].
	Siloxane D3	mg m -3 n.a	0.01-0.45	n.a	0.14-0.20
	Siloxane D4	mg m -3 2.18-2.11	4.24-8.84	n.a	2.87-6.98
	Siloxane D5	mg m -3 1.94-2.09	0.40-1.09	n.a	2.75-9.65
	Terpenes					
	Limonene	mg m -3 1.75-2.04	7.5-52.9	n.a	10-13.8
	Terpinene	mg m -3 n.a	3.4-10.7	n.a	0.6-1.5
	Table 1.3: Composition of raw biogas from different production plants [42, 64-71].
	0.12 to 23 µg m -3 respectively. Those findings are rather consistent with the work
	of Cathia et al. in 2018 as detailed in Table 1.4, metals are confirmed to be present
	in biogas from different feedstocks and their concentrations ranging from 50 to
	9000 ng m -3 . Among presented metals, aluminium and antimony are the most
	concentrated elements in raw biogas, when lead and arsenic are more rare since
	they have often been found in biogas from landfill sites.		
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	Methane	380	0.00
	Nitrogen	364	-4.91
	Oxygen	346	-1.33
	Carbon dioxide	330	-13.71

Kinetic diameter Quadrupole moment (pm) (× 10 -40 C m 2 ) 7: Kinetic diameters and quadrupole moment of different gas components in biogas [31, 141].

Table 1 .
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	∼ 33

8: CO 2 uptake and equimolar CO 2 /CH 4 selectivity of different porous adsorbents. compared to 1.8 of CNR-115) [207]. Similarly, Li et al. investigated the performance enhancement of the activated carbon WPAC by introducing N-doped functionalities.
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 1 10: Comparison of different upgrading technologies in terms of capital expenditure CAPEX (in EU R kW h -1

			O&M	Energy demand	Energy Efficiency (%)	Ref.
	PSA	377	0.92 -6.50 0.25 -0.46 84.8 -93.6 [85, 223]
	Water scrubbing	357 -799	0.47 -0.94	0.46	88.9 -92.8 [85, 106]
	Physical absorption	969	1.42	0.27 -0.46 90.0 -92.8 [85]
	Chemical absorption	357 -677	6.50	1.50 -0.27 88.5 -93.1 [85, 223]
	Membrane separation	394 -367	0.67 -6.70 0.21 -0.34 82.4 -90.2 [85, 223]
	Cryogenic separation	394	7.10	0.35	84.9 -90.8 [223]
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 1 11: Main impurities in biogas and their impact[68, 86, 120,[START_REF] Hellier | Combustion and emissions characteristics of toluene/n-heptane and 1-octene/n-octane binary mixtures in a direct injection compression ignition engine[END_REF].

	compound	Impact
	H 2 S	Combustion allows the formation of toxic SO 2 and SO 3 ; corrosion with water
	NH 3	Becomes corrosive when dissolve in water; causes NO x formation
	C 6 H 5 CH 3	Reduces the ignition quality of engines
	Octane	
	Nonane	Combustion leads to corrosion in engines
	Decane	
	Siloxanes	Combustion results the formation of SiO 2 and micro-crystalline quartz, leading to surface deposition throughout the system such as plugs, valves and cylinder heads
	Water	Corrosion in compressor, storage tank and engines when reacts with other impurities to form acids; condensation or freezing at high pressure or low temperature
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	9.75		6.14		8.74		3.86		8.13	
	= 0.18 mmol g -1 = 0.73 mmol g -1	= 0.49 mmol g -1 = 0.61 mmol g -1	= 0.21 mmol g -1 = 0.61 mmol g -1	= 1.74 mmol g -1 = 0.01 mmol g -1	= 0.18 mmol g -1 = 0.49 mmol g -1
	ΣAcid	ΣBase	ΣAcid	ΣBase	ΣAcid	ΣBase	ΣAcid	ΣBase	ΣAcid	ΣBase
	Peaks: 24°, 44°, 80°(minor) CO 2 and CO desorption peaks: hardly observable = 0.07 mol g -1 ΣCO 2 = 0.24 mol g -1 ΣCO	Peaks: 24°, 44°(minor) CO 2 desorption peaks: 673K, 923K, 1125K CO desorption peaks: 900K, 1110K = 0.65 mol g -1 ΣCO 2 = 2.96 mol g -1 ΣCO	Peaks: 24°, 44°, 80°(minor) CO 2 and CO desorption peaks: hardly observable = 0.07 mol g -1 ΣCO 2 = 0.26 mol g -1 ΣCO	Peaks: 24°, 44°(minor) CO 2 desorption peaks: 600K, 800K CO desorption peaks: 900K, 1110K (minor) = 0.58 mol g -1 ΣCO 2 = 1.90 mol g -1 ΣCO	Peaks: 24°, 44°, 80°(minor) CO 2 and CO desorption peaks: hardly observable = 0.05 mol g -1 ΣCO 2 = 0.40 mol g -1 ΣCO
		3 g -1	CNR-115 I type S BET = 1714 m 2 g -1 V micro = 0.64cm 3 g -1 V meso = 0.31cm 3 g -1	ROX 0.8 I type S BET = 1323 m 2 g -1 V micro = 0.48cm 3 g -1 V meso = 0.16cm 3 g -1	CGRAN IV type S BET = 1378 m 2 g -1 V micro = 0.45cm 3 g -1 V meso = 0.54cm 3 g -1	GAC 1240 I type S BET V micro V meso = 982 m 2 = 0.36cm 3 = 0.20cm 3 g -1 g -1 g -1

4: Properties of commercial activated carbons.
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 2 5: Textural properties of three activated carbons in CNR-115 family samples including S BET , V micro , V tot , V meso and L 0 .

	3 g -1 )	L 0 (nm)

Table 2 .

 2 ∆C acid =0.003 3 ∆C base =0.003 6: Acid-base surface character of activated carbons with standard deviation. The TPD-MS profiles of the three activated carbon are presented in Figure 2.7: Figure 2.7.a, 2.7.b and 2.7.c show the TDP profiles of H 2 , H 2 O, CO, CO 2 , NO and

		pH PZC 1	Acidic site 2 (mmol g -1 )	Basic site 3 (mmol g -1 )
	CNR-115	6.14	0.49	0.61
	CNR-115-ox	5.87	1.29	0.46
	CNR-115-ox-am 6.48	1.14	1.20
	1 ∆pH=0.04 2			
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 2 7 summarises the acid-base analysis of RX 1.5, ROX 0.8, CNR-115 commercial ACs and the two modified ACs CNR-115-ox and CNR-115-ox-am are summarised and compared to Rattanaphan et al., Santoyo-Cisneros et al., and Tang et al. (

Table 2 .

 2 2 g -1 . Therefore, such activated carbons may not show advantageous results in gas adsorption. Similarly, as reported in Tang et al., the sample M1 has important BET areas (1300 m 2 g -1 ) but the acidic surface (pH PZC = 3.4) may disfavor CO 2 adsorption. Meanwhile in this work, oxidation and ammonia impregnation are confirmed to be overdone due to the fact that S BET reduced significantly from 1714 m 2 g -1 (CNR-115) to 929 m 2 g -1 (CNR-115-ox) and 352 m 2 g -1 (CNR-115-ox-am). However, the high concentration of basic functional groups are promising for CO 2 adsorption compared to other neutral gas compounds. On the other hand, in case of very high concentration of basic functional groups on the surface as reported Rattanaphan et al. (from 2.35 mmol g -1 of WTAC to 3.00 mmol g -1 of MWTAC due to the original KOH activation), the access of ions into the pores can be limited despite the polarization of gas molecules. In conclusion, a larger surface is not necessarily the best choice for gas adsorption, and other factors like the concentration of functional groups and pH PZC are also needed to be taken into account. 7: Comparison of acid-base properties of different activated carbons.

	Sample	S BET (m 2 g -1 )	pH PZC	ΣBases (mmol g -1 )	Ref.
	RX 1.5	1672	9.75	0.73	this work
	ROX 0.8	1323	8.74	0.61	this work
	CNR-115	1714	6.14	0.49	this work
	CNR-115-ox	929	5.87	0.46	this work
	CNR-115-ox-am 352	6.48	1.20	this work
	WTAC	256	9.80	2.35	[24]
	MWTAC	11	12	3.00	[24]
	F400 P	843	8.82	0.69	[75]
	F400 TT	794	10.1	0.25	[75]
	F400 OX	860	4.01	0.72	[75]
	AC	1037	2.3	0.36	[116]
	M1	1300	3.4	0.37	[116]
	M4	838	3.1	0.06	[116]
	M5	668	2.2	0.06	[116]
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	R 2

10: Pure gas kinetic diameters and polynomial parameters

[126][127][128]

.
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 2 11: Working conditions of chromatography analyser Agilent 7890A.
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 2 Adsorbent CH 4 C 2 H 6 C 3 H 8 CO 2

	Binary mixture 50/50	Binary mixture 60/40	Ternary mixture

12: Recap chart of adsorption experiments conducted in this work (o), experiments conducted by Dr. Peredo-Mancilla in Peredo et al. (2018) (x), and in Peredo et al. (2019) (v) [26, 101].

Table 3 .

 3 MPa mol kg -1 MPa mol kg -1 MPa mol kg -1 MPa mol kg -1 MPa mol kg -1 MPa mol kg -1 MPa mol kg -1 MPa mol kg-1 

	2: Experimental results of the adsorption of methane on five commercial activated carbons at 303K
	RX 1.5	RX 0.8	CGRAN	CNR-115	GAC 1240
	P ads	n excess	P ads	n excess	P ads	n excess	P ads	n excess	P ads	n excess
	MPa mol kg -1 0.04 0.73	0.12	1.38	0.10	0.42	0.06	0.45	0.02	0.40
	0.17	1.73	0.28	2.34	0.17	0.84	0.13	0.76	0.05	0.94
	0.30	2.50	0.47	3.16	0.33	1.45	0.33	1.46	0.10	1.60
	0.58	3.68	0.67	3.86	0.66	2.37	0.64	2.28	0.26	2.88
	0.88	4.57	0.91	4.51	0.92	2.96	0.88	2.79	0.59	4.32
	1.15	5.26	1.20	5.14	1.18	3.47	1.15	3.26	0.99	5.23
	1.48	5.92	1.44	5.61	1.49	3.99	1.48	3.75	1.43	5.82
	1.95	6.64	1.88	6.18	1.89	4.55	1.92	4.27	1.85	6.17
	2.45	7.25	2.37	6.69	2.38	5.08	2.40	4.75	2.39	6.33
	2.87	7.68	2.95	7.12	2.94	5.61	2.90	5.16	2.99	6.34
	Table 3.3: Experimental results of the adsorption of ethane on five activated carbons at 303K.
	RX 1.5	RX 0.8	CGRAN	CNR-115	GAC 1240
	P ads	n excess	P ads	n excess	P ads	n excess	P ads	n excess	P ads	n excess
	MPa mol kg -1 0.02 1.68	0.02	1.74	0.04	1.36	0.04	1.24	0.04	2.81
	0.09	3.84	0.10	3.75	0.12	2.63	0.11	2.71	0.27	5.31
	0.24	5.78	0.27	5.03	0.27	3.84	0.27	4.51	0.55	6.13
	0.56	7.38	0.48	5.69	0.58	5.25	0.58	6.26	0.86	6.54
	0.85	8.14	0.73	6.23	0.89	6.09	0.92	7.32	1.08	6.73
	1.49	8.95	1.22	6.88	1.55	7.18	1.49	8.40	1.90	6.89
	1.92	9.15	1.50	7.20	1.91	7.52	1.88	8.79		
	2.41	9.13	1.90	7.59	2.38	7.71	2.42	8.94		
			2.42	7.96						

Table 3 .

 3 4: Experimental results of the adsorption of propane on five activated carbons at 303K. MPa mol kg -1 MPa mol kg -1 MPa mol kg -1 MPa mol kg-1 

	RX 1.5	RX 0.8	CGRAN	CNR-115	GAC 1240
	P ads	n excess	P ads	n excess	P ads	n excess	P ads	n excess	P ads	n excess
	MPa mol kg -1 0.01 2.25	0.00	1.65	0.03	2.84	0.01	0.95	0.01	1.94
	0.04	5.11	0.05	4.33	0.11	4.42	0.03	2.30	0.06	4.22
	0.15	6.85	0.15	5.32	0.19	5.20	0.08	4.02	0.19	5.45
	0.28	7.67	0.24	5.69	0.28	5.76	0.15	5.40	0.34	6.16
	0.38	7.97	0.34	5.92	0.36	6.21	0.24	6.41	0.48	6.76
	0.47	8.14	0.40	6.07	0.45	6.59	0.32	7.13	0.60	7.23
	0.55	8.25	0.47	6.19	0.52	6.89	0.40	7.58	0.71	7.61
	0.63	8.33	0.55	6.30	0.60	7.26	0.47	7.92		
							0.57	8.13		

Table 3 .

 3 

	6: Experimental results of the adsorption of methane on three activated carbons of CNR-115 family at 303K
	CNR-115	CNR-115-ox CNR-115-ox-am
	P ads	n excess	P ads	n excess	P ads	n excess
	MPa mol kg -1 MPa mol kg -1 MPa	mol kg -1
	0.06	0.45	0.11	0.35	0.05	0.11
	0.13	0.76	0.34	0.91	0.20	0.38
	0.33	1.46	0.63	1.40	0.53	0.73
	0.64	2.28	1.02	1.87	0.97	1.02
	0.88	2.79	1.48	2.27	1.39	1.20
	1.15	3.26	1.89	2.54	1.97	1.37
	1.48	3.75	2.40	2.81	2.41	1.45
	1.92	4.27	2.83	2.98	2.96	1.52
	2.40	4.75				
	2.90	5.16				

Table 3 .

 3 7: Experimental results of the adsorption of ethane on three activated carbons of CNR-115 family at 303K

	CNR-115	CNR-115-ox CNR-115-ox-am
	P ads	n excess	P ads	n excess	P ads	n excess
	MPa mol kg -1 MPa mol kg -1 MPa	mol kg -1
	0.04	1.24	0.10	0.33	0.05	0.81
	0.11	2.71	0.27	1.42	0.12	1.16
	0.27	4.51	0.50	2.61	0.30	1.66
	0.58	6.26	0.78	3.45	0.64	2.11
	0.92	7.32	1.04	3.89	1.00	2.38
	1.18	7.90	1.38	4.22	1.46	2.54
	1.49	8.40	1.85	4.61	1.90	2.70
	1.88	8.79	2.40	4.86	2.42	2.89
	2.42	8.94	2.77	5.04	2.78	3.01
	Table 3.8: Experimental results of the adsorption of propane on three activated carbons of CNR-115 family at 303K
	CNR-115	CNR-115-ox CNR-115-ox-am
	P ads	n excess	P ads	n excess	P ads	n excess
	MPa mol kg -1 MPa mol kg -1 MPa	mol kg -1
	0.01	0.95	0.02	1.49	0.05	1.17
	0.03	2.30	0.12	3.36	0.14	1.63
	0.08	4.02	0.27	4.25	0.22	1.87
	0.15	5.40	0.42	4.75	0.30	2.05
	0.24	6.41	0.53	4.99	0.39	2.20
	0.32	7.13	0.61	5.15	0.46	2.33
	0.40	7.58	0.68	5.26	0.55	2.46
	0.47	7.92				
	0.57	8.13				
	3.3.2.2 Langmuir fitting parameters		

  2 ≤ 0.96).

	Sample	Compound	p L MPa	n L mol kg -1	ρ ads kg m -3	∆n
		CH 4	1.79	8.45	423	0.003
	CNR-115	C 2 H 6 C 3 H 8	0.38 0.13	10.98 9.03	546 581	0.015 0.010
		CH 4	1.53	4.78	423	0.04
	CNR-115-ox	C 2 H 6 C 3 H 8	0.81 0.08	6.97 5.92	546 581	0.01 0.11
		CH 4	1.04	2.10	423	0.03
	CNR-115-ox-am	C 2 H 6 C 3 H 8	0.25 0.14	3.09 3.10	546 581	0.09 0.11
	Table 3.9: Langmuir fitting parameters of three activated carbons in CNR-115 family at 303.15K.

Table 3 .

 3 The comparison of methane uptakes of several similar activated carbons (reported in Vargas et al., Tabatabaei Shirazani et al., and Peredo-Mancilla et al.) are presented in Table 3.10 [14, 26, 27]. 10: Methane uptakes of RX 1.5 and CNR-115 in comparison with other adsorbents in the literature.

	Sample	Reference Working conditions CH 4 uptake (mol kg -1 )
	RX 1.5	This work 303K and 1 MPa	5.1
	CNR-115	This work 303K and 1 MPa	3.1
	AC-H 3 PO 4	[14]	298K and 1 MPa	3.0
	MP48	[26]	298 K and 1 MPa	2.4
	MCa2	[26]	298 K and 1 MPa	4.6
	HS-KOH1:2	[27]	298K and 1 MPa	5.2

Table 3 .

 3 11: Ethane uptakes of RX 1.5 and CNR-115 in comparison with other adsorbents in the literature.

	Sample	Reference Working conditions C 2 H 6 uptake (mol kg -1 )
	RX 1.5	This work 303K and 1.2 MPa	8.7
	CNR-115	This work 303K and 1.2 MPa	7.9
	C-700-3	[28]	298K and 1 MPa	7.2
	C-800-3	[28]	298K and 1 MPa	7.1
	C-PDA-3	[30]	298K and 1 MPa	6.6
	Ni(bdc)(ted) 0.5			

Table 3 .

 3 12: Propane uptakes of RX 1.5 and CNR-115 in comparison with other adsorbents in the literature.

	Sample	Reference Working conditions C 3 H 8 uptake (mol kg -1 )
	RX 1.5	This work 303K and 0.5 MPa	8.1
	CNR-115	This work 303K and 0.5 MPa	8.0
	Ecosorb	[32]	303K and 0.5 MPa	5.7
	Cu-MOF-74	[13]	303K and 0.5 MPa	5.6
	Co-MOF-74	[13]	303K and 0.5 MPa	5.4
	3.3.4 Carbon dioxide adsorption on modified activated
	carbons of CNR-115 family	
	3.3.4.1 Adsorption isotherms	

Table 3 .

 3 13: Experimental results of the adsorption of carbon dioxide on three activated carbons of CNR-115 family at 303K.

	CNR-115	CNR-115-ox CNR-115-ox-am
	P ads	n excess	P ads	n excess	P ads	n excess
	MPa mol kg -1 MPa mol kg -1 MPa	mol kg -1
	0.12	1.626	0.09	1.19	0.03	0.38
	0.31	3.32	0.29	2.48	0.08	0.69
	0.60	5.27	0.56	3.59	0.13	0.92
	0.80	6.29	0.93	4.66	0.31	1.53
	1.10	7.46	1.34	5.48	0.60	2.15
	1.44	8.68	1.83	6.24	0.99	2.69
	1.90	9.94	2.35	6.83	1.39	3.08
	2.39	11.06	2.87	7.24	1.86	3.43
	2.90	12.03			2.37	3.69
					2.93	3.86

Table 3 .

 3 14: CNR-115-ox and CNR-115-ox-am CO 2 working capacities at 2 MPa for 10 adsorption-desorption cycles.

		2	3	4	5	6	7	8	9	10
	CNR-115-ox	6.38 6.48 6.41 6.46 6.46 6.40 6.39 6.47 6.46 6.47
	CNR-115-ox-am 3.36 3.35 3.39 3.44 3.41 3.42 3.40 3.48 3.51 3.42

Table 3 .

 3 16: Carbon dioxide uptakes in comparison with other adsorbents in literature.

	Sample	Reference Working conditions CO 2 uptake (mol kg -1 )
	CNR-115	This work 303K and 1 MPa	7.02
	CNR-115-ox	This work 303K and 1 MPa	5.03
	CNR-115-ox-am This work 303K and 1 MPa	2.69
	RX 1.5	[1]	303K and 1 MPa	9.24
	Ecosorb	[41]	303K and 1 MPa	5.07
	PINPEL20	[42]	303K and 1 MPa	4.03
	IL@MOF-801	[43]	298K and 1 MPa	1.1

•

  In the Section 4.4, the adsorption of ternary mixture CH 4 /CO 2 /C 6 H 5 CH 3 60%/40%/100ppm were conducted on the commercial activated carbon CNR-115 and its two modified derivatives CNR-115-ox (O-doped functional groups) and CNR-115-ox-am (partly O-doped and majorly N-doped functional groups). Herein, a comparative study of commercial and doped activated carbons with different porous structures and physio-chemical properties for toluene adsorption was carried out. Considering the very low concentration of toluene (100 ppm), the selectivity of CH 4 /CO 2 is not affected by the presence of trace amounts of this pollutant. Therefore, this section focuses on the adsorption of toluene in biogas mixture i.e. at trace concentration onto the surface of activated carbons.

	The materials and methods used for the experiments are described in Chapter
	2.
	4.3 Binary gas mixture adsorption on commercial
	and modified activated carbons
	4.3.1 Adsorption of the CH 4 /CO 2 mixture on commercial
	activated carbons

Table 4 .

 4 . 1: Experimental result of CH 4 /CO 2 60/40 mixture adsorption isotherm on RX 1.5 at 303.15K

	P f (MPa)	n tot mol kg -1	n CH 4 mol kg -1	n CO 2 mol kg -1	Selectivity
	0.184	2.328	0.914	1.415	2.397
	0.601	4.438	1.134	3.304	6.156
	1.067	5.946	1.374	4.572	5.999
	1.804	7.370	1.828	5.542	4.917
	2.655	8.960	2.714	6.246	3.142

Table 4 .

 4 2: Experimental result of CH 4 /CO 2 60/40 mixture adsorption isotherm on ROx 0.8 at 303.15K.

	1	Selectivity

Table 4 .

 4 4: Experimental result of CH 4 /CO 2 60/40 mixture adsorption isotherm on CNR-115 at 303.15K

		10		
			total binary	
		8	CH 4 CO 2	
	n exc (mol kg -1 )	4 6		
		2		
		0	1	2	3
				P (MPa)

Table 4 .

 4 2(flat molecule) compared to CH 4 (tetrahedral molecule) which has no orientational constraint. This limited entropy of CO 2 molecules results in the favorable adsorption of CH 4 . 5: Comparison of maximum adsorption selectivities of two binary mixtures on commercial activated carbons.

	Sample	CH 4 /CO 2 equimolar	CH 4 /CO 2 60%/40%
		(Peredo et al. [2])	(this work)
	RX 1.5	1.92	5.15
	ROx 0.8	4.70	6.57
	CGRAN	6.02	5.92
	CNR-115	1.99	6.32

Table 4 .

 4 et al. found the 6: Experimental result of CH 4 /CO 2 60/40 mixture adsorption isotherm on CNR-115-ox at 303.15K

	P f (MPa)	n tot mol kg -1	n CH 4 mol kg -1	n CO 2 mol kg -1	Selectivity
	0.323	1.640	0.504	1.137	5.097
	0.955	3.047	0.584	2.463	7.971
	1.721	4.072	0.612	3.460	9.545
	2.572	4.713	0.701	4.012	9.025
	3.133	5.006	0.779	4.227	8.311
	P f (MPa)	n tot mol kg -1	n CH 4 mol kg -1	n CO 2 mol kg -1	Selectivity
	0.316	1.028	0.335	0.693	4.293
	0.786	1.707	0.133	1.574	21.712
	1.380	2.304	0.131	2.173	27.135
	2.060	2.663	0.122	2.541	37.153
	2.603	3.013	0.117	2.896	51.661

Table 4 .

 4 7: Experimental result of CH 4 /CO 2 60/40 mixture adsorption isotherm on CNR-115-ox-am at 303.15K

Table 4 .

 4 8: Selectivity of CH 4 /CO 2 60/40 mixture at 1 MPa on three activated carbons in CNR-115 family.

		Selectivity
		at 1 MPa
	CNR-115	5.07
	CNR-115-ox	8.01
	CNR-115-ox-am	21.71

Table 4 .

 4 4.4: Adsorption of the CH 4 /CO 2 60/40 mixture at 303.15K on CNR-115 family activated carbons. 11: Experimental result of CH 4 CO 2 C 6 H 5 CH 3 60%/40%/100ppm mixture adsorption isotherm on CNR-115-ox-am at 303.15K.

	P f (MPa)	n tot (mol kg -1 )	n CH4 (mol kg -1 )	n CO2 (mol kg -1 )	n C6H5CH3 (mol kg -1 )
	0.232	0.722	0.353	0.369	1.82 × 10 -5
	0.574	1.296	0.398	0.898	4.81 × 10 -5
	0.955	1.823	0.327	1.496	8.28 × 10 -5
	1.433	2.218	0.238	1.980	1.20 × 10 -4
	2.065	2.555	0.158	2.398	1.66 × 10 -4
	2.779	2.847	0.097	2.749	2.11 × 10 -4

Table 4 .

 4 115 and CNR-115-ox are not basic enough to attract H + of the toluene molecule.

	Group	χ	Group	χ
	-CH 2 OH	2.59	-CH 2 NH 2	2.55
	-CH 2 COOH	2.58	-CH 2 NHCH 3	2.57
	-COOH	2.63	-CONH 2	2.61
	-OCOH	3.56	-NHNH 2	3.13
	-OH	3.55	-NH 2	3.12

12: Electronegativities of some important O-containing and N-containing functional groups

[55][56][57]

.
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Langmuir fitting parameters

As in previously presented isothermal adsorptions, the CO 2 adsorption isotherms were fitted using the Langmuir two-parameters model (Figure 3.8 and Table 3.15). In this work, the adsorbed phase density of CO 2 ρ ads is fixed to be 1027 kg m -3 [40]. The Langmuir parameters for CO 2 represent a good fitting process (∆n ≤ 0.12).

A clear correlation between the maximum Langmuir capacity and the BET surface area as in pure alkanes adsorption (R 2 = 0.993) as shown in Figure 3.8a. Similarly, the micropore volume and the total pore volume also show the direct influence on the adsorption (R 2 = 0.991 and 0.998 respectively), indicating that these adsorbents are highly microporous and the micropore volume represents directly the amount of available sites. 

Sample

Chapter 4

Modeled biogas mixtures adsorption on commercial and modified activated carbons

Chapter Outline

The analysis of pure gas adsorption isotherms on activated carbons in Chapter 3 was a first step before studying adsorption of gas mixtures for biogas upgrading.

In order to study Biogas and natural gas upgrading, most of the works focus on the equimolar mixture CH 4 /CO 2 to assess the selectivity of the adsorbents. In this context, previous studies were conducted by Pino et al., and Peredo et al. on a set of commercial and modified activated carbons [1,2] .

However, the selectivity is affected by the gas composition. In this sense, in order to assess the performance of an adsorbent in the case of biogas, experimental adsorption isotherms were carried out for two synthetic mixtures representative of the biogas composition.

More precisely, adsorption of CH 4 /CO 2 60%vol./40%vol. were performed on four commercial activated carbons (RX 1.5, ROx 0.8, CNR-115, CGRAN) and on two modified carbons (CNR-115-ox, CNR-115-ox-am).

Furthermore, in order to evaluate the performance of a pollutant elimination, adsorption isotherms for the ternary mixture CH 4 /CO 2 /C 6 H 5 CH 3 isotherms were conducted using the same adsorbents. Gas adsorption isotherms were carried out at 303.15K over a working pressure ranging from 0 -3 MPa.

The choice of the adsorbents was mainly dictated by the results presented in the thesis of Dr. Peredo-Mancilla, combined with those obtained in Chapter 3. Therefore, GAC 1240 was eliminated for further investigation due to its unfavorable outcome (low CO 2 adsorption capacity, inferior basic groups concentration, small

Ternary gas mixture adsorption on CNR-115 family activated carbons

The experimental adsorption isotherms of the ternary mixture CH 4 /CO 2 /C 6 H 5 CH 3 on three activated carbons are presented in Figure 4.5 and detailed in Table 4.9 -4.11. In general, the tendency of the ternary adsorption isotherms were similar to the pure and binary ones i.e. the adsorption capacity declined considerably due to the remarkable decrease in specific surface area S BET after each phase of modification (Table 2.5). For example, as the S BET of CNR-115 (1714 m 2 g -1 ) dropped by 46% after oxidation in CNR-115-ox (929 m 2 g -1 ), at 1 MPa, the adsorption capacity also reduced by 34% from 5.08 to 3.35 mol kg -1 . Similarly, CNR-115-ox-am possesses a S BET of 352 m 2 g -1 , which is 62% less than the CNR-115-ox and the correspondent adsorption capacities fell off by 44 Concerning the saturation of adsorption isotherms, correspondingly to Chapter 3, it is observed that the adsorption isotherms for CNR-115-ox and