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In the face of escalating global climate change, the drive to enhance the energy efficiency of buildings, which wield significant environmental impact, has gained prominence as a central focus for mitigating the overall environmental footprint of built structures. However, the pursuit of improved energy efficiency through heightened thermal insulation has inadvertently caused ventilation rates to decrease, yielding detrimental effects on indoor air quality (IAQ). This compromise in IAQ poses severe health risks, necessitating the implementation of effective strategies to ensure and maintain optimal indoor conditions.

This study explores the potential of earthen building systems in mitigating indoor carbon dioxide (CO 2 ) concentrations, a crucial IAQ indicator. Amidst rising concerns over IAQ-related health issues, mechanical ventilation has been the conventional solution, but its limitations and energy demands prompt the search for passive alternatives. Raw earth, a locally sourced and environmentally friendly building material, exhibits hygroscopic properties that regulate indoor relative humidity and offer a conducive environment for occupants.

Despite the multifaceted benefits of raw earth, few studies have investigated its capacity for passive CO 2 retention, especially under standard conditions. This research addresses this gap by examining the CO 2 sorption behaviour of three distinct clay minerals-Kaolinite, Illite, and Montmorillonite-across a wide range of relative humidities using an innovative experimental setup. In parallel, predictive models are developed to elucidate CO 2 sorption mechanisms and are rigorously compared to experimental results.

The findings reveal the intricate interplay between surface adsorption and solvation processes governing CO 2 retention in clay minerals. While adsorption dominates at lower relative humidities, solvation becomes increasingly significant as humidity levels rise. The study sheds light on the limited affinity of CO 2 for clay surfaces and underscores the role of available adsorption sites.

Furthermore, the research highlights Illite as a particularly promising candidate for effective CO 2 retention, given its substantial retention capacity and minimal swelling. The potential of raw earth-based passive building systems to contribute to sustainable indoor environments is thus underscored.

Overall, this study advances the understanding of CO 2 sorption by porous materials under varying humidity conditions and provides valuable insights into the potential of earthen building systems for passive indoor CO 2 mitigation. The results lay the foundation for informed design and implementation of energy-efficient buildings that prioritize both environmental sustainability and occupant well-being.

Dans l'ensemble, cette étude fait progresser la compréhension de la sorption du CO2 par des matériaux poreux sous des conditions d'humidité variables et fournit des informations précieuses sur le potentiel des systèmes de construction en terre crue pour atténuer passivement le CO2 intérieur. Les résultats posent les bases d'une conception et d'une mise en oeuvre éclairées de bâtiments économes en énergie qui privilégient à la fois la durabilité environnementale et le bien-être des occupants.

Résumé (anglais)

In the face of escalating global climate change, the drive to enhance the energy efficiency of buildings, which wield significant environmental impact, has gained prominence as a central focus for mitigating the overall environmental footprint of built structures. However, the pursuit of improved energy efficiency through heightened thermal insulation has inadvertently caused ventilation rates to decrease, yielding detrimental effects on indoor air quality (IAQ). This compromise in IAQ poses severe health risks, necessitating the implementation of effective strategies to ensure and maintain optimal indoor conditions. This study explores the potential of earthen building systems in mitigating indoor carbon dioxide (CO2) concentrations, a crucial IAQ indicator. Amidst rising concerns over IAQ-related health issues, mechanical ventilation has been the conventional solution, but its limitations and energy demands prompt the search for passive alternatives. Raw earth, a locally sourced and environmentally friendly building material, exhibits hygroscopic properties that regulate indoor relative humidity and offer a conducive environment for occupants. Despite the multifaceted benefits of raw earth, few studies have investigated its capacity for passive CO2 retention, especially under standard conditions. This research addresses this gap by examining the CO2 sorption behaviour of three distinct clay minerals-Kaolinite, Illite, and Montmorillonite-across a wide range of relative humidities using an innovative experimental setup. In parallel, predictive models are developed to elucidate CO2 sorption mechanisms and are rigorously compared to experimental results. The findings reveal the intricate interplay between surface adsorption and solvation processes governing CO2 retention in clay minerals. While adsorption dominates at lower relative humidities, solvation becomes increasingly significant as humidity levels rise. The study sheds light on the limited affinity of CO2 for clay surfaces and underscores the role of available adsorption sites. Furthermore, the research highlights Illite as a particularly promising candidate for effective CO2 retention, given its substantial retention capacity and minimal swelling. The potential of raw earth-based passive building systems to contribute to sustainable indoor environments is thus underscored.

Overall, this study advances the understanding of CO2 sorption by porous materials under varying humidity conditions and provides valuable insights into the potential of earthen building systems for passive indoor CO2 mitigation. The results lay the foundation for informed design and implementation of energy-efficient buildings that prioritize both environmental sustainability and occupant well-being.

Mots-clés (français, 5 maxi) Qualité de l'air intérieur, Système constructifs en terre crue, Rétention de CO2, Adsorption, Dissolution Mots-clés (anglais, 5 maxi) Earth construction refers to the principle of using subsoil stripped out of organic matter and composed of variously sized particles such as gravel sand, silt and clay to erect buildings. The solid particles forming the matrix of the material are bonded together with the help of clay bridges which give the material its cohesion (Fabbri).

Earth is the oldest building material, with evidence dating it back to nine thousand years before common era [START_REF] Jaquin | History of earth building techniques[END_REF]. Owing to its availability and workability earth became a precious resource for adopting sedentary lifestyles and its history is intricated with that of the first human settlements. Throughout the years, the use of earthen architecture has progressively dwindled, being largely confined to rural settings, with the exception of earth mortar which was esteemed because of its use alongside the more valued stone masonry. In France, the emergence of the widespread technique of "pisé" (translating to rammed earth) in south-eastern regions has led to the redaction of one of the first practical guides regarding earth construction during the 19th century by the French architect Cointeraux [START_REF] Cointeraux | Ecole d'architecture rurale, ou leçons par lesquelles on apprendra soi-même à bâtir solidement les maisons de plusieurs étages avec la terre seule[END_REF]. The Discovery of industrial concrete and its applications in the construction field by the late 19th century struck a powerful blow against the use of earthen architecture. It was not until the late 20th century that earth building regained recognition and interest, notably because of its great environmental benefits.

Earth is often regarded as a byproduct of the construction process; collected during [START_REF] Hamard | A new methodology to identify and quantify material resource at a large scale for earth construction-Application to cob in Brittany[END_REF] in a study concluding that a marginal 2.1% of the suitable resource in earth would be necessary to build all of Brittany's housing using the cob technique.

The abundant local availability of earth, combined with its unprocessed state at the time of construction, is what bestows upon earth its sustainability. Moreover, the reversibility of earth construction and the involvement of a locally qualified workforce in earth building position it within the framework of the circular economy. A study conducted by Morel et al. [START_REF] Morel | Building houses with local materials: means to drastically reduce the environmental impact of construction[END_REF] on the building of moderately-sized housings, proves that the embodied energy of the buildings materials could undergo a decrease of up to 285% for a house using rammed-earth load-bearing walls as opposed to concrete ones.

Regardless of environmental performances, earth, under its load-bearing forms, namely cob, rammed earth and adobe, offers mechanical properties allowing it to stand under the charge of multiple stories [START_REF] Moevus | Hygro-thermo-mechanical properties of earthen materials for construction: a literature review[END_REF][8], as practically demonstrated in the cases of residential seven-story-high or adobe buildings in Germany, in France (rammed earth) or in Yemen (adobe) or even in the case of the three-story-high load-bearing rammed-earth arches of the 'Orangerie' office building in Lyon 1.3. Due to its grainy composition, much like concrete, raw earth is a porous material. Concrete's durability, especially in freezing-prone zones, is highly triggered by porosity [START_REF] Tepfers | Concrete technology -porosity is decisive[END_REF], thus it is reduced at all costs, Conversely, raw earth's porosity is highly beneficial. Indeed, thanks to the connection between three kinds of pores -macropores, mesopores and nanopores-earth has the ability to exchange water in its vapour form with the ambient air. Given that indoor relative humidity plays a pivotal role in the comfort, health, and productivity of a building's occupants, earth's vapour buffering capacity becomes an ally. It moderates humidity levels by reducing them when ambient humidity rises, and vice versa, which helps inhibit the growth of fungi at high relative humidity and diminishes the detrimental impact of dry weather on health [START_REF] Fabbri | Testing and Characterisation of Earthbased Building Materials and Elements[END_REF]. In terms of thermal properties, earth does not perform in the way of an insulator: its thermal conductivity commonly varies between 1.0 and 1.4 W.m -1 .K -1 which places it amongst standard industrial load-bearing materials such as concrete (∼ 1.3 to 2.0 W.m -1 .K -1 ) or fired bricks (∼ 0.5 to 1.0 W.m -1 .K -1 ), though one could argue that the characteristic thickness of raw earth walls allows for the attainment of decent thermal resistance values [8][11]. This wall thickness also proves to be beneficial concerning thermal inertia as the specific heat capacity of raw earth building systems commonly observed in the literature ranges between 800 and 950 J.kg -1 .K -1 [12] [START_REF] Cagnon | Hygrothermal properties of earth bricks[END_REF]. The combination of these two factors ensures great heat storage capacity and a delay in the transmission of heat, providing good comfort for the occupants as ascertained by Soudani et al. [START_REF] Soudani | Energy evaluation of rammed earth walls using long term in-situ measurements[END_REF]. Another challenging aspect of understanding of earth's thermal behaviour involves the combination of thermal and hygric phenomena and their possible interactions. This matter has been a focal point in the literature [START_REF] Chabriac | A procedure to measure the in-situ hygrothermal behavior of earth walls[END_REF][16] [START_REF] Zhang | Effect of hygrothermal behaviour of earth brick on indoor environment in a desert climate[END_REF][18] and it is now acknowledged that appropriate living habits and thoughtful use of raw earth in housing can lead to significant improvements in comfort during cold-weather episodes. Additionally, a promising research area is the possibility of refreshing earthen dwellings through the humidification of their walls to capitalize on the highly energetic reaction of water vapourisation.

Indoor Air Quality and the Significance of CO 2 Retention in Building Systems

In the face of global climate change, considering that heating, cooling and powering of buildings account for 28% of global energy-related carbon emissions, numerous governments have made enhancing building energy efficiency a clear point of focus towards climate change mitigation [19][20]. With attention drawn to thermal insulation, energy-efficient buildings have become increasingly airtight, with ventilation rates as low as 0.2 air exchanges h -1 [START_REF] Thomas | Changing concepts of allergic disease: the attempt to keep up with real changes in lifestyles[END_REF], yielding detrimental outcomes with regard to indoor air quality (IAQ) [START_REF] Jones | Indoor air quality and health[END_REF][23] [START_REF] Sundell | On the history of indoor air quality and health[END_REF].

IAQ is a critical factor in ensuring the health and well-being of building occupants.

Thanks to rising scientific attention, poor IAQ can now be associated, among others, with respiratory problems, allergies, asthma exacerbation, impaired cognitive function, and cancer [START_REF] John | Indoor air pollution: a public health perspective[END_REF][26][27] [START_REF] Samet | Indoor air pollution: a public health perspective[END_REF]. According to the World Health Organization [START_REF]Household air pollution[END_REF], household air pollution alone is responsible for over 3 million deaths per year, especially in developing countries where most people are exposed to cooking fires inside dwellings. In 2001, a national survey focusing on exposure to environmental pollutants in the US conducted by Klepeis et al. [START_REF] Neil E Klepeis | The National Human Activity Pattern Survey (NHAPS): a resource for assessing exposure to environmental pollutants[END_REF] revealed that people spent approximately 90% of their time in enclosed buildings. A similar conclusion applies to all other developed regions, hence IAQ has grown to become a significant cause of concern in the latter. Amidst many pollutants, CO 2 has emerged as one of the most commonly used indicators of IAQ [START_REF] Ivan M Lazović | Impact of CO2 concentration on indoor air quality and correlation with relative humidity and indoor air temperature in school buildings in Serbia[END_REF]. At elevated levels, CO 2 can cause symptoms such as fatigue, headaches, difficulty concentrating, and decreased productivity [32][33]. In 2004, Shendell et al. [START_REF] Shendell | Associations between classroom CO2 concentrations and student attendance in Washington and Idaho[END_REF], through a multivariable analysis on educational buildings in Washington and Idaho, assessed that a 1000 p.p.m. increase in dCO 2 was associated with a nearly 1% decrease in annual average daily attendance and a 10 to 20% increase in student absence.

To address this issue, often, a mechanical ventilation system is implemented, as prescribed by several scientific publications [35][36]. The crucial importance of ventilation was further brought to light during the peak of the Covid crisis when a large focus was made on indoor air renewal to manage the epidemy [START_REF]Advice for the public : Coronavirus disease (COVID-19) : Make your environment safer[END_REF]. Nevertheless, instances of CO 2 concentration peaks recorded in ventilated office and educational buildings during regularly occurring periods of high occupancy highlight the limitations of relying exclusively on mechanical ventilation [38][39]. Moreover, mechanical ventilation comes at a price: it is highly energy-dependent and undermines thermal insulation efforts. In light of these challenges, the exploration of construction techniques that passively alleviate indoor CO 2 concentration during peak occupancy periods could provide valuable insight into the future of energy-efficient buildings.

Raw earth is a building material which offers great qualities for sustainable construction [START_REF] Morel | Building houses with local materials: means to drastically reduce the environmental impact of construction[END_REF]. Composed of diverse grains bonded together with a clay matrix, it is locally sourced, implemented with minimal carbon emissions, and fully reusable [START_REF] Avila | Characterization of the mechanical and physical properties of unstabilized rammed earth: A review[END_REF]. Earthen architecture encompasses several construction techniques and has been practised worldwide since prehistoric times, thus fostering the creation of an ex-ceptionally profound built heritage [40][41]. In recent years, raw earth has been acclaimed among all, for its environmental friendliness and its hygroscopic properties which provide comfortable ranges of inside relative humidity (between 40 and 60%) and arguably help prevent the formation of fungi and bacteria inside dwellings [START_REF] Fabbri | Testing and Characterisation of Earthbased Building Materials and Elements[END_REF]. This can be attributed to the clay minerals featured in the soil displaying high specific areas, hence it allows for high adsorption of water and good moisture buffering ability [START_REF] Hendrick Van Olphen | An introduction to clay colloid chemistry[END_REF][43] [START_REF] Meunier | Clays[END_REF]. Taking into account the adsorption potential held by raw earth, a pioneering approach for passive indoor CO 2 mitigation could be that of CO 2 retention in earthen construction systems. This perspective holds promise in leveraging the multifaceted benefits of raw earth to create healthier and more sustainable indoor environments.

Still, only a handful of studies have investigated the CO 2 retention potential of raw earth materials, more especially under normal conditions (i.e. P=1 atm, T=25 • C). In a study published in 2023, Arris-Roucan et al. [START_REF] Arris-Roucan | Towards the determination of carbon dioxide retention in earthen materials[END_REF] reported the development of a novel experimental set-up to measure CO 2 intake of small samples of pulverous earth. They investigated the sorption capacity of earth by exposing it to pyramidal CO 2 partial pressures (P CO 2 = 1500/3000/5000/20000ppm) 1.4. The investigation concluded that earth not only underwent a mass gain, whose value increased respectively with P CO 2 , but also experienced a mass loss each time P CO 2 dropped. Additionally, the consistency between mass gain and mass loss at corresponding δP CO 2 steps indicates that sorption and desorption trigger similar reaction processes. A conjoint analysis of DSC data led to the conclusion that the main process involved in the CO 2 intake of earthen material is physisorption, which supports the reversibility of the process. These results, though highly encouraging, raise legitimate questions about the CO 2 adsorption capacity of earth at higher relative humidities (50-70%RH), which are more representative of indoor conditions. To this end, the CO 2 sorption mechanism and its possible competition with water sorption must be explored. The present study aims at deepening the current knowledge on CO 2 adsorption by pourous materials under a broad range of relative humidities (0 to 70%RH). For the sake of it, three different clay minerals, namely Kaolinite, Illite and Montmorillonite, were put through adsorption tests at varying relative humidities using the same pioneering experimental set-up as Arris-Roucan et al. [START_REF] Arris-Roucan | Towards the determination of carbon dioxide retention in earthen materials[END_REF]. In parallel, prediction models based on the review of the existing literature were elaborated and later confronted to experimental data.

Chapter 2 Materials and Methods

Characterising Clay Minerals

For the sake of completeness, this study tested three different clay minerals: Montmorillonite, Illite, and Kaolinite. Clay is formed through the weathering of rocks and often consists of multiple clay minerals, each contributing to its unique properties 1 . Some noteworthy characteristics of clay include its plasticity, its ability to harden when fired (e.g., pottery or brickwork), its buffering capabilities, and its importance in various industrial processes such as cement and paper production. Due to these versatile properties, clay has become one of the most widely used materials worldwide. Clay minerals are phyllosilicates, meaning they are hydrous layered-like structured silicates. They are mainly composed of two basic structures: tetrahedral and octahedral units which assemble to form broader arrangements 2.1. The tetrahedral units are made out of four oxygen ions arranged to form a tetrahedron and centered by a silicon ion; three of the oxygen anions of a unit bond to pair with other units to form the Silica sheet 2.2. The plane on which the oxygen atoms bond is called the basal plane. As for the octahedral units, they are composed of a central ion, either alumina or magnesium, surrounded by eight hydroxyl units and assemble to form respectively a Gibbsite or a Brucite sheet 2.3. Similarly to Montmorillonite, Illite is structured following a 2:1 pattern and is part of the greater definition of Smectite clays. Nonetheless, in contrast with Montmorillonite, it is not considered a swelling clay. This difference lies in the presence of potassium ions in the interlayer space of Illite clay minerals. These ions form weak electrostatic bonds with the adjacent layers, thus providing Illite with a stable structure, therefore reducing interlayer space and consequently permeability to water, with respect to Montmorillonite 2.6.

To characterize the clays used in this study, small samples (∼200 mg) of Montmorillonite, Illite, and Kaolinite were placed in an SMS DVS Intrinsic apparatus under relative humidities ranging from 0 to 90% (divided into 21 steps) at a constant temperature of 25 • C, while the ambient gas flow was maintained at ≈ 270 sccm. For each step, the sample's mass was measured when stabilization was achieved (criterion: dm dt < 1.10 -5 g.s -1 ). This allowed for the construction of detailed sorption isotherms for each clay (Figure 2.7). Leveraging these results, BET sorption theory was applied in the range of 0.08 to 0.3 P P 0 to calculate the specific surface area (SSA) corresponding to water adsorption of the clays, assuming a cross-sectional area of H 2 O equal to 12.5 Å. As expected, the SSA of Kaolinite (11 m 2 .g -1 ) was found to be lower compared to that of Illite (90 m 2 .g -1 ) and Montmorillonite (377 m 2 .g -1 ).

These results align with values reported in the literature, although the SSA observed for Montmorillonite appears to be notably high, which can be attributed to the polar nature of water and related interactions in the interlayer space [START_REF] Rouquerol | Adsorption by powders and porous solids: principles, methodology and applications[END_REF]. In order to measure the CO 2 retention capacity of the clays in the context of building systems, one has to monitor the mass uptake of a small sample of clay during its exposition to a plateau of representative CO 2 partial pressure, after stabilising the mass of the latter in a CO 2 -free air at the relevant relative humidity, while maintaining the constant relative humidity and temperature. This highly demanding procedure required the development of a novel experimental procedure developed at the Laboratory of Tribology and System Dynamics (LTDS) in Lyon (Figure 2.8). To create the desired gas mix, a Bürkert dry gas mixer with two mass flow controllers was used. Dry air and dry CO2 were mixed at a flow rate of 0.37 nL/min and reduced via a manual flowmeter at the gas mixer's output to ensure proper operation. The gas mix was then passed into a Setaram Flexi Wet 50 wet gas generator to achieve the desired relative humidity at 35°C, resulting in a flow of 50 mL/min. This gas mixture was introduced into a Setaram Sensys-evo TG-DSC apparatus, and the measuring cell was maintained at 25°C using a Julabo FC1600T chiller in combination with the TG-DSC apparatus' oven. Before each CO 2 adsorption test, each clay sample (approximately 80 mg) was exposed to pure air (CO 2 partial pressure equal to 0 ppm) at the relevant relative humidity until its mass stabilized (criterion: dm dt < 1.10 -5 g.s -1 ). To ensure the maximum CO 2 adsorption potential, a new clay sample was used for each test. After stabilization, the clay samples were exposed to a plateau of P CO 2 =20000 ppm for 4 hours. Subsequently, the CO 2 partial pressure was reduced to 0 p.p.m. to induce CO 2 desorption from the clay. To control that the wanted CO 2 partial pressure was imposed, two CO 2 sensors were placed up and downstream of the TG-DSC apparatus. It is important to note that this method may result in an underestimation of TBW and LBW content due to residual water associated with these types still being present in the material during the determination of water sorption isotherms, following stabilisation at 25 • C and 0%RH. Despite this potential imprecision, in the context of this study, the impact on data interpretation is considered negligible.

While this approach could be extended to cover the entire range of H 2 O partial pressures, our investigation has focused on partitioning water content at 50%RH and 70%RH. its behaviour. Notably, kaolinite consistently exhibits a water content primarily composed of CW, regardless of the relative humidity. This underscores that most of the adsorbed water in kaolinite does not strongly interact with its adsorbent, and its intrusion into the interlayer space is infrequent. This suggests that water intake in kaolinite is largely achieved through mesopore adsorption.

On the opposite end of the spectrum, montmorillonite adsorbs very little CW.

The water content associated with bound water represents over 85% of the total adsorbed water, with a fairly even distribution between LBW and TBW. This implies that both interlayer intercalation of water molecules and surface physisorption are the primary mechanisms for water intake in montmorillonite.

Conversely, illite displays a well-balanced partition of water contents, encom-passing bound water (LBW and TBW) as well as free water (CW) in relatively equal proportions. This behaviour is closely related to its structure, as reported in 2.1, featuring the characteristics of 2:1 clay minerals while being closely bound with other illitic structures, displaying a greatly reduced interlayer space as opposed to montmorillonite and other 2:1-structured clay minerals. This is further supported by its TBW content which sits near that of kaolinite, indicating poor intercalation of water molecules in the interlayer space and its LBW content is similar to that of montmorillonite, meaning that water uptake is mainly due to physisorption which is easily explained at the sight of its substantial SSA. . However, the BET theory is still relevant to some extent as it provides an order of magnitude of the adsorption capacity of a bulk phase with the determination of its specific surface area, although it can be argued that results may largely vary depending on the method applied [START_REF] Yukselen | Comparison of methods for determining specific surface area of soils[END_REF] [63] [START_REF] Heister | The measurement of the specific surface area of soils by gas and polar liquid adsorption methods-Limitations and potentials[END_REF]. Instead, a more likely scenario involves the partial filling of the first adsorption layer in parallel with superior layers, occasionally merging into water bridges in certain cases.

Under certain conditions, a parallel between adsorption and the aforementioned Henry's law of solvation can be drawn. In the region of small adsorbate partial pressure, it can be argued that the adsorption isotherm resembles the linearity seen in Henry's law of solvation. In the context of our study, P CO 2 is confined to a range below 0.02 bar, which falls within the values prescribed by [START_REF] Smith | Introduction to Chemical Engineering Thermodynamics[END_REF], in the case of CO 2 adsorption on silica gel (0.2 to 0.5 bars) [START_REF] Smith | Introduction to Chemical Engineering Thermodynamics[END_REF]. Additionally, the experimental data presented in Chapter 3 support that theory, showing a very small quantity of adsorbed CO 2 compared to the expectations derived from the BET theory. Therefore, the adsorbate surface can be expressed as follows:

S CO 2 = P CO 2 × k h,CO 2 ,i (4.1) 
with:

-S CO 2 : Surface of adsorbed adsorbate -P CO 2 : partial pressure of CO 2 in the air -k h,CO 2 ,i : Henry's law constant of CO 2 adsorption on clay mineral i

Dissolution and Solvation of CO 2 in Adsorbed Water

Solvation refers to the interactions that take place between dissolved gas molecules and the surrounding liquid solvent. This process is now understood as comprising two consecutive steps. Initially, a cavity forms to accommodate the gas molecule, followed by the attraction of the gas molecule into this cavity [66] [67]. Frequently, the behaviour of a gas phase's behaviour above a liquid phase concerning solvation is described according to Henry's law of solvation. Thi law states that the dissolved quantity of a gas over a liquid is linearly proportional to the gas's partial pressure.

The slope, known as the Henry's law constant of solvation, significantly relies on temperature and the gas and liquid properties. In our study's context, the Henry's law equation for CO 2 solvation over water can be expressed as follows:

P CO 2 = x Air g,CO 2 × P Air = x W ater l,CO 2 × k h,CO 2 ,W ater (4.2) with: 
-P CO 2 : partial pressure of CO 2 in the air -x Air g,CO 2 : molar fraction of CO 2 in the gas phase (here, the ambient air) -P Air : pressure of the ambient air (in this case =1atm) -x W ater l,CO 2 : molar fraction of CO 2 in the liquid phase (here, water) and interlayer water (nanopores), where CO 2 can dissolve up to 5 times more than in bulk water. Notably, they substantially govern CO 2 intake of the clay minerals in the presence of water.

-k h,

Constructing Models for CO 2 Uptake in Clay Minerals

To gain a deeper insight into the sorption mechanisms of CO 2 by clay minerals, we delve into two distinct models. It's important to emphasize that these models are intentionally designed to be foundational, aligning with our goal of creating an initial, rudimentary framework for exploring the intricacies of CO2 sorption in clay minerals under standard conditions (P=1atm, T=25 • C).

Modelling CO 2 adsorption in clay minerals

Given the relatively low CO 2 partial pressures and significantly lower sorbed quantities of CO 2 , as compared to the predictions of the BET theory, within the scope of this study, a decision was made to adopt an approach akin to Henry's law of adsorption, alongside the application of the BET theory, to model the competitive adsorption of water. Utilising the BET theory, the surface available for CO 2 adsorption was assessed for each relative humidity thanks to the water sorption isotherms of the clays until attainment of the monolayer capacity of water. This surface was calculated as the difference between the SSA pertaining to water adsorption and the area already occupied by adsorbed water. This approach is founded on the fundamental hypothesis of the BET theory, asserting that up to the point of monolayer capacity, the entirety of water adsorbed by the material follows a monolayer pattern, thus leaving the remaining adsorption sites, attributed to SSA free of adsorption, unoccupied. Figure 4.2 illustrate the evolution of the surface available for CO 2 adsorption with the evolution of relative humidity in the case of Montmorillonite. As it can be observed, this hypothesis offers no adsorption site for CO 2 above 40%RH, which corresponds to the completion of the monolayer by water. In conclusion, thanks to Henry's law of adsorption, the amount of CO 2 adsorbed by the clay minerals was calculated as:

W t%CO 2 = S f ree × P CO 2 × k h,CO 2 ,adsorption,i (4.3) with: 
-W t% CO 2 : relative mass of CO 2 adsorbed by the clay mineral -S f ree : Surface available for CO 2 adsorption as calculated thanks to BET theory on water sorption isotherms -P CO 2 : partial pressure of CO 2 in the air -k h,CO 2 ,adsorption,i : Henry's law constant of CO 2 adsorption on clay mineral i Please note that the value of k h,CO 2 ,i , the Henry's law constant for CO 2 adsorption on each clay mineral, was determined through fitting experimental data of CO 2 sorption at 0%RH. This approach assumes that no solvation of CO 2 into water occurs under dry conditions, attributing all CO 2 intake to adsorption onto the clay minerals. The resulting calculation led to the creation of CO 2 adsorption curves for the clay minerals, as exemplified by the Montmorillonite case in In the first model, the entire water intake of the clay minerals was assumed to contribute to the solvation of CO 2 . Therefore, by leveraging Henry's law of adsorption, the quantity of CO 2 dissolved in the water sorbed by the clay minerals can be expressed as follows:

W t%CO 2 = W % water,whole × P CO 2 × k h,CO 2 ,solvation,i (4.4) with: 
-W t% CO 2 : relative mass of CO 2 dissolved in the water adsorbed by the clay -W % water,whole : water content of the clay mineral at the concerned relative humidity -P CO 2 : partial pressure of CO 2 in the air -k h,CO 2 ,solvation,i : Henry's law constant of CO 2 solvation into sorbed water of the clay mineral i

In the second model, we incorporate the idea that CO 2 solvation is constrained to bulk-like water, thus excluding the possibility of solvation in other water content types. The predicted relative mass of CO 2 attributed to solvation is then calculated in accordance with Henry's law of solvation, yielding the following relationship:

W t%CO 2 = W % water,f ree × P CO 2 × k h,CO 2 ,solvation,i (4.5) with: 
-W t% Furthermore, comparative analysis of the measured CO 2 intake versus the predictions by BET theory rules out the possibility of CO2 adsorption being solely governed by the availability of adsorption sites. One possible explanation for this discrepancy might be the potentially overestimated specific surface area (SSA) of the clay minerals in relation to water, compared to that in relation to CO 2 . However, a thorough literature review dispels the notion that these observed errors are solely attributed to this bias [START_REF] Pennell | 2.5 specific Surface area[END_REF].

Another phenomenon at stake, possibly augmenting the previous one, could be that of a very low affinity between the negatively charged surfaces of the clay mineral and the apolar molecule of CO 2 , which in addition to that is all but nonpolarisable in its gaseous phase. Additionally, the rate of increase in CO 2 intake by the clays is worth discussing.

Clearly, Illite benefits the most from the dominating solvation of CO to be effective, addressing the reversibility of the CO 2 uptake process is crucial. In this context, experimental CO 2 sorption data from the clays underscores the effective reversibility of the sorption process, as previously observed by Arris-Roucan et al.

[ [START_REF] Arris-Roucan | Towards the determination of carbon dioxide retention in earthen materials[END_REF]. This highlights the suitability of earthen building systems for achieving this goal.

Despite this prevailing trend, noticeable hysteresis is observed during CO 2 desorption with increasing relative humidity for all the studied clay minerals. The possibility of complex irreversible reactions associated with CO 2 solvation must be taken into account, given the increasing tendency with relative humidity, which is indicative of dominating solvation processes.

It is highly likely that a portion of the dissolved CO 2 in adsorbed water engages in carbonation reactions. As a result, it could potentially be removed through water desorption at lower relative humidities. This emphasises the necessity for further investigation into the sorption and desorption processes of CO 2 by clay minerals under varying standard conditions, particularly involving fluctuating relative humidity.

Additionally, there is a need to study the kinetics and energetics of these reactions, which can provide insights into their nature and intensity.

Another matter of relevance for discussion is the evaluation of the performance of the various clay minerals studied in terms of their CO 2 retention capacity. While Montmorillonite may initially appear to be the more suitable clay mineral for the development of passive CO 2 retention building systems, it's crucial to consider the commonly observed relative humidities to reach a conclusive analysis.

Typically, relative humidities of comfort in dwellings are considered to fall within the range of 40 to 60%RH [START_REF] Fabbri | Testing and Characterisation of Earthbased Building Materials and Elements[END_REF], making the experimental data of CO Another avenue to enhance building systems' CO 2 retention capacity could involve optimising their composition. For example, the incorporation of vegetable fibers into earth presents a promising prospect, as demonstrated by the prevalence of building systems like light earth that already integrate various types of straws.

However, the pursuit of optimising earthen plasters may face certain constraints, including potential negative implications for their overall environmental footprint, thereby diminishing their appeal.

Chapter 6

Conclusions

This study aimed to comprehensively assess the potential of earthen building systems for indoor CO 2 mitigation. In pursuit of this goal, the investigation focused on the finer fraction of the soil, specifically examining three types of clay minerals:

Kaolinite, Illite, and Montmorillonite. A comprehensive characterisation of these clay minerals in relation with their moisture content was conducted and correlated with experimental data obtained through an innovative experimental setup. Additionally, two models were developed to elucidate the underlying mechanisms of CO 2 uptake by these clay minerals. The key findings of this investigation are summarised as follows:

• The uptake of CO 2 by the clay minerals is driven by two main mechanisms: adsorption of CO 2 onto the clay surface and solvation of CO 2 in clay-sorbed water.

• The retention of CO 2 by the clays exhibits a two-phase behaviour: in the range of 0 to 30%RH, adsorption dominates, with CO 2 adsorption gradually diminishing as relative humidity increases. Beyond this threshold, solvation of CO 2 in the water sorbed by the clay minerals becomes the dominant mechanism, leading to an increase in CO 2 intake.

• BET theory accurately predicts water adsorption on the clay surface during the first phase.

  bears a massive heritage now recognised by UNESCO [3]. Notable examples include the Alhambra Palace in Andalucía, Spain; the Great Mosque of Djenné in Mali; the Kasbah Ait Ben Haddou in Morocco, and the city of Shibam in Yemen, among others 1.1.
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 1 Figure 1.1: a) Alhambra Palace, Spain, credit: Jebulon. b) Great Mosque of Djenné, Mali, credit: Ruud Zwart. c) Kasbah Ait Ben Haddou, Morocco, credit: Abdel Charaf. d) Fortified city of Shibam, Yemen, credit: Jialiang Gao
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 1 Figure 1.2: a) Adobe rural building, South-Western France, credit: Carole Stadnicki. b) Wattle and Daub buildings, North-Eastern France, credit: sokoljan. c) Rammed earth rural building, South-Eastern France, credit: Romary. d) Cob rural house, North-Western France, credit: Amelie, atelier alp
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 1 Figure 1.3: a) Seven-story-high building in Weilburg, Germany, credit: Doatrip.de. b) 'Orangerie' office building in Lyon, France, credit: OGIC. c) Seven-story-high building in Lyon, France, credit: Emmanuel Mille. d) Seven-story-high adobe building in Shibam, Yemen, credit: Buckshot.

  Following IPPC's sixth report on climate change mitigation highlighting the capture of CO 2 by shell rocks or clay minerals as one of the courses of action to pursue in the future, a plentiful of studies have initiated understanding and modelling of the CO 2 adsorption in partially water-saturated shell or muddy rocks[START_REF] Gadikota | Hydrophobic solvation of gases (CO2, CH4, H2, noble gases) in clay interlayer nanopores[END_REF] [47][START_REF] John S Loring | In situ study of CO2 and H2O partitioning between Na-montmorillonite and variably wet supercritical carbon dioxide[END_REF]. Nonetheless, the focus of the latter remains on supercritical CO 2 partial pressures which reveal as useless in the case of realistic ambient CO 2 partial pressures culminating at a maximum of 20000 ppm. The lack of literature on the subject puts an emphasis on the need for further work which is featured herein.
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 14 Figure 1.4: Thermogravimetric signal of an earth sample exposed to successive levels of CO 2 : 1500, 3000, 5000 and 10000 ppm at 35 C and 0.5%RH, Credit :[START_REF] Arris-Roucan | Towards the determination of carbon dioxide retention in earthen materials[END_REF] 

Figure 2 . 1 :Figure 2 . 2 :

 2122 Figure 2.1: Silicon tetrahedron (a), aluminium octahedron (b), and magnesium octahedron (c)
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 24 Figure 2.4: Kaolinite's simplified structure (a) and its interaction with other 1:1 structures (b).
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 25 Figure 2.5: Montmorillonite's simplified structure (a) and its interaction with other 2:1 structures (b).
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 26 Figure 2.6: Illite's simplified structure (a) and its interaction with other Illite structures (b).
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 27 Figure 2.7: Sorption isotherms of Montmorillonite (a), Illite (b) and Kaolinite (c)
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 28223 Figure 2.8: Experimental set-up for measuring the CO 2 retention capacity of powders 22
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 293312 Figure 2.9: Classification of water content vs H 2 O partial pressure in marine mucky silty clays presented by Li et al. [54]

Figure 3 .

 3 Figure 3.1 presents the CO 2 sorption and desorption curves for Montmorillonite, Illite, and Kaolinite clays at four different relative humidities (0%, 25%, 50%, and 70%) as obtained using the aforementioned novel experimental set-up. The Figure highlights the significant disparity in experimental values with respect to relative humidity, revealing that under standard pressure and temperature conditions (T=25 • C, P=1atm), there exists a noticeable competition between CO 2 sorption and H 2 O co-sorption. The second valuable information that can be withdrawn from Figure 3.1 is that the adsorption of CO 2 by the clay minerals in dry conditions falls short of that predicted using the SSA value of each clay obtained by water sorption and assuming a cross-sectional area of CO 2 equal to 21.8 Å as values up to about a hundred times bigger than the one measured are instead expected. Comparative expected and measured CO 2 mass uptakes in dry conditions are reported in Figure 3.2. Inspection of Figure 3.1 reveals two distinct phases in the competitive sorption of CO 2 and H 2 O. The first phase is characterised by a rapid decrease in CO 2 adsorption with increasing water partial pressure, leading to a reduction to approximately onefourth of the dry CO 2 adsorption. In the second phase, the CO 2 sorption signal experiences a slight increase. While the boundary between these two phases appears
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 3132 Figure 3.1: CO 2 sorption (and respective desorption) of Montmorillonite (a), Illite (b) and Kaolinite (c) clays expressed as a percentage of the dry mass of clay vs relative humidity
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 3334 Figure 3.3: Comparative CO 2 sorptions (and respective desorptions) of Montmorillonite, Illite and Kaolinite clays expressed as a percentage of the dry mass of clay vs relative humidity (a) and CO 2 retention capacity of clays vs specific surface area at 0%RH (b), 25%RH (c), 50%RH (d) and 70%RH (e)
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 34 Figure 3.4: Water content partition of Montmorillonite, Illite and Kaolinite at 50%RH (a) and 70%RH (b)
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 41 Figure 4.1: Schematised mechanisms of adsorption, absorption and sorption

  CO 2 ,W ater : Henry's law constant of CO 2 solvation into water at 25 • C Given the prevailing context of global climate change, largely attributed to human-generated CO 2 emissions, the IPCC, particularly its sixth working group, has highlighted the capture of CO 2 by loess or clay rocks as a viable avenue for mitigating emissions. This consideration has spurred an increase in scientific inquiries into the mechanisms underlying CO 2 sorption by partially (or completely) watersaturated clay minerals. While these studies primarily delve into deeply confined environments, characterized by high CO 2 and H 2 O partial pressures, they offer a foundational platform for comprehending the competitive absorption of CO 2 and water by clay minerals under standard conditions (P=1atm, T=25 • C). One of the focus points of the latter consist of the possible solvation and carbonation of CO 2 into adsorbed water. Regarding this matter, different viewpoints do not appear to converge into a consensus. Loring et al. (2014)[START_REF] John S Loring | In situ study of CO2 and H2O partitioning between Na-montmorillonite and variably wet supercritical carbon dioxide[END_REF], in their in situ measurements of CO 2 and H 2 O partitioning in Na-Montmorillonite, reported no evidence of carbonation. In 2018, Miller et al.[START_REF] Quin | Water structure controls carbonic acid formation in adsorbed water films[END_REF] dismissed the possibility of CO 2 dissolution on surface-associated water, instead focusing on free and bulk liquid-like water. However, in 2012, Loring et al.[START_REF] John S Loring | In situ molecular spectroscopic evidence for CO2 intercalation into montmorillonite in supercritical carbon dioxide[END_REF] reported a strong affinity of CO 2 for the interlayer space of Montmorillonite, aligning with the findings of Gadikota et al. (2017)[START_REF] Gadikota | Hydrophobic solvation of gases (CO2, CH4, H2, noble gases) in clay interlayer nanopores[END_REF]. Gadikota et al. described the energetic propensity of gas molecules to transition from mesopores to nanopores within clays, thereby involving two distinct CO 2 dissolution processes. These processes occur within bulk liquid-like water (mesopores)
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 42 Figure 4.2: Evolution of the partition of the SSA of Montmorillonite respective to relative humidity
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 43 Figure 4.3: CO 2 adsorption of Montmorillonite as predicted by the studied model

CO 2 :

 2 relative mass of CO 2 dissolved in the water adsorbed by the clay -W % water,f ree : water content associated with bulk liquid-like water (water adsorbed by the clay after reaching the monolayer capacity) -P CO 2 : partial pressure of CO 2 in the air -k h,CO 2 ,solvation,i : Henry's law constant of CO 2 solvation into bulk water of the clay mineral i Please note that in both models, k h,CO 2 ,solvation,i was determined by fitting the experimental data of CO 2 sorption in the clay minerals at 70%RH. This fitting assumes that all CO 2 sorption by the clay minerals at this specific relative humidity is a result of solvation of CO 2 into adsorbed water, as observed in the work of Gadikota et al.[START_REF] Gadikota | Hydrophobic solvation of gases (CO2, CH4, H2, noble gases) in clay interlayer nanopores[END_REF].The two variations of the solvation model are depicted in Figure4.4 for the case of Montmorillonite. The combination of the adsorption and solvation models of CO 2 leads to the development of comprehensive models predicting the total CO 2 intake of the clay minerals. These predictions are illustrated for Montmorillonite in Figure4.5. For the sake of conciseness, we will refer to the two models as the FWS model (Free Water Solvation) and the WWS model (Whole Water Solvation).
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 44 Figure 4.4: CO 2 solvation into sorbed water of Montmorillonite as predicted by the two solvation models
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 45551 Figure 4.5: CO 2 intake of Montmorillonite as predicted by the two presented models

Figure 5 .

 5 Figure 5.1 compares the experimental data and predictions of the FWS and WWS models for CO 2 intake in clay minerals against the variation of relative humidity.This comparison emphasizes the strong correlation between the models and the measurements obtained from the experimental setup developed. It is evident that, for each type of clay mineral, both model predictions and experimental CO 2 intake data exhibit an inflection point around 30 to 40%RH. This observation supports the hypothesis of combined and intricate sorption mechanisms involving competitive adsorption of CO 2 and H 2 O molecules, along with CO 2 solvation. Precise fitting of the predicted curves for both the FWS and WWS models to the experimental data provides insights into the timing of these phenomena. In the initial range of relative humidity (up to 30%), adsorption primarily governs the CO 2 intake by the clay minerals and diminishes rapidly with increasing water content in the materials.Beyond that threshold, the availability of adsorption sites for CO 2 becomes negligible, leading to a transition in CO 2 intake in the clays. This shift corresponds to a phase dominated by the solvation of CO 2 in the adsorbed water, overtaking the adsorption of CO 2 .The close fit of the adsorption model to the initial relative humidities suggests that the hypothesis of water adsorption following BET theory precepts, particularly
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 51 Figure 5.1: Measured CO 2 intakes vs. predictions of the two developed models of Montmorillonite (a), Illite (b) and Kaolinite (c)
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  Therefore, at very low CO 2 relative pressures, Henry's law of adsorption effectively describes competitive adsorption of CO 2 and H 2 O on clay minerals, as it aptly depicts a phenomenon consisting of the statistical adsorption of CO 2 on the clays depending on the surface free for adsorption, i.e. the number of available adsorption sites. Solvation, on the other hand, holds a complexity less readily exposed. Figure 5.1 sheds light on the better fitting of the WWS model to experimental data when compared to the FWS model. Particularly, measurements of CO 2 intake by the clay minerals at 25%RH prove crucial in rejecting the possibility of solvation of CO 2 in the only water sorbed by the materials past the point of completion of the monolayer, as proposed in the FWS model. It is clear that, at no point in the range of H 2 O relative pressures, the intake of CO 2 is null. When combined with the

conclusion previously drawn regarding the adsorption process of water in the clay minerals, which resembles that depicted by BET theory, it refutes the hypothesis that the scope of CO 2 solvation is restricted to bulk liquid-like water. Instead, it

  2 at high relative humidities in terms of CO 2 retention capacity. Furthermore, unlike Montmorillonite and Illite, where water uptake between 50 and 70%RH is primarily attributed to the sorption of capillary water, Illite is the only clay mineral in which capillary water content decreases with the increase in relative humidity. Instead, an increase in bound water content occurs. A cross-analysis of these processes reinforces the hypothesis of intensified solvation of CO 2 in both adsorbed water and adsorbed water films.These results emphasise the need for further investigation into the mechanisms involved in the solvation of CO 2 within the adsorbed layers of water on clay minerals under standard conditions. For instance, it remains unclear whether solvation of CO 2 is accompanied by carbonation, potentially creating a polar molecule that could leverage the hydrophobic nature of clay surfaces, as observed by Gadikota et al.[START_REF] Gadikota | Hydrophobic solvation of gases (CO2, CH4, H2, noble gases) in clay interlayer nanopores[END_REF], thus triggering adsorption mechanisms at the atomistic scale.

	5.2 CO 2 Retention Potential of Clay Minerals and
	the Implications for the Designing of Earthen
	Building Systems Towards Passive CO 2 Cap-
	ture
	In order for passive building systems aimed at mitigating high concentrations of CO 2

  2 sorption at 50%RH for the clays particularly valuable in this context. From these experimental values, one clear observation emerges: the limited CO 2 sorption capacity of Kaolinite renders it less attractive for use in earthen building systems. As a 1:1 structured clay mineral, Kaolinite is noticeably less competitive in this regard compared to its 2:1 structured counterparts, namely Montmorillonite and Illite.To draw a comprehensive conclusion, it is necessary to step back and consider the broader requirements of earthen building systems. Frequently, when applied in building rehabilitation, earth is used as a thick plaster due to its moisture buffering capabilities and thermal mass benefits within a room. As a result, soils with high swelling properties due to moisture content are generally avoided in such applications to prevent shrinking and subsequent plaster cracking upon drying.Considering these factors, Illite presents a favourable compromise. Its CO 2 retention capacity at 50%RH, while slightly lower, remains comparable to that of Montmorillonite. Furthermore, its specific surface area (SSA) and associated waterinduced swelling are significantly lower than those of Montmorillonite. This compromise is clearly depicted by the CO 2 retention capacity plotted against SSA for the clays at 50%RH, where Illite notably stands out well above the trend observed with Kaolinite and Montmorillonite.In conclusion, the relatively low CO 2 retention values exhibited by the clays raise questions about the suitability of earthen building systems for the purpose of CO 2 retention. Experimental data for Illite at 50%RH indicates a CO 2 uptake capacity of Wt% CO 2 at 2.44 × 10 -2 . Assuming a 20cm thick and 1500kg.m 2 dense earthen plaster that typically incorporates 30% clay, this corresponds to an uptake of 22g of CO 2 per square meter of plaster, which is approximately one-third of the emissions produced by a compact diesel car for each kilometer traveled. This amount could more than double at 70%RH. While it's important to note that the CO 2 partial pressures explored in the context of this study are significantly higher than those observed in overcrowded rooms, and that diffusion mechanisms are not considered in this calculation, resulting in an expected decrease in the obtained value under in-situ conditions, it underscores the genuine interest in exploring such earthen building systems. Additionally, it emphasizes the need for future research to gain a better understanding of the diffusion mechanisms of CO 2 within earthen plasters across varying relative humidities, whereas further experimental work on a larger scale, including in-situ monitoring of CO 2 levels in intermittently occupied rooms, is essential for a comprehensive evaluation of earthen building systems purposed for CO 2 capture.

Please note that the following publications have been useful in understanding clay minerals, their structures and their properties:[START_REF] Hendrick Van Olphen | An introduction to clay colloid chemistry[END_REF] [49] [50][START_REF] Bergaya | General introduction: clays, clay minerals, and clay science[END_REF] 

.1 Introduction to Adsorption

Adsorption is the phenomenon which occurs when two phases, namely gas (the adsorbate) and solid or liquid (the adsorbent), happen to encounter. It describes the process of fixation of the gas molecules onto the particles of the bulk phase at the interface between the two phases. The scope of adsorption is usually restricted to physisorption 1 processes, excluding the highly energetic chemisorption 2 processes which can occur when two molecules at the interface have an affinity, thus defining adsorption as a reversible mechanism. Practically, the reverse phenomenon is qualified as desorption. The concept of adsorption must not be mistaken with that of absorption, consisting in the entry of molecules of some sort into a bulk phase, or even with the less restrictive definition of sorption which includes both adsorption 1 Physisorption is due to the attraction between two polar (or non polar) molecules triggered by the Van Der Walls forces.Its order of magnitude ranges from 10 to 100 meV depending on the polarity of the molecules and their distance. [START_REF] Desjonqueres | Concepts in Surface Physics: 2eme édition[END_REF] 2 Chemisorption is due to chemical reactions happening between the sorbate and the sorbent which result in the formation of new chemical bonds. Its order of magnitude is set around 0.5 eV. [START_REF] Oura | Surface science: an introduction[END_REF] competitive adsorption of CO 2 and H 2 O on the clays primarily depends on the surface area occupied by adsorbed water molecules and the availability of adsorption sites.

• Under standard conditions (P=1am, T=25 • C), it was observed that solvation of CO 2 in clay-sorbed water occurs in both adsorbed and bulk liquid-like water.

• The clay minerals exhibit greater solvation of CO 2 in adsorbed water compared to bulk liquid-like water under standard conditions.

• Given its comparatively high CO 2 retention capacity and low swelling propensity, Illite emerges as the preferred clay mineral for the intended purpose.

• Under typical pressure, temperature, and humidity conditions, the promising performance of Illite in CO 2 mitigation warrants further investigation, particularly on a larger scale, to deepen our understanding of the CO 2 sorption capacity of earthen building systems.