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Introduction 

Actuellement, l’émission de gaz à effet de serre dans l’atmosphère, principalement le dioxyde de 

carbone (CO2), est une préoccupation tant sur le plan environnemental qu’économique. Les émissions 

de CO2 proviennent majoritairement de sources anthropogéniques, c’est-à-dire liées à l’activité 

humaine et contribuent au réchauffement climatique. Les centrales électriques, les industries 

chimiques et pétrochimiques, les cimenteries, etc. constituent les sources émettrices de CO2 qui 

représentaient environ 56.6% des émissions totales de gaz à effet de serre en 2004 [1]. Des 

organisations et conventions telles que : ‘The International Panel on Climate Change (IPCC)’ créée en 

1988 et la Convention-cadre des Nations Unies sur les changements climatiques de 1992, dont est issu 

le Protocole de Kyoto (1997) et plus récemment la COP21 en 2015 ont pour objectif d’établir des 

solutions visant à réduire les rejets de gaz à effet de serre [2]  

Si la première solution est de diminuer la consommation énergétique, de nombreuses mesures visent 

à capturer et stocker le CO2. Ainsi, des technologies de capture et de séquestration du CO2 sont 

proposées et regroupées sous l’appellation ‘Carbon Capture and Storage’ (CCS). Dans le but de 

capturer efficacement le CO2 émis à partir de combustible fossile, trois approches sont envisagées : la 

post-combustion, la pré-combustion et l’oxy-combustion. Il existe différentes techniques de 

séparation de CO2 pouvant être appliquées en fonction des conditions de pression et de température 

du flux gazeux: l’absorption, l’adsorption, la distillation cryogénique et les membranes [3]. Parmi ces 

techniques, l’absorption par solution aqueuse d’amine (monoéthanolamine, MEA) est largement 

répandue à l’échelle industrielle. Cependant, ce type de technologie présente certains inconvénients 

tels que : une faible capacité d’absorption de CO2 du solvant, des problèmes de corrosion des 

installations, une dégradation du solvant par la présence d’impuretés dans le gaz (SO2, NO2, HCl, etc.) 

et une consommation élevée d’énergie lors de la régénération du solvant [4].  

Actuellement, les membranes représentent une alternative prometteuse par rapport aux méthodes 
conventionnelles de séparation de gaz telle que l’absorption à base de solutions aqueuses d’amines. 
Une membrane étant une barrière perméable et sélective séparant deux milieux, elle permet le 
passage préférentiel de certains composés en mélange gazeux et/ou liquide. Les membranes 
présentent les avantages suivants : elles ne nécessitent pas de changement de phase liquide-gaz, elles 
sont faciles à mettre en œuvre et présentent une faible empreinte carbone. Il existe différents types 
de membrane : polymérique, inorganique et à matrice mixte.  
La première membrane polymérique a été synthétisée dans les années 80 pour la capture du CO2 issu 

du gaz naturel [5]. Cependant, les membranes polymériques présentent certains inconvénients: une 

faible résistance aux contaminants, une faible stabilité chimique et thermique ainsi qu’une 

perméabilité et une sélectivité limitées. Dans le but d’améliorer les propriétés de séparation de gaz, 

des membranes de nature inorganique à base de céramique [6], de carbone [7], de zéolithes [8], 

d’oxydes [9], de Metal-Organic Frameworks (MOFs) [10] etc ont été développées. Bien que ces 

membranes inorganiques présentent d’excellentes propriétés de séparation de gaz, elles offrent une 

faible résistance mécanique. 

Ainsi, les membranes à matrice mixte ont été élaborées afin d’allier à la fois la résistance mécanique 

des membranes polymériques et les bonnes propriétés de séparation de gaz des membranes 

inorganiques. Une membrane à matrice mixte est composée d’une phase polymérique au sein de 

laquelle sont dispersées des particules de matériaux poreux du type : zéolithes, charbons actifs, silice 

etc.  

Cette thèse s’est effectuée dans le cadre du projet européen M4CO2 ‘Mixed Matrix Membranes based 

on highly engineered Metal-organic frameworks and polymer (M4) for energy efficient CO2 capture’ 
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(FP7/2007-2013) qui s’inscrit dans cette problématique de conception de membranes à matrice mixte 

pour la séparation du CO2. 

Dans ce projet, les particules de matériaux poreux sont à base de MOFs. Les MOFs sont des matériaux 

poreux cristallins construits à base d’ions métalliques et de ligands organiques pour former des 

structures tridimensionnelles (3D). Ils possèdent une grande diversité de propriétés physiques et 

chimiques grâce aux différents métaux et ligands organiques disponibles. De plus, ils possèdent des 

surfaces spécifiques et des volumes poreux élevés, ce qui en fait des matériaux prometteurs pour les 

applications de séparation de gaz [11], [12]. 

L’objectif de ce travail était d’étudier différents facteurs que l’on peut distinguer dans deux groupes (i) 

la nature du MOFs: influence des conditions de synthèse, de la fonctionnalisation ou du changement 

de ligand organique dont les effets sont d’engendrer des textures et structures différentes. 

(ii) les propriétés du procédé d’adsorption: influence de la présence d’eau, énergie mise en jeu, qui 

permettent de mieux comprendre les mécanismes mis en œuvre. 

Globalement tous ces paramètres ont une influence sur les propriétés d’adsorption de CO2 (capacité 

d’adsorption, enthalpie d’adsorption, sélectivité) par les MOFs et il est intéressant de dégager des 

tendances afin d’identifier les paramètres ayant le plus fort impact afin de prévoir et d’optimiser des 

synthèses de nouveaux matériaux et des conditions opératoires. 

Le premier chapitre est consacré : à la description des techniques de séparation de CO2 dont 

l’adsorption et à la présentation des différents types d’adsorbants pouvant être utilisés. Le deuxième 

chapitre, rappelle le principe du phénomène d’adsorption, les techniques expérimentales employées 

ainsi que les outils permettant l’exploitation des données d’adsorption.  

Le chapitre trois recense les capacités d’adsorption de CO2, les enthalpies d’adsorption et les 

sélectivités obtenues pour différentes familles de MOFs. 

Enfin le dernier chapitre, aborde une approche « relation de structure-propriété » (QSPR) avec des 

matériaux de structure bien définie : les ‘Zeolitic Imidazolate Frameworks’ (ZIFs), dans le but de 

dégager des tendances par rapport à l’adsorption de CO2. 
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Chapitre 1 - Procédés de capture, techniques de séparation et 

matériaux poreux pour la capture du dioxyde de carbone  

Ce premier chapitre expose les enjeux sociétaux et environnementaux liés aux émissions de dioxyde 

de carbone (CO2) et les procédés actuels de capture de CO2 : pré-combustion, post-combustion et oxy-

combustion. Dans ce chapitre, sont abordées les techniques de séparation gazeuse de CO2 (avantages, 

inconvénients et domaines d’applicabilité). Un certain nombre de ces techniques utilisent des 

matériaux poreux. Ainsi une comparaison entre les principaux matériaux poreux utilisés 

habituellement est faite avec les Metal-Organic Frameworks (MOFs) : matériaux poreux hybrides 

organiques-inorganiques récemment envisagés pour ces applications. 

A. Contexte environnemental 

Depuis ces dernières décennies, il y a une augmentation des émissions de gaz à effet de serre (GES) 

dans l’atmosphère, principalement le dioxyde carbone (CO2) contribuant au réchauffement climatique. 

D’autres gaz sont émis en plus du CO2 comme le méthane (CH4), les protoxydes d’azote (N2O), les 

hydrofluorocarbures (HFCs), les perfluorocarbures (PFCs) et les hexafluorocarbures de sulfure (F6C) 

[1]. Le CO2 émis provient de diverses sources anthropogéniques (Figure 1.1) et représentait en 2004 

environ 77% de la totalité des gaz à effet de serre rejetés à l’échelle mondiale, dont 50% provenait de 

la combustion de matière fossile [2]. De plus, entre les années 1970 et 2004, les rejets de CO2 sont 

passés de 21 à 38 Gt/année soit une augmentation d’environ 80%. Les émissions mondiales de CO2 

sont amenées à augmenter au cours des prochaines décennies à cause de la croissance économique 

et du développement industriel même si en France la tendance est à la décroissance depuis 2006. 

Des organisations et conventions telles que : ‘The International Panel on Climate Change (IPCC)’ formé 

en 1988 et la Convention-cadre des Nations Unies sur les changements climatiques en 1992 dont est 

issu le Protocole de Kyoto de 1997 et plus récemment la COP21 en 2015 ont pour objectif d’établir des 

solutions visant à réduire les rejets de gaz à effet de serre. L’utilisation d’énergies renouvelables 

(biomasse, solaire, etc.) à la place de sources carbonées pour la production d’énergie est une 

alternative envisageable. Néanmoins, les technologies proposées ne sont pas encore assez 

développées pour permettre des applications industrielles. 

 

Figure 1.1 - Contribution (%) des différents gaz à effet de serre à la globalité des émissions incluant les diverses 
sources anthropogéniques émettrices de CO2, en 2004 dans le monde [1]  
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Pour contrôler et stabiliser les émissions de CO2, des solutions de capture et de stockage du CO2 sont 

proposées et regroupées sous l’appellation ‘Carbon Capture and Storage (CCS)’ et comprenant trois 

étapes : 

 La capture : 

Actuellement, trois processus sont envisagés pour la capture du CO2: correspondant aux procédés de 

post et de pré- et d’oxy-combustion. Ces procédés utilisent différentes techniques pour séparer le CO2 

des gaz de combustion : l’absorption, l’adsorption, la distillation et la séparation membranaire. Ces 

procédés et techniques sont détaillés dans la section C. 

 Le transport : 

L’acheminement du CO2 se fait via des pipelines, des bateaux ou des camions citernes. Le choix du 

mode de transport dépend de la distance à parcourir entre le point de capture du CO2 et son lieu de 

stockage. Préalablement au transport, le CO2 est séparé des impuretés (eau, méthane, sulfure 

d’hydrogène, etc.) ayant pu être captées avec la capture du CO2. Le CO2 gazeux est ensuite compressé 

dans un état de fluide supercritique dans une gamme de pression de 80 à 150 bar et une densité de 

900 kg.m3. Le coût du transport dépend de la composition et de la pression du courant de CO2 et du 

mode de transport choisi. Généralement, cela varie entre 90 et 120 kWh/ tonne de CO2 [3]. 

 Le stockage : 

Il existe trois options possibles pour le stockage du CO2 : géologique, océanique ou sa minéralisation. 

La minéralisation du CO2 consiste en sa transformation en carbonates par réaction chimique [4]. Cela 

permet le stockage du CO2 sur une longue période, cependant c’est un procédé coûteux. Le stockage 

océanique se fait par injection du CO2 en profondeur dans l’océan. L’acidification des océans par le CO2 

peut affecter négativement l’écosystème marin. Une option adéquate est le stockage géologique dans 

des réservoirs. 

B. Procédés de capture du CO2 

Le dioxyde de carbone (CO2), gaz à effet de serre, formé lors de la combustion de matière fossile 

(pétrole, charbon, gaz naturel) est majoritairement rejeté dans l’atmosphère. Actuellement, trois types 

d’approches de CCS sont envisagées (Figure 1.2) : 

 Pré-combustion 

 Post-combustion 

 Oxy-combustion 
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Figure 1.2 - Représentation des trois types de technologies de capture du CO2 : post- pré- et oxy-combustion 
[2] 

1. Post-combustion 

La capture du CO2 s’effectue suite à la calcination sous air de combustible fossile comme le charbon 

ou le gaz naturel (Figure 1.2). En sortie, les gaz de combustion produits sont à la pression 

atmosphérique (1 bar). Ils sont composés de CO2, N2 et d’impuretés (H2O, NOx, SOx, etc.). La teneur en 

CO2 et en impuretés des gaz de combustion est fonction de la nature du combustible utilisé. Cependant 

la concentration en CO2 n’excède pas 15% (vol). Le tableau 1.1 fournit un exemple de composition pour 

la combustion de charbon. 

Molécule Concentration (en volume) 

N2 73-75% 

CO2 15-16% 

H2O 5-7% 

O2 3-4% 

SO2 800 ppm 

SO3 10 ppm 

NOx 500 ppm 

HCl 100 ppm 

CO 20 ppm 

Hydrocarbures 10 ppm 

Hg 1 ppb 
Tableau 1.1 – Exemple type de composition d’un flux gazeux provenant de la combustion du charbon [1] 

La technique de séparation de CO2 la plus répandue pour la post-combustion est l’absorption par 

solvant aminé (voir C.1.a). Le procédé de post-combustion peut s’appliquer à des installations 

industrielles existantes, ce qui est un avantage majeur sur les autres techniques de capture de CO2. La 

faible concentration de CO2 par rapport au N2 dans les gaz de combustion entraine de grands volumes 

gazeux à traiter au sein des unités de séparation. Cela impacte directement les coûts de 

dimensionnement et en fait le principal désavantage de la post-combustion. 
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2. Oxy-combustion 

De manière similaire à la post-combustion, la séparation du CO2 des gaz de combustion s’effectue en 

aval de l’étape de calcination. 

L’oxy- et la post-combustion diffèrent par la nature des comburants employés qui sont respectivement 

l’oxygène et l’air. La présence d’une unité de séparation d’air fournit l’oxygène. L’oxygène pur en tant 

que comburant produit des gaz de combustion de composition suivante : CO2, SO2, H2O et des 

particules. Le SO2 est éliminé par des méthodes de désulfurisation et l’eau par condensation. La 

concentration en CO2 des gaz de combustion avoisine 80-98%, suivant la nature de la matière fossile 

[3]. 

Comparativement à la post-combustion, les techniques de séparation du CO2 par oxy-combustion sont 

plus efficaces car la concentration en CO2 est élevée. De plus, le N2 est éliminé avant la calcination ce 

qui ne génère pas de NOx. L’oxy-combustion s’avère donc être un procédé de capture très avantageux. 

Toutefois, la présence de SOx est un inconvénient car cela peut créer des problèmes de corrosion. Le 

désavantage principal de l’oxy-combustion est le coût de l’installation engendré par l’unité de 

séparation d’air. 

3. Pré-combustion 

Le CO2 est séparé du combustible fossile (charbon, gaz naturel) en amont de la combustion 

contrairement à la post- ou l’oxy-combustion. Le procédé de pré-combustion s’applique 

majoritairement aux centrales électriques à cycle combiné à gazéification intégrée (CCGI). Lorsque la 

matière fossile est le charbon, celui-ci subit une première étape dite de ‘gazéification’ en présence 

d’oxygène qui produit un gaz de synthèse ‘syngas’ composé principalement d’un mélange de H2 et CO 

(1.1). Une seconde réaction appelée ‘Water Gas Shift Reaction’ convertit le CO en présence de vapeur 

d’eau en un mélange CO2 et H2 (1.2). Dans le cas où le combustible fossile est le gaz naturel, le syngas 

est produit à partir du ‘reformage’ du CH4 en présence de vapeur d’eau (1.3) [3]: 

     𝐶ℎ𝑎𝑟𝑏𝑜𝑛 → 𝐶𝑂(𝑔) + 𝐻2(𝑔)       (1.1) 

     𝐶𝑂(𝑔) + 𝐻2𝑂 → 𝐻2(𝑔) + 𝐶𝑂2(𝑔)      (1.2) 

     𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2(𝑔)       (1.3) 

Le procédé de pré-combustion génère un mélange gazeux avec une concentration en CO2 élevée (> 

20%). En raison de la forte concentration en CO2, l’efficacité des techniques de séparation de CO2 sont 

améliorées comme pour l’oxy-combustion, rendant la technique de pré-combustion avantageuse. 

L’inconvénient majeur de la pré-combustion est le coût élevé de l’installation.
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4. Bilan 

Le tableau 1.2 fourni les domaines d’applications, les avantages et les inconvénients de chaque 

procédé de capture de CO2. 

 Avantages Inconvénients 

Post-combustion :  
Faible pression partielle du 
CO2 ; Pression atmosphérique 
(1 bar) du flux de gaz 

Applicable à une majeure partie 
des installations industrielles 
implantées 
 

- Nécessité de traiter de grands 
volumes gazeux pour 
augmenter la concentration en 
CO2 

Oxy-combustion :  
Pression partielle du CO2 
élevée ; Pression du flux de gaz 
élevée 

Applicable à des installations 
existantes 

Production de O2 
Maintenir le système à faible 
température réduit l’efficacité 
du procédé 

Pré-combustion :  
Pression partielle du CO2 
élevée ; Pression du flux de gaz 
élevée 

Augmentation de l’efficacité de 
séparation 
Réduction potentiel des coûts 
de compression 

Applicable à de nouvelles 
installations industrielles 
Coût des équipements 

Tableau 1.2 – Avantages, inconvénients et domaine d’applicabilité des procédés de capture de CO2 

C. Techniques de séparation 

Cette section aborde les diverses techniques de séparation applicables aux procédés de post-, de pré- 

et d’oxy-combustion pour la capture de CO2 à partir de mélanges gazeux. Ces techniques comprennent 

l’absorption, l’adsorption, la distillation cryogénique et la perméation gazeuse (séparation 

membranaire) [4]. 

1. Absorption 

L’absorption est un phénomène chimique ou physique qui repose sur la dissolution d’une espèce 

(atome, ion ou molécule) au sein d’une phase gazeuse, liquide ou solide. Lorsque l’absorption est 

d’origine chimique la dissolution s’effectue par réaction chimique contrairement à l’absorption 

physique qui est dépendante de la pression et de la température du flux de gaz à traiter (loi de Henry).  

A l’échelle industrielle, le procédé d’absorption est largement utilisé pour le traitement de gaz acide : 

H2S, NOx et CO2 [5]. 

a) Absorption chimique : solution aqueuse d’amines 

L’absorption chimique par solution aqueuse d’amines est une technique de séparation commercialisée 

et très répandue pour la capture de CO2. Typiquement, les solutions aqueuses d’amines les plus 

fréquemment utilisées sont : la monoéthanolamine (MEA), la diéthanolamine (DEA), la 

méthyldiéthanolamine (MDEA), la diglycolamine (DGA), la diisopropylamine (DIPA). Une étude a été 

menée par Veawab et al. [6] visant à comparer les performances d’absorption de CO2 de ces différentes 

solutions aqueuses d’amines : MEA, DEA, MDEA, DGA et DIPA. Cette étude a révélé une efficacité 

d’absorption de CO2 de plus de 90% en faveur de la MEA surpassant celles des autres solutions 

aqueuses d’amines car la MEA à une cinétique d’absorption de CO2 plus rapide.
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Au sein de la colonne d’absorption, la MEA et le CO2 réagissent pour former des espèces carbamates 

(1.4). Dans le but de relâcher le CO2 contenu dans la solution de MEA, celle-ci est envoyée dans une 

colonne de désorption ou elle est chauffée (100-200°C). La solution de MEA appauvrie en CO2 est 

ensuite refroidie (40-65°C) pour être recyclée dans la colonne d’absorption. 

   𝐶2𝐻4𝑂𝐻𝑁𝐻2(𝑀𝐸𝐴) + 𝐻2𝑂 + 𝐶𝑂2 ↔ 𝐶2𝐻4𝑂𝐻𝑁𝐻3
+ + 𝐻𝐶𝑂3

−     (1.4) 

L’avantage majeur de cette technique de séparation est la pureté du flux de CO2 obtenu (> 99%). 

Néanmoins, l’absorption par MEA présente des inconvénients :  

 La faible capacité d’absorption en CO2 du solvant  

 

 La détérioration du solvant par certains composés tels que SO2, NO2, HCl, HF. Cela provoque 

une perte de solvant, des problèmes de corrosion et l’émission de nitrosamines, nitramines 

potentiellement dangereuses pour la santé humaine et l’environnement 

 

 La régénération du solvant nécessite des températures élevées entrainant une forte 

consommation énergétique 

Une alternative à l’absorption par MEA est l’utilisation de solutions aqueuses de sels d’ammonium (ex : 

carbonate d’ammonium). Cette technique de séparation s’appelle ‘Chilled Ammonia Process’ (CAP) : 

l’absorption de CO2 s’effectue à basse température (0-20°C) tandis que la régénération du solvant se 

fait à des températures et pression élevées [7]. L’absorption par sels d’ammonium entraîne moins de 

problèmes de dégradation par rapport à l’utilisation de MEA, ce qui en fait une technique de séparation 

prometteuse. 

b) Absorption physique 

Les procédés d’absorption physique reposent sur la dissolution des composés présents dans le gaz sans 

réaction chimique et sont principalement utilisés pour le traitement de gaz acides : CO2, H2S, COS, SO2 

[3]. Typiquement, les solvants employés sont organiques ex : le méthanol. L’absorption des gaz acides 

s’effectue à basse température (20 à -60°C) pour des pressions élevées de 10 à 80 bar. La régénération 

s’effectue par désorption des gaz acides par détente (abaissement de la pression) du solvant usé ou 

par stripage (extraction des composés par l’air ou un gaz inerte, le diazote). Les performances 

d’absorption des procédés physiques dépendent de: la température de mise en contact entre le gaz et 

le solvant ainsi que de la pression partielle dans le gaz du composé à séparer, dans notre cas le CO2. 

L’efficacité d’absorption est optimale à basse température et pour une pression partielle élevée en 

CO2. 

Les procédés physiques les plus connus et les plus utilisés sont [8]: 

 Selexol : ce procédé a été mis en œuvre par la firme américaine ‘Allied Chemical Corporation’ 

et s’applique au traitement de gaz naturel principalement pour la capture de dioxyde de 

carbone (CO2) et de composés soufrés (H2S). Le solvant organique employé est le diméthyle 

éther polyéthylène glycol de formule chimique [CH3(CH2CH2O)nCH3] avec n variant entre trois 

et neuf. En amont de l’unité d’absorption, une étape de séchage du gaz d’entrée est nécessaire 

en raison de l’affinité élevée entre le solvant et l’eau. Le procédé Selexol peut s’effectuer à 

basse pression, néanmoins son efficacité est optimale à haute pression.  
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 Rectisol : ce procédé s’applique principalement à la purification de gaz de synthèse pour 

l’élimination des gaz acides (H2S, COS) [9]. Cependant, cette technique de séparation peut 

également s’appliquer au traitement de gaz naturel pour l’élimination du CO2. Le procédé 

Rectisol utilise le méthanol comme solvant organique. Dans les conditions normales de 

température et de pression, le méthanol a une pression de vapeur saturante élevée, c’est 

pourquoi l’absorption s’effectue à basse température (entre -40 et -62°C) afin de limiter son 

évaporation. La régénération du solvant s’effectue par la mise en contact avec un courant 

d’eau grâce à la miscibilité complète méthanol/ eau. L’énergie et le coût de l’opération 

engendré par la réfrigération du solvant peuvent être considérés comme un désavantage du 

procédé Rectisol.  

 

 Fluor : le procédé Fluor a été élaboré par la compagnie américaine ‘Fluor Corporation’ et 

s’applique à la décarbonatation de flux gazeux ayant une forte teneur en CO2. Ce procédé 

utilise le carbonate de propylène comme solvant organique. L’absorption s’effectue pour une 

plage de température comprise entre -20 et 0°C.  

L’intérêt majeur des procédés d’absorption physique réside dans l’étape de régénération ne 

nécessitant pas de traitement thermique et qui contribue à diminuer les coûts de l’installation. 

Néanmoins, les procédés d’absorption physique présentent des inconvénients liés à l’affinité des 

solvants : co-absorption d’hydrocarbure lourd, sélectivité élevée vis-à-vis du H2S. Cela peut impacter 

de manière négative la séparation du CO2. Les procédés d’absorption physique sont plutôt envisagés 

pour la pré-combustion. 

2. Distillation cryogénique  

La distillation cryogénique s’emploie pour la séparation gazeuse, en particulier pour l’élimination de 

gaz acides : le CO2 et l’H2S contenus respectivement dans les gaz de combustion et le gaz naturel (5). 

Contrairement à une distillation ‘classique’ pour laquelle la séparation des constituants du mélange se 

base sur leur température d’ébullition, celle-ci repose sur leur température de condensation. Afin de 

récupérer le CO2 des gaz de combustion, le mélange est refroidi dans une gamme de températures de 

-100 à -135°C soit en dessous du point triple du CO2 -56°C [10]. Le CO2 solidifié est ensuite compressé 

dans une gamme de pression de 100 à 200 bar afin d’être séparé des gaz légers. Le CO2 compressé est 

intéressant pour le transport par pipeline. La distillation cryogénique s’applique à des mélanges gazeux 

ayant une forte teneur en CO2. Cette technique a l’avantage de séparer le CO2 du mélange gazeux avec 

un taux de pureté élevé aux alentours de 90-95% [10]. Cependant, la distillation cryogénique reste très 

énergivore et coûteuse en raison des conditions opératoires (basse température et haute pression). 

De plus, si l’effluent gazeux contient de l’eau, il est nécessaire de l’éliminer au préalable au risque de 

former de la glace. 

3. Adsorption 

Le terme ‘adsorption’ désigne le phénomène d’enrichissement d’un ou plusieurs constituants au 

voisinage d’une interface fluide (liquide ou gaz)/ solide. Sous l’appellation adsorption sont regroupés 

deux phénomènes appelés ‘physisorption’ et ‘chimisorption’ qui se distinguent par la force des 

interactions mises en jeu.  

La physisorption fait référence à un processus exothermique gouverné par des interactions de faible 

énergie de type Van der Waals entre les molécules adsorbées et la surface du solide. La chimisorption 

désigne le phénomène pour lequel les molécules adsorbées sont liées à la surface du solide par 
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réaction chimique. Dans le cas de la physisorption, l’étape de désorption permet de restituer 

l’adsorbant et les molécules adsorbées dans leur état initial sans altération des propriétés chimiques 

et physiques. Les interactions de faible énergie permettent donc une régénération totale de 

l’adsorbant à la fois faiblement énergétique et coûteuse. C’est un avantage majeur pour les procédés 

industriels de type post- ou pré-combustion.  

La partie qui suit comprend une description d’adsorbants potentiellement attractifs pour la séparation 

de CO2 dont les ‘Metal-Organic Frameworks’ qui font intervenir la physisorption et qui sont les 

matériaux de base de l’étude. La description du phénomène d’adsorption et les interactions mises en 

jeu sont discutées au chapitre 2.  

a) Adsorbant chimique 

(1) Oxydes métalliques 

Les oxydes métalliques sont des espèces composées de l’association d’atomes d’oxygène et de 

métaux. Les sites basiques des oxydes métalliques et le caractère acide du CO2 favorisent son 

adsorption, notamment pour ceux ayant un faible rapport charge/ rayon les rendant plus ioniques en 

augmentant le caractère basique des sites [11], [12]. Ils comprennent les oxydes métalliques alcalins 

(Na2O, K2O) et alcalino-terreux (CaO, MgO) mais les oxydes métalliques couramment étudiés sont à 

base de calcium, magnésium ou encore des zirconates de lithium. Néanmoins, d’autres oxydes 

métalliques peuvent être utilisés tel que les oxydes de sodium, de césium, de barium, de fer, etc [13]–

[16]. 

La capture du CO2 par un oxyde métallique se base sur la réaction chimique exothermique suivante 

[13] : 

     𝑀𝑂(𝑠) + 𝐶𝑂2 (𝑔) → 𝑀𝐶𝑂3 (𝑠)      (1.5) 

L’oxyde métallique réagit avec le CO2 dans des proportions stœchiométriques équivalentes pour 

former un carbonate de métal alcalino-terreux. 

Les minéraux à base de calcium sont largement répandus dans la nature sous forme de calcaire ou de 

dolomite faisant des oxydes de calcium, des adsorbants facilement disponibles. Les oxydes de calcium 

sont employés pour des procédés à haute température tels que la production d’hydrogène ; la 

séparation de CO2 des gaz de combustion. 

Basée sur la stœchiométrie de la réaction de carbonatation, la quantité maximale théorique de CO2 

adsorbée par un oxyde de calcium est de 17.8 mmol.g-1. Certaines études ont montré que l’adsorption 

de CO2 par des oxydes de calcium est influencée par divers facteurs : 

 La nature du précurseur : une étude menée par Han et al. [17] sur trois oxydes de calcium 

différents et ayant comme précurseurs la dolomite a montré des capacités d’adsorption de 

CO2 dépendantes de la teneur en oxyde de calcium. Les capacités d’adsorption de CO2 

obtenues varient entre 2 et 8 mmol.g-1 et sont plus faibles que celles obtenues pour un oxyde 

de calcium dérivant d’un précurseur pur de CaCO3 (12 mmol.g-1).  

 

 La cinétique d’adsorption : l’adsorption de CO2 par des oxydes de calcium se fait en deux étapes 

[13]. Une première étape assez rapide, dédiée à la formation d’une couche de carbonate où le 

taux de carbonatation est influencé par deux paramètres : la température et la pression. Une 

seconde étape plus lente, ou le taux de carbonatation est affecté par le remplissage des pores 
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et très peu par la pression de CO2. Comparativement à d’autres adsorbants tels que les 

zéolithes (section b) 1)) ou les charbons actifs (section b 2) (i)), plusieurs heures sont 

nécessaires pour atteindre 70% de la capacité totale d’adsorption de CO2.  

Les oxydes de calcium possèdent les avantages d’être à faible coût et facilement disponibles en raison 

de l’abondance des précurseurs.  

Les oxydes métalliques peuvent être employés pour la ‘Chemical-Looping Combustion (CLC)’. La 

‘Chemical-Looping Combustion’ initialement proposée par Richter et Knoche en 1983 est un procédé 

prometteur pour la capture de CO2 [18]. De manière analogue aux procédés conventionnels de 

combustion, cette technique repose sur une réaction d’oxydo-réduction à la différence que le contact 

entre le combustible et le comburant est indirect. Ce procédé nécessite l’utilisation de deux réacteurs 

distincts, respectivement dédiés aux flux d’air et de combustible fossile (Figure 1.3).  

 

Figure 1.3 – Schéma fonctionnel de la ‘Chemical-Looping Combustion (CLC)’ ou MeO et Me représentent les 
courants de gaz vecteurs respectivement d’oxyde métallique et de métal [3] 

La connexion entre ces deux réacteurs est assurée par un lit de particules fluidisé circulant du réacteur 

d’air au réacteur de combustible fossile. Typiquement, des lits de particules d’oxydes métalliques tels 

que Fe2O3, NiO, CuO ou Mn2O3 sont employés [3]. Au sein du réacteur de flux d’air, l’oxydation du 

dioxygène, réaction exothermique, entraine la formation d’oxyde métallique de type MeO. La 

réduction du combustible fossile, réaction endothermique, conduit à la formation de gaz de 

combustion : CO2 et H2O ainsi qu’une espèce métallique de type Me. Le dioxyde de carbone est ensuite 

séparé de l’eau par condensation.  

(2) Composés hydrotalcites 

Les composés hydrotalcites (HTlcs) appartiennent à la classe des argiles de type anionique et sont 

étudiés pour divers domaines d’applications : la catalyse, l’échange anionique et l’adsorption. Ces 

composés sont constitués d’un ensemble de couches d’hydroxyde métallique de formule générale 

[(M2+
1-xM3+

x(OH)2]x+(Am-
x/m . nH2O)x- ou : M2+ = Mg2+, Ni2+, Zn 2+  etc.; M3+ = Al3+, Fe3+, Cr3+ etc.; Am- = 

CO3
2- ; SO4

2-, NO3- etc ; et x compris entre 0.17 et 0.33 [19]. L’excès de charges positives (divalentes et 

trivalentes) localisées au sein des sites octaédriques des couches d’hydroxyde est contrebalancé par 

les charges anioniques et les molécules d’eau situées entre les couches d’hydroxyde.  
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Les hydrotalcites adsorbent de faibles quantités de CO2 (< 1 mmol.g-1) par rapport à d’autres 

adsorbants chimiques. L’adsorption de CO2 par des hydrotalcites est influencée par plusieurs 

paramètres : 

 Le ratio de cations divalents/ trivalents : une étude menée par Rodrigue et al. [19], [20] sur 

trois hydrotalcites commerciales a mis en évidence une quantité de CO2 adsorbée optimale (± 

0.4 mmol.g-1) pour un ratio de cations Mg2+/ Al3+ de 1 :1 à 1 bar et 573K.  

 

 La nature de la charge anionique : Rodrigue et al. [19], [20] ont montré un effet de la nature 

de l’anion sur la capacité d’adsorption de CO2. A 1 bar et 573K, ils ont observé une 

augmentation de la quantité de CO2 adsorbée de 0.2 à 0.5 mmol.g-1, respectivement pour les 

anions OH- et CO3
2-.  

b) Physisorbants 

(1) Zéolithes 

Les zéolithes sont des structures cristallines poreuses naturelles ou synthétiques applicables aux 

domaines de la séparation gazeuse et de la purification ; de l’échange ionique ou encore de la catalyse 

[21]. Ce sont des matériaux inorganiques à base d’atomes de silicium et dont quelques éléments sont 

généralement substitués par des atomes d’aluminium (aluminosilicates).  

Les zéolites d’aluminosilicate sont des structures rigides en 3D qui reposent sur un motif tétraédrique 

TO4 (T = atomes de silicium et d’aluminium), de formule générale Mx/n[(AlO2)x(SiO2)y].MH2O (M = contre 

ion). L’électronégativité existant au sein des structures zéolitiques est compensée par le contre ion 

(métaux alcalins ou alcalino-terreux) localisé dans les cavités [22].  

Les zéolithes sont connues pour leurs propriétés de tamis moléculaire grâce à des réseaux poreux bien 

définis et des tailles de pores allant de 0.5 à 1.2 nm. Il existe plus de 170 topologies zéolitiques (LTA ; 

FAU etc.) recensées par ‘The International Zeolithe Association (IZA)’[23].  

A titre d’exemple, les structures de zéolithe de type A et faujasite (FAU) X et Y à base d’unités sodalites 

(SOD) sont représentées en Figure 1.4. Les zéolithes X et Y possèdent des structures et des topologies 

identiques mais diffèrent par leurs rapports Si/Al qui sont respectivement de 1-1.5 et 1.5-3 [22]. 

 

Figure 1.4 – Structures à base de cage sodalite (SOD) avec un arrangement de zéolithe de type A (gauche) et 
de faujasite (FAU) : zéolithes X et Y (droite) [24] 
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L’adsorption de CO2 au sein des zéolithes est gouvernée par le phénomène de physisorption. Ce type 

de matériau adsorbe des quantités plus élevées de CO2 que d’autres adsorbants comme les composés 

hydrotalcites. Cependant, divers facteurs peuvent avoir un impact sur les capacités d’adsorption de 

CO2 tels que : 

 La nature du contre ion : De Brieve et al. [25] ont effectué l’adsorption de CO2 à 273K sur une 

zéolithe NaY et un lot de zéolithes avec différentes teneurs en Ca2+. Les auteurs ont observé 

une quantité de CO2 adsorbée pour la zéolithe NaY d’environ 5 mmol.g-1 à 0.1 bar, supérieure 

aux quantités adsorbées par les zéolithes contenant le contre ion Ca2+.  

 

 Le rapport Si/Al : l’adsorption de CO2 a été réalisée à 295K par Tezel et al. [26] sur un lot de 

zéolithes commerciales dont : 13X, HZSM-5-30, HiSiv 3000 (de type ZSM-5), HY-5 avec 

différents rapports SiO2/ Al2O3 respectivement 2.2, 30, > 1000 et 5.1. Les capacités 

d’adsorption de CO2 obtenues sont : 4.5, 2, 1.5 et 1.2 mmol.g-1 pour les zéolithes 13X, HZSM-

5-30, HiSiv 3000 (de type ZSM-5), HY-5. Les auteurs suggèrent une variation des capacités 

d’adsorption de CO2 liée aux différents rapports SiO2/ Al2O3 ainsi qu’à la nature et la charge 

des contre-ions. 

 

 Le type de zéolithe : Aguilar-Armenta et al. [27], ont effectué l’adsorption de CO2 à 290K sur 

trois types de zéolithes naturelles erionite (ERI), mordenite (MOR), clinoptilolite (HEU) qui ont 

des rapports Si/Al différents. En effet, ce rapport est compris entre 3 et 3.5 pour une zéolithe 

de type erionite, entre 4.17 et 5.0 et entre 4.25 et 5.25 pour celles du types modernite et 

clinoptililite. Les capacités d’adsorption de CO2 obtenues sont respectivement: 2.7 ; 1.6 et 1.5 

mmol.g-1. Selon les auteurs, une plus grande capacité d’adsorption de CO2 pour la zéolithe de 

type erionite est attribué à une plus grande quantité d’aluminium tandis que pour les zéolithes 

de type modernite et clinoptilolite les rapports Si/Al sont proches. 

(2) A base de carbone 

(i) Charbons actifs 

Les charbons actifs sont des matériaux poreux amorphes méso ou microporeux à base de carbone dont 

le domaine d’application s’étend du traitement des eaux à la récupération de solvant ; la séparation 

gazeuse pour H2S, C2S ou encore le CO2 [28]. 

Les charbons actifs sont obtenus à partir de la carbonisation et l’activation de précurseurs carbonés 

tels que le charbon (ex : charbon bitumineux, lignite), les sous-produits industriels (ex : pétrole, coke 

de brai), ou encore la biomasse (ex : bois).  

 La carbonisation : elle s’effectue à haute température dans une atmosphère inerte au cours 

de laquelle les atomes d’hydrogène, d’oxygène et d’azote sont éliminés pour produire une 

matière carbonée appelée ‘char’. 

 

 L’activation : elle peut être chimique ou physique et vise à améliorer les propriétés de surface 

(porosité ; sites actifs ; surface spécifique). L’activation physique consiste en la gazéification 

partielle de la matière carbonée par de la vapeur, de l’air ou du CO2 à température élevée aux 

alentours de 1100-1250 K [29]. L’activation chimique s’effectue à basse température avec 

l’utilisation d’agents chimiques tel que l’hydroxyde de potassium (KOH) ; l’acide phosphorique 

(H3PO4) ou le chlorure de zinc (ZnCl2) [1], [22], [29].  
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Les propriétés texturales (distribution de taille de pores, surface, etc.) ainsi que les propriétés 

d’adsorption des charbons actifs sont fonction de la nature du précurseur utilisé. La diversité des 

précurseurs carbonés disponibles implique un faible coût pour la production de charbons actifs à 

échelle industrielle, ce qui en fait un avantage considérable sur les autres types d’adsorbants. Parmi 

les charbons actifs, de nouvelles classes d’adsorbant sont émergentes telles que les tamis moléculaires 

carbonés ou les nanotubes de carbone.  

Plusieurs travaux ont montré que la capacité d’adsorption de CO2 des charbons actifs est fonction de 

la pression et de la température.  

 La pression : Siriwardane et al. [30] ont réalisé l’adsorption de CO2 à 298K jusqu’à 20 bar pour 

trois adsorbants : un charbon actif (G-32H) et deux tamis moléculaires les zéolithes 13X et 4A. 

Leurs résultats montrent à basse pression (1,7 bar) une capacité d’adsorption de CO2 plus 

faible pour le G-32H que pour les zéolithes 13X et 4A : respectivement de 2.0; 2.5 et 3.0 

mmol.g-1. A plus haute pression (13,7 bar), la capacité d’adsorption de CO2 est plus élevée pour 

le G-32H que pour les zéolithes 4A et 13X soit 4, 3,3 ; 3,5 mmol.g-1 [5]. Selon les auteurs, la plus 

grande capacité d’adsorption de CO2 du G-32H à haute pression en comparaison avec la 

zéolithe 13X s’explique par une surface spécifique plus élevée respectivement de 506 et 897 

m²/g. 

 La température : Do et al.[31] ont mesuré les quantités de CO2 adsorbées sur un charbon actif 

(Ajax) à 0.2 bar pour une gamme de températures allant de 298 à 373K. Cette étude a mis en 

évidence la diminution des capacités d’adsorption de CO2 avec l’augmentation de la 

température. 

L’amélioration des propriétés d’adsorption des charbons actifs fait l’objet de certaines études. Maroto-

Valer et al [32] ont modifié la surface de charbon actif obtenu à partir d’anthracite par des 

groupements nitrés alcalins soit par traitement à haute température d’ammoniaque ou par 

imprégnation de polyethylenamine (PEI). Leurs résultats montrent une augmentation de la capacité 

d’adsorption de CO2 pour les charbons actifs modifiés. Dans le cas de l’imprégnation par PEI, la capacité 

d’adsorption de CO2 augmente avec la température (de 30 à 75°C). 

(ii) Nanotubes de carbone 

Les nanotubes de carbone sont des structures définies et ordonnées composées de macromolécules à 

une dimension (Figure 1.5). Ils sont divisés en deux catégories : les mono parois ‘Single-Walled Carbon 

Nanotubes (SWCNT)’ et les multi parois ‘Multi-Walled Carbon Nanotubes (MWCNT)’ [33].Les SWCNTs 

sont constitués d’une seule couche de feuille de graphène tandis que les MWCNTs en sont composés 

de plusieurs couches concentriques (cylindres). La longueur des nanotubes de carbone est de l’ordre 

de plusieurs nanomètre ou micromètres. Cependant, le diamètre varie et est compris entre 0.4 et 2 

nm pour les SWCNTs et 2 et 100 nm pour les MWCNTs [34].  



Chapitre 1 - Procédés de capture, techniques de séparation et matériaux poreux pour la capture du 
dioxyde de carbone 

23 
 

 

Figure 1.5 – Structure d’une unité de base constituant les nanotubes de carbone [35] 

Les nanotubes de carbone sont des matériaux stables chimiquement, thermiquement et qui possèdent 

de bonnes propriétés mécaniques et des surfaces élevées [34]. Ces matériaux sont applicables dans 

divers domaines : biocapteurs ; catalyse ; stockage de gaz et notamment la séparation de CO2. Les 

nanotubes de carbone sont étudiés pour l’adsorption de CO2, N2 et le mélange CO2/ N2. 

 

Cinke et al. [36] ont caractérisé des nanotubes de carbones purifiés à mono paroi (SWCNTs) par 

adsorption de diazote à 77K. La surface spécifique, le volume microporeux, le volume poreux total 

obtenus sont élevés et sont respectivement de 1587 m².g-1; 0,28 cm3.g-1; 1,55 cm3.g-1.  

 

L’adsorption de CO2 a été effectuée à différentes températures (0, 35, 125, 200°C) et pour une gamme 

de pression de 0-1 bar. Les isothermes d’adsorption montrent une diminution de la quantité adsorbée 

de CO2 lorsque la température augmente. A 35°C, l’adsorption de CO2 a été réalisée sur un nanotube 

de carbone non purifié et un charbon actif. Le nanotube de carbone purifié adsorbe environ deux fois 

plus de CO2 que le charbon actif, pour lequel les sites d’adsorption favorable au CO2 ont été identifiés 

de chaque côté du nanotube. Les auteurs expliquent ce résultat par une répartition non uniforme des 

sites d’adsorption du charbon actif et un faible nombre ayant de l’affinité pour le CO2. En revanche, le 

nanotube de carbone non purifié adsorbe une quantité moindre de CO2 que le charbon actif. Ce 

résultat est confirmé par une étude réalisée par Lu et al. [37]. Dans cette même étude, ils ont mis en 

évidence une augmentation des quantités de CO2 adsorbées pour les nanotubes de carbone greffés 

par des groupements 3-aminopropyltriethoxysilane (H2NCH2CH2CH2-Si(OCH2CH3)3. D’après les auteurs, 

la présence de groupements amines augmentent la basicité de la surface de l’adsorbant et l’affinité 

pour les molécules de CO2. De plus, les nanotubes de carbone greffés présentent des quantités de CO2 

adsorbées plus élevées en comparaison avec une zéolithe et un charbon actif. 

 

Les isothermes d’adsorption de nanotubes de carbone pour les mélanges CO2/ N2 et CO2/ CH4 ont été 

prédites par modélisation (Grand Canonical Monte-Carlo) respectivement par Razavi et al. [38] et 

Huang et al. [39]. Leurs résultats respectifs ont montré une adsorption préférentielle des nanotubes 

de carbone pour le CO2 par rapport au N2 et CH4 donc une bonne sélectivité.  

(iii) Graphène 

Le graphène, forme allotropique du carbone, est à l’origine de matériaux carbonés : fullerène (0 D) ; 

nanotubes de carbone (2D). Le graphène est un matériau cristallin dont le motif de base est un 

arrangement cyclique de six atomes de carbone pour former une structure bidimensionnelle d’une, 
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deux ou plusieurs couches carbonées [40]. Le graphène est utilisé pour des applications dans les 

domaines des batteries lithium, super condensateurs, séparation de gaz [41].  

Les matériaux en graphène ont des surfaces spécifiques élevées. Gosh et al. [42] ont réalisé 

l’adsorption de diazote à 77K pour des échantillons composés de plusieurs feuilles de graphène (entre 

trois et quatre). Les surfaces spécifiques BET obtenues varient de 639 à 1500 m²/g. Dans cette même 

étude, l’adsorption de CO2 à 1 bar et 195K montre une capacité d’adsorption élevée de 35 wt %. Le 

graphène constitué d’une feuille, possède la plus grande capacité d’adsorption de CO2: 37,93 wt %. 

(3) Silice mésoporeuse 

Les silices mésoporeuses sont des matériaux poreux ordonnés à base de silicate/ aluminosilicate qui 

ont été découverts par la société ‘Mobil Research’ dans les années 90 et ont été regroupés sous le nom 

de ‘M41S’[43]. Cette famille comprend les phases d’oxydes mésoporeuses suivantes: la MCM-41, la 

MCM-48 et la MCM-50 qui se différencient par leur réseaux respectifs hexagonal, cubique et 

lamellaire[43], [44]. 

La synthèse de silices mésoporeuses repose sur l’hydrolyse et la condensation de précurseurs en 

présence de tensio-actifs (auto-assemblage de molécules de surfactants). L’élimination du tensio-actif 

par extraction ou calcination conduit au matériau final. Il existe une grande diversité de voies de 

synthèse des silices mésoporeuses conduisant à des matériaux avec des propriétés d’adsorption et des 

tailles de pores variables de 20 à 100 Å [45] 

Les silices mésoporeuses les plus connues sont la MCM-41 (MCM= ‘Mobile Crystalline Material’) et la 

SBA-15 (SBA = ‘Santa Barbara Amorphous’). Ces deux types de matériau ont une structure hexagonale 

possédant des pores en forme de canaux à une dimension dont la taille est contrôlable. La surface 

spécifique BET ainsi que les volumes poreux sont également contrôlables et peuvent atteindre 

respectivement 1000 m².g-1 et 1 cm3.g-1 [22]. La MCM-41 et la SBA-15 ont été étudiées pour le stockage 

et la séparation de gaz grâce à l’amélioration des interactions entre la surface et le gaz notamment le 

CO2 via la fonctionnalisation de la surface de l’adsorbant. 

(4) Metal-Organic Frameworks (MOFs) 

Les Metal-Organic Frameworks (MOFs) sont des matériaux micro/ mesoporeux cristallins 

potentiellement applicables aux domaines du stockage de gaz ; de la séparation gazeuse et 

purification; de la catalyse ou encore de la délivrance médicamenteuse [46]. 

Les MOFs sont des matériaux hybrides organique-inorganique à base de centres métalliques (métaux 

simple ou ‘clusters métalliques’) liés les uns aux autres par des ligands organiques permettant de 

construire un réseau de coordination en une-, deux, ou trois-dimension(s) (Figure 1.6). 
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Figure 1.6 – Représentation schématique de la structure d’un MOF composé de centres métalliques liés aux 
molécules de ligands organiques pour former une structure tridimensionnelle  

Les métaux utilisés peuvent être divalents (Cu, Zn, etc.) ; trivalents (Al, Cr, etc.) ou tétravalents (V, Zr, 

etc.) et les ligands organiques peuvent être des groupements carboxylate, imidazolate, phosphonate 

ou pyrazolate. De par la diversité des métaux, des ligands et leur fonctionnalisation, il existe une large 

gamme de MOFs pouvant être synthétisés avec des propriétés de surface (taille des pores, volume 

poreux, acidité/ basicité, etc.) ajustables aux applications désirées. Les MOFs sont connus pour 

posséder des structures poreuses bien définies avec des surfaces spécifiques BET et volume poreux 

élevés.  

Plusieurs facteurs peuvent impacter les propriétés d’adsorption (capacité d’adsorption ; sélectivité) 

des MOFs tels que : 

 Effet de ‘la taille ’ du ligand organique : K.S. Walton et R.Q. Snurr [47], [48] ont réalisé une 

étude portant sur la détermination des surfaces spécifiques BET par méthode de simulation 

numérique (Grand Canonical Monte Carlo) sur une série de MOFs : IRMOF-1, -10, -16, 

possédant des tailles de ligand croissantes. Leurs résultats montrent une augmentation de la 

surface spécifique BET lorsque la taille du ligand est croissante: respectivement de 3000, 5000 

et 6200 m².g-1. Des résultats similaires ont été observés dans le cas de la série des MIL-140-A, 

-B, -C et –D pour la taille des pores, les surfaces spécifiques BET et les volumes poreux [49]. 

 

 Effet de ‘la fonctionnalisation’ du ligand organique : cela permet de moduler les propriétés 

physico-chimiques de surface des MOFs dans le but d’améliorer certaines propriétés telles que 

la capacité d’adsorption et la sélectivité vis-à-vis du CO2. Yang et al. [50], ont étudié l’impact 

de la fonctionnalisation du ligand organique par différents groupements polaires et apolaires 

(-Br, -NH2, -(OH)2, -NO2, -SO3H, -(CF3)2, -CO2H) sur une série de UiO-66(Zr) pour la séparation 

CO2/CH4. D’une manière générale, une amélioration de l’affinité pour le CO2, de la capacité 

ainsi que de la sélectivité en présence de groupements polaires est observée. Pour cette série 

de matériaux, les meilleures capacités et sélectivités ont été obtenues pour les UiO-66(Zr) 

fonctionnalisés par les groupements –SO3H et –CO2H. 

 

 Effet du ‘métal ou cluster métallique’ : pour la plupart des MOFs, la coordination des centres 

métalliques aux ligands crée un effet d’écrantage impliquant une faible contribution de leur 

part lors de l’adsorption [22]. Cependant, certains MOFs possèdent des sites de coordination 

insaturés (Coordinative Unsaturated Sites, ‘CUS’) qui sont des acides de Lewis et agissent 

comme des sites d’adsorption spécifiques susceptibles d’avoir une plus grande interaction 
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avec les molécules d’adsorbat. A titre d’exemple Dietzel et al. [51] ont montré que les CUS 

présent dans le CPO-27-Ni agissent comme de forts sites d’adsorption pour le CO2. 

 

 Effet de la ‘flexibilité’ : La flexibilité des MOFs peut être induite par divers stimuli : pression 

mécanique, changement de température ou encore la nature de l’adsorbant. Dans le cas du 

MIL-53(Cr) et MIL-53(Al) la flexibilité et notamment le ‘breathing effect’ a été mis en évidence 

lors de l’adsorption de molécules polaires telles que le CO2 à température ambiante. Bourrelly 

et al. [46]ont montré que les MIL-53(Cr, Al) passent d’une forme ‘Large Pore’ (LP) (état de 

déshydratation) à une forme ‘Narrow Pore’ (NP) pour des pressions inférieures à 6 bar tandis 

qu’au-delà de 6 bar une forme LP est retrouvée. Cet effet de respiration n’est pas observé dans 

le cas d’adsorption de molécules apolaires telles que le CH4. La flexibilité des MOFs peut être 

inhibée par le changement du centre métallique, c’est le cas du MIL-47(V) en comparaison au 

MIL-53 (Cr, Al). 

Dans le cadre de ce travail, les MOFs microporeux (diamètre de pore inférieur à 20 Å) ont été étudiés 

car ils sont amenés à présenter des effets de confinements et de tamis moléculaire importants pouvant 

favoriser la sélectivité vis-à-vis du CO2. Au cours de ce travail, les MOFs seront comparés à la zéolithe 

NaX [53] et le tamis moléculaire carboné Takeda 5A [52] largement étudiés pour leurs propriétés 

d’adsorption de CO2 pris comme matériaux de référence. Quelques exemples de familles de MOFs 

microporeux sont donnés ci-dessous. 

La dénomination ‘MIL-n’ fait référence aux Metal-Organic Frameworks découverts et synthétisés par 

l’équipe de G. Férey et C. Serre au sein l’institut Lavoisier à Versailles (MIL = Matériau de l’Institut 

Lavoisier). Les matériaux MIL-100, MIL-101 et MIL-53 sont les plus connus et font l’objet de 

nombreuses études pour la séparation de gaz. 

(a) MIL-53 

Les matériaux MIL-53 de formule chimique M(OH)(O2C-C6H4-CO2) sont formés d’une infinité de chaines 

d’octaèdres métalliques MO4(OH)2 reliées les unes aux autres par des molécules de ligand organique, 

le benzène dicarboxylate (BDC). Cet arrangement conduit à des structures en trois dimensions 

composées de tunnels à une dimension en forme de losange. Les matériaux MIL-53 ont été synthétisés 

avec différents métaux tel que le chrome, l’aluminium, le fer, le gallium, l’indium[53]–[58]. 

La famille des matériaux MIL-53 est principalement connue pour la flexibilité de leur structure. Bien 

que la structure des MIL-53 reste inchangée, la nature du métal a un impact sur la flexibilité. L’effet de 

l’interaction de molécules avec les ‘murs’ de la structure provoque une transition de structure avec 

une variation du volume de cellule. Par exemple, l’hydratation-déshydratation des matériaux MIL-53 

(Cr3+, Al3+) conduit à une variation de la structure d’une amplitude de plus de 5Å (Figure 1.7). 



Chapitre 1 - Procédés de capture, techniques de séparation et matériaux poreux pour la capture du 
dioxyde de carbone 

27 
 

 

Figure 1.7 – Effet de respiration induit par la déshydratation du MIL-53(Cr3+, Al3+) : forme hydratée petits pores 
(gauche) et forme déshydratée grands pores (droite) [59] 

L’activation sous vide du MIL-53(Cr3+, Al3+) mène à une forme déshydratée appelée ‘large pore’ ou 

‘forme ouverte’. La porosité est plus élevée et le diamètre de pore est proche de 8.5Å. Le groupe de 

G. Férey a mesuré une surface spécifique BET équivalente avoisinant 1200 m²/g pour le MIL-53(Cr3+, 

Al3+)[54]. Lors de l’adsorption de CO2, la structure du MIL-53(Cr3+, Al3+) repasse sous forme de ‘petit 

pore’ ou ‘forme fermée’ pour s’ouvrir et devenir à nouveau ‘large pore’ sous l’effet de l’augmentation 

de la pression. Cela se traduit par une inflexion sur l’isotherme d’adsorption. Ce phénomène est appelé 

‘effet de respiration’.  

(b) CuBTC  

Le metal-organic framework CuBTC ou HKUST-1 de formule chimique [Cu3(btc)2(H2O)3] a été synthétisé 

à l’Université de Science et Technologie de Hong Kong en 1999 [60]. Le CuBTC est construit à partir de 

l’association de deux atomes de cuivre (Cu2+) avec quatre atomes d’oxygène provenant de deux 

molécules de ligands organiques, le benzène 1,3,5-tricarboxylate, pour former une structure en trois 

dimensions. Le Cu-BTC est composé de deux sortes de pores. Un premier pore central d’une taille de 

9Å entouré de seconds pores plus petits de 5Å formant des sortes de poches (‘pockets’). Ces deux 

types de pores sont interconnectés par des fenêtres triangulaires d’une taille de 3,5 Å (Figure 1.8)  

 

Figure 1.8 – Structure du metal-organic framework Cu-BTC ou HKUST-1 [60] 

En fonction des conditions de synthèse et d’activation, la surface spécifique BET équivalente du CuBTC 

varie de 690 [60] à 1700 m²/g [61]. De plus, la structure du CuBTC est instable en présence d’eau. 

L’activation sous vide du CuBTC provoque des sites de coordination insaturés (CUS) de Cu2+ (acide de 

Lewis) qui peuvent avoir une forte interaction pour certaines molécules telles que CO2. Le CuBTC est 

un matériau qui a été étudié pour diverses applications : séparation et stockage de gaz, catalyse.  
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(c) UiO-66 

Le matériau UiO-66 (Université d’Oslo) de formule chimique [Zr6O4(OH)4(CO2)12] est un MOF largement 

synthétisé car il présente d’excellentes propriétés d’adsorption de CO2 [62]. De plus, il est stable 

thermiquement et en présence d’eau.  

La structure de l’UiO-66 consiste en un noyau interne Zr6O4(OH)4 dans lequel les faces triangulaires 

d’octaèdres ZrO6 sont alternativement délimité par des groupements µ3-O et µ3-OH. Les polyèdres des 

arrêtes sont coordonnés aux carboxylates (µ2-(CO2)) provenant des ligands organiques (acide 1,4 

benzène dicarboxylate) pour former un cluster d’oxyde de zirconium de formule Zr6O4(OH)4(CO2)12. 

Chaque cluster d’oxyde de zirconium est lié à 12 molécules de ligand organique pour former une 

structure cubique tridimensionnelle. Cela conduit à une cage centrale octaédrique de diamètre interne 

de 11 Å entourée par huit cages tétraédriques de diamètre interne de 8Å. La connexion entre ces deux 

types de cages se fait par des fenêtres triangulaires d’environ 6Å (Figure 1.9). 

 

Figure 1.9 – Structure du MOF UiO-66 composée de cages centrales octaédriques (gauche) entourées par huit 
autres cages tétraédriques (droite) [63] 

La caractérisation du MOF UiO-66 a montré qu’il est stable thermiquement jusqu’à 300°C et possède 

une surface spécifique BET équivalente aux alentours de 1000m²/g. La fonctionnalisation du ligand 

benzene dicarboxylate par des groupements –NH2, -NO2, -Br, -1,4-naphtyl, -1,5-OMe peut conduire à 

la diminution de la surface spécifique et du volume poreux de l'UiO-66. L’introduction de ces groupes 

d’atomes a pour objectif d’améliorer à la fois l’interaction entre la structure et les différents 

adsorbables et la sélectivité de ces matériaux.  

(d) Zeolitic Imidazolate Frameworks (ZIF’s) 

Les ‘Zeolitic Imidazolate Framewors (ZIFs)’ sont des matériaux poreux cristallins qui appartiennent à la 

classe des MOFs. Ils sont construits à partir d’ions métalliques (M= Zn, Co) connectés aux atomes 

d’azotes des ligands organiques imidazole (C3N2H3
- = Im) pour former des structures tridimensionnelles 

(3D) [64]. De nombreux ZIFs sont synthétisés grâce à la diversité des ions métalliques et du ligand 

organique fonctionnalisé ou non. Ce sont des structures proches de celles des zéolithes avec un angle 

M-Im-M de 145° équivalent à Si-O-Si de 145°. De plus, certains ZIFs possèdent des topologies similaires 

à celles des zéolithes telles que : ANA, BCT, DFT, GIS, GME, LTA, MER, RHO and SOD [64].  

Les ZIFs ont à la fois une bonne stabilité chimique et thermique ainsi qu’une porosité bien définie les 

rendant attractifs pour des applications de séparation de gaz. Un des ZIFs les plus connus pour la 

séparation gazeuse est le ZIF-8 qui possède : une topologie sodalite (SOD) et une surface spécifique 

BET de 1400 m².g-1 [65].
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Dans cette section quelques MOFs de la littérature ont été détaillés, il est à noter que parmi les MOFs 

à base d’aluminium le MIL-120 est intéressant pour la séparation de gaz avec des pores de dimensions 

5.4*4.7 Å [66]. Cependant il existe d’autre type de MOFs utilisant différents métaux dont le magnésium 

Mg2+, le MIL-123 [67]. Ce MOF est construit à partir de deux types de cavités assez larges qui sont de 

super octaèdres indépendamment connectés les unes aux autres générant un double réseau qui 

s’interpénètre pour former un réseau 3D. Il existe également des MOFs à base de lithium, le Li2(2,6-

NDC) ULMOF-1, constitué de couches d’anti-fluorite à deux dimensions connectées aux sommets aux 

octaèdres de LiO pour former une structure tridimensionnelle [68].  

c) Effet de l’eau 

La présence d’eau dans les gaz de combustion est un facteur pouvant avoir un impact négatif sur les 

capacités d’adsorption de CO2 des adsorbants. [66]. En effet, Ruthven et al. [67] ont mené une étude 

sur l’adsorption de CO2 à 298K sur deux zéolithes de type faujasite : NaLSX et LiLSX en présence de 

différentes quantités d’eau. Les résultats obtenus montrent une forte diminution des capacités 

d’adsorption de CO2 lorsque la quantité d’eau augmente.  

A titre d’exemple, lorsque les zéolithes NaLSX et LiLSX ne contiennent pas d’eau elles adsorbent 

respectivement 1.7 et 3.2 mmol.g-1 de CO2 à 0.04 bar. Pour une charge en eau d’environ 8 wt%, les 

capacités d’adsorption de CO2 sont 0.8 et 1 mmol.g-1.  

Dans le cas des charbons actifs, les capacités d’adsorption de CO2 sont très peu affectées par la 

présence d’eau car leurs surfaces sont généralement hydrophobes. Néanmoins, un stockage prolongé 

de charbon actif en conditions humides contribue à réduire leur capacités d’adsorption de CO2[68].  

Dans le cas des MOFs, la capacité d’adsorption de CO2 peut être affectée par la présence d’eau [69]. 

C’est par exemple le cas du HKUST-1 où sa capacité d’adsorption de CO2 diminue fortement en 

présence d’eau [70]. En effet à 1 bar et 298K, les capacités d’adsorption de CO2 sont environ 300 mg.g-

1 et 25 mg.g-1 respectivement lorsque l’échantillon est sec où entièrement humidifié. Néanmoins, pour 

une charge d’eau de 4 wt%, Yazaydin et al. [70] ont noté une amélioration de la capacité d’adsorption 

de CO2. Les capacités d’adsorption de CO2 d’autres matériaux, tels que le CPO-27-Ni, qui semble être 

prometteur pour de la post-combustion sont affectées par la présence d’eau. Liu et al. [71] ont observé 

une diminution des capacités d’adsorption de CO2 et des sélectivités CO2/N2 pour un taux d’humidité 

relative de 3%. Néanmoins pour les ZIF-68 et -69 et un taux d’humidité de 5%, les sélectivités CO2/N2 

sont maintenues à faible pression et augmentent à plus haute pression (> 10 bar) malgré une 

diminution de la capacité d’adsorption de CO2.[72]. 

Cela montre qu’en présence d’eau, les capacités d’adsorption ainsi que les sélectivités vis-à-vis du CO2 

peuvent être affectées négativement mais aussi améliorées dans certains cas.  

4. Techniques de régénération des adsorbants 

Après saturation de l’adsorbant, une étape importante et nécessaire est sa régénération pour 

permettre sa réutilisation au cours des prochains cycles d’adsorption/ désorption [1]. A l’échelle 

industrielle, il est préférable que la régénération s’effectue avec une faible consommation énergétique 

afin d’en réduire les coûts. Plusieurs techniques de régénération ont été développées basées sur la 

diminution de pression (Pressure ou Vacuum Swing Adsorption, PSA ou VSA) ou l’augmentation de la 

température (Temperature ou Electric Swing Adsorption, TSA ou ESA) :  
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 ‘Pressure Swing Adsorption (PSA)’ : l’adsorption s’effectue à haute pression (supérieure à la 

pression atmosphérique) à cause de la compression des gaz de combustion en amont de la 

colonne d’adsorption. La désorption de molécules cibles telles que le CO2 s’effectue à la 

pression atmosphérique par réduction de la pression totale.  

 ‘Vacuum Swing Adsorption (VSA)’: l’adsorption s’effectue pour des conditions de pression et 

température proches de l’ambiante. La pression de désorption est inférieure à la pression 

atmosphérique car elle s’effectue sous vide.  

 

 ‘Temperature Swing Adsorption (TSA)’: la désorption est réalisée par un courant d’air chaud. 

 

 ‘Electric Swing Adsorption (ESA)’ : la désorption s’effectue par effet Joule 

A titre d’exemple, la régénération des zéolithes s’effectue généralement par PSA ou TSA [13]. En 

comparaison avec les zéolithes, la désorption ou régénération des charbons actifs nécessite moins 

d’énergie ce qui est un avantage à l’échelle industrielle [73].  

5. Membranes 

La séparation gazeuse membranaire s’effectue par le transfert d’une force motrice : la pression. Depuis 

la commercialisation des premières membranes polymériques dans les années 80, le domaine des 

membranes connait un fort développement. Perma (actuellement une division d’Air Product) a 

synthétisé la première membrane polymérique à base de polysulfone pour la séparation d’hydrogène 

[74]. 

En comparaison avec les techniques conventionnelles de séparation décrites précédemment, les 

membranes possèdent plusieurs avantages :  

 Diminution des coûts d’exploitation et des besoins énergétiques, taille des équipements et 

déchets générés 

 Réduction de l’empreinte carbone 

 Pas de nécessité de changement de phase comme pour l’absorption par solvant chimique 

Deux paramètres permettent d’évaluer l’efficacité d’une membrane : la perméabilité et la sélectivité. 

Ces deux grandeurs sont spécifiques à chaque membrane et chaque type de séparation gazeuse : 

CO2/N2, O2/N2, CO2/CH4, etc [75]. Les performances des membranes sont évaluées en reportant les 

valeurs de perméabilité et de sélectivité sur le diagramme de Robeson, un exemple est fourni ci-

dessous pour la séparation CO2/N2 (Figure 1.10).
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Figure 1.10 – ‘Robeson Upper Bound 2008 [75]’ exprimant la sélectivité (α) CO2/N2 en fonction de la 
perméabilité de CO2 

La perméabilité ou coefficient de perméabilité, 𝑃𝑖, représente la capacité d’une molécule à passer à 

travers une membrane. Ce coefficient est défini de la manière suivante : 

     𝑃 =
𝐽𝑖.𝑙

𝛥𝑝𝑖
          (1.6) 

Autrement dit, la perméabilité s’exprime comme le flux molaire de gaz (𝐽𝑖) diffusant au travers d’une 

membrane, normalisé par la différence de pression de gaz (𝛥𝑝𝑖) de chaque côté de la membrane et 

également en fonction de son épaisseur 𝑙. La perméabilité d’une molécule est généralement donné en 

barrer soit 1 barrer = 1.10-10 cm3 (STP) cm/cm² s cmHg ou encore 1 barrer = 3.344.10-16 mol.m.m-2.Pa-

1.s-1. 

La sélectivité décrit la capacité d’une membrane à séparer deux molécules 𝑖 et 𝑗 qui sont transportées 

au travers de la membrane, cela correspond au ratio de leur perméabilité (1.7) [76] : 

     𝛼𝑖𝑗 =  𝑃𝑖 𝑃𝑗⁄          (1.7) 

a) Membranes polymériques 

Le transport de molécules à travers des membranes polymériques est gouverné par des mécanismes 

de ‘solution-diffusion’. Concernant leurs propriétés de séparation, elles possèdent de plus grandes 

sélectivités que les membranes inorganiques en raison d’un plus faible volume libre. Néanmoins, les 

propriétés de séparation de ces membranes sont limitées car lorsque la perméabilité augmente la 

sélectivité diminue et inversement. L’amélioration des sélectivités et des perméabilités de ces 

membranes est un challenge qui fait l’objet de nombreuses études.  

Les membranes polymériques sont facilement manufacturables et possèdent de bonnes propriétés 

mécaniques. Les désavantages sont [76]:  

 Faible résistance aux contaminants de type H2S 

 Faible stabilité thermique et chimique 

 Limite sélectivité/ perméabilité 

Les membranes polymériques commercialisées sont applicables aux séparations suivantes : CO2/ CH4 

(gaz naturel) ; O2/ N2 (air) ; H2/ N2.  
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Parallèlement à l’optimisation des membranes polymériques, les membranes inorganiques ont été 

développées. 

b) Membranes inorganiques 

Les membranes inorganiques sont constituées majoritairement d’oxydes métalliques, de zéolithes, de 

silice, de tamis moléculaires ou de nanotubes à base de carbone. Quatre types de mécanismes peuvent 

gouverner la séparation de gaz au sein de membranes inorganiques : la diffusion de Knudsen, la 

diffusion de surface, la condensation capillaire et le tamisage moléculaire [77]. Ces membranes 

possèdent les avantages d’être à la fois résistantes à de hautes températures et à certains agents 

chimiques. Néanmoins, elles présentent certains inconvénients :  

 Un coût élevé 

 Une reproductibilité moyenne 

 Une faible résistance mécanique 

Par rapport aux membranes polymériques, les membranes inorganiques montrent de meilleures 

sélectivités en raison de leur plus grande porosité, améliorant les propriétés de séparation de gaz. 

c) Membranes à matrices mixtes (MMM’s) 

Les membranes à matrices mixtes sont des matériaux composites constitués de micro- ou 

nanoparticules inorganiques (phase discontinue) incorporées dans une matrice polymérique (phase 

continue) (Figure 1.11). L’objectif des MMM’s est de combiner les meilleures propriétés de séparation 

de gaz des matériaux inorganiques avec les propriétés mécaniques intéressantes des polymères et leur 

fabrication assez simple. 

 
Figure 1.11 – Schéma d’une membrane à matrice mixte composée d’une phase polymérique (vert) au sein de 
laquelle sont dispersées des particules inorganiques (jaune) et exemple de transport de molécules 

Dans le cadre du projet européen M4CO2, le choix des matériaux poreux à intégrer aux polymères s’est 

orienté sur les MOFs car ils possèdent des aires spécifiques élevées, de grands volumes poreux et 

offrent une large diversité de structure due à leur chimie adaptable (nature du métal, 

fonctionnalisation du ligand) par rapport aux zéolites et charbons actifs.  

La Figure 1.11 illustre un exemple de mécanisme de transport au travers d’une membrane à matrice 

mixte pour une séparation gazeuse CO2/N2. La Figure 1.11 à gauche montre que la molécule de CO2 

diffuse au travers de la phase polymérique sans passer par les particules inorganiques tandis que la 

molécule de N2 traverse la membrane. Ce type de mécanisme ou la diffusion prédomine induit une 
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diminution de la sélectivité de la membrane. Cependant, l’objectif général du projet M4CO2 est une 

amélioration des performances de séparation des membranes à matrice mixtes à la fois en termes de 

perméabilité et de sélectivité. La Figure 1.11 à droite met en évidence le type de transport souhaité : 

un effet de tamis moléculaire. Dans cette configuration, la molécule de N2 ne passe pas au travers de 

la membrane à cause de son diamètre cinétique supérieure à celui de la taille des pores des matériaux 

poreux tandis que la molécule de CO2 diffuse et est adsorbée par ces particules inorganiques. 

Néanmoins dans l’élaboration de membrane à matrice mixte, l’intégration de MOFs ou tout autre type 

de particules inorganiques à une phase polymérique entraîne une modification des performances de 

la membrane et trois cas de structure à l’interface sont possibles :  

 Lorsque le MOF et le polymère ne sont pas compatible cela crée un ‘vide interfacial’ ou ‘trou’. 

Cela engendre une augmentation de la perméabilité par la présence de ce ‘vide interfacial’ et 

une diminution de la sélectivité. 

 Lorsqu’il y a une bonne adhésion MOF/ polymère, un blocage partiel ou complet des pores 

peut survenir à cause de solvants ou contaminants lors de la synthèse ou après. En cas de 

blocage partiel, il y a généralement une diminution de la perméabilité tandis que la sélectivité 

dépend du degré de blocage. En cas de blocage total, les MOFs se comportent comme des 

matériaux non poreux. 

 Lorsque l’adhésion MOF/polymère est parfaite cela diminue le ‘vide interfacial’ et donc la 

perméabilité mais cela permet d’augmenter la sélectivité. 

Les bonnes performances d’une membrane à matrice mixte dépendent de l’optimisation de 

l’interaction particules inorganiques/ polymère. 

Il existe diverses configurations de mise en œuvre de membrane à matrice mixte [76] : 

 A couche dense ‘Flat dense MMM’s’ 

 Asymétrique à feuille plane ‘Flat sheet asymmetric MMM’s’ ou à fibre creuse ‘Hollow fiber 

asymmetric MMM’s’ 

Dans le cadre du projet M4CO2, les membranes à matrices mixtes à fibre creuse sont développées. 

Celles-ci sont constituées d’une fine couche n’excédant pas 200 nm, sélective pour la séparation de 

gaz et supportée par un substrat poreux assurant les propriétés mécaniques. 
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6. Bilan 

La Figure 1.12 ci-dessous illustre les différents procédés et techniques de séparation de CO2 pouvant 

être utilisés. 

 

Figure 1.12 – Récapitulatif des procédés de capture et des techniques de séparation de CO2 

D. Projet de thèse 

Ce travail de thèse s’inscrit au sein du projet européen M4CO2, ‘Mixed Matrix Membranes à base de 

Metal-Organic Frameworks and polymères (M4)’ en vue de la capture de CO2.  

Le projet M4CO2 concerne la conception de membranes à matrice mixte (MMM’s) composées de 

matériaux poreux (les MOFs) et de polymères pour la séparation gazeuse de CO2 en vue des 

applications de post et de pré-combustion. Pour cela, des institutions de recherche et des industriels 

ont été impliqués dont le CNRS, Total, Polymem etc. 

La séparation gazeuse par membrane ne nécessite pas de changement de phase gaz/ liquide en 

comparaison avec les technologies usuelles (absorption par solvants aminés, distillation cryogénique), 

ce qui donne lieu à une réduction de l’empreinte carbone et des coûts de la séparation du mélange 

gazeux. En effet, le « prix du carbone » a été évalué environ à 24-35 €/ tonne de CO2 pour une 

installation de capture de CO2, il est donc nécessaire de se tourner vers des techniques de séparation 

moins énergivores. De plus, le dimensionnement des unités de séparation membranaires est peu 

complexe et permet d’opérer en conditions continues.  

Les membranes à matrices mixtes allient à la fois la résistance mécanique des membranes 

polymériques et les propriétés de séparation des membranes inorganiques.  

Ainsi, le projet M4CO2 a pour objectif de concevoir des prototypes de membranes à matrice mixte 

visant à améliorer et/ou surpasser les performances de séparation de CO2 des MMM’s ou celles 

obtenues par les autres technologies.  

Le choix des matériaux poreux à intégrer aux polymères s’est orienté sur les Metal-Organic 

Frameworks (MOFs) et trois générations de MOFs ont été synthétisés :  
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 1ère génération : MOFs possédant une seule taille de pore pour lesquelles la synthèse de 

nanoparticules est facilement réalisable (NH2-MIL-53(Al), ZIF-8, (CO2H)2-UiO-66(Zr)) 

 2nd génération : MOFs stables comprenant des tailles de pores et des fonctionnalisations 

différentes (UiO-66(Zr) ; MIL-53 ; MIL-91 ; Sc2(BDC-NH2)3 ; Sc2(BDC-NO2)3) 

 3ème génération : synthèse de particules de ‘core-shell’ contenant des mésopores pour la 

pénétration du polymère et des micropores pour améliorer la séparation de gaz.  

Dans le cadre du projet M4CO2, les membranes sont conçues en module asymétrique de fibre creuse 

(‘asymmetric hollow fiber’) et sont constituées de l’association d’une fine couche sélective de MOFs 

n’excédant pas une épaisseur de 150-300 nm et d’un support poreux. Les performances et la stabilité 

de ces membranes dépendent à la fois de l’épaisseur de la couche sélective de MOFs ainsi que de 

l’affinité MOFs/ polymère. Le succès des MMM’s réside dans l’optimisation de l’interaction MOFs/ 

polymère passant par la fonctionnalisation de surface. Ainsi, des nanoparticules de MOFs possédant 

des morphologies et des structures variables et une fonctionnalisation adaptée ont été synthétisées.  

Contribution  

Dans le cadre du projet européen M4CO2, nous avons été impliqués dans la caractérisation texturale 

et thermodynamique des Metal-Organic Frameworks (MOFs) pour la capture de CO2. Les 

caractérisations texturales et thermodynamiques concernent respectivement la détermination des 

aires spécifiques, des volumes poreux ainsi que des enthalpies d’adsorption du CO2 des MOFs. Ajouté 

à cela, les capacités d’adsorption du CO2 et les sélectivités ont été obtenues à partir des isothermes 

d’adsorption. L’ensemble de ces paramètres sera défini au chapitre 2. La Figure 1.13 met en évidence 

notre contribution et nos interactions avec les différents partenaires. En effet, les MOFs que nous 

avons caractérisés ont été fournis par différentes institutions de recherche (Université de Versailles, 

Université de Saint Andrews et Johnson Matthey). Les données expérimentales d’adsorption ont été 

confrontées à la fois avec celles obtenues par simulation et avec les expériences de co-adsorption ce 

qui permet l’identification des mécanismes d’adsorption. 

 

Figure 1.13 – Représentation schématique de notre contribution au projet M4CO2 et des interactions avec les 
différents partenaires 
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MOFs étudiés 

Le choix des MOFs étudiés au cours de ce projet de thèse ainsi qu’une description de leur structure est 

fourni ci-dessous.  

MIL-96(Al) 

Le MOF MIL-96(Al), à base d’aluminium, a été synthétisé par l’Institut Lavoisier de Versailles. Cette 

phase est issue de la réaction entre un aluminium et un groupement aromatique carboxylique, il a pour 

formule brute : Al12O(OH)18(H2O)3(Al2(OH)4)[btc]6.24H2O. La phase du MOF MIL-96(Al) décrite dans ce 

travail a été revisitée par Marvin et al. [78] durant le projet M4CO2 car un désordre cristallographique 

de la structure initialement synthétisée par Loiseau et al. [79] a été suspecté.  

 

Figure 1.14 – Charpente du MIL-96(Al) selon l’axe c (gauche) ainsi que les deux blocs inorganiques qui le 
constitue: un trimère d’aluminium (milieu) et une chaîne sinusoidale à 18 membres (droite) composée de deux 
autres types de trimères [78] 

La Figure 1.14 présente la phase MIL-96(Al) qui est une structure tridimensionnelle composée 

d’octaèdres d’aluminium coordonnés entre eux par des ligands trimésiques [btc]3-. La structure du MIL-

96(Al) résulte de l’assemblement de deux blocs inorganiques distincts. Le premier bloc est constitué 

d’atomes d’aluminium entourés de cinq atomes d’oxygènes provenant des acides carboxyliques et 

d’une molécule d’eau pour former des trimères AlO5(H2O) (Figure 1.14, milieu). Tandis que le second 

bloc est un réseau 2D constitué par des chaines sinusoïdales d’octaèdres d’aluminium Al2O(OH)4 et 

AlO4(OH)2 interconnectées pour former un cycle hexagonal à 18 membres. La cohésion de la structure 

du MIL-96(Al) est assurée par la connexion de ces deux blocs inorganiques grâce aux molécules de 

ligands. Il en résulte un réseau en 3D constitué de trois types de cavités. La première cavité est 

délimitée par deux trimères selon l’axe c qui sont connectés à la chaîne sinusoïdale à 18 membres par 

six ligands btc. Cette cavité de forme ellipsoïdale a les dimensions suivantes : 9.5*12*11.3 Å et un 

volume poreux de 700 Å3. La seconde cavité est définie par trois trimères interconnectés par des 

ligands de façon plane et qui sont reliés à deux unités de la chaîne sinusoïdale par six ligands btc. Cette 

cavité en forme de bipyramide a pour dimension 3.6*4.46 Å. La dimension de la fenêtre entre ces deux 

cavités est de 3.6*4.5 Å. La troisième cavité se trouve entre trois trimères (plan a,b) et deux unités 

trimériques selon l’axe c, elle a une forme sphérique de dimensions 11 Å. La dimension de la fenêtre 

entre la seconde et la troisième cavité est de 1.2*1.9 Å.  

Sc2BDC3 et Sc2(BDC-NO2)3 

Les MOFs à base de scandium : Sc2BDC3 et Sc2(BDC-NO2)3 ont été synthétisés par l’Université de St 

Andrews. Le MOF scandium téréphtalate, Sc2BDC3, est obtenu à partir d’ion trivalent Sc3+ et d’un 

groupement aromatique carboxylique (BDC = 1,4-benzène di-carboxylate), il a pour formule brute 

Sc2(O2CC6H4CO2)3. La Figure 1.15 présente la structure de la phase scandium.  
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Figure 1.15 – Structures du Sc2BDC3 (gauche) et Sc2(BDC-NO2)3 (droite) optimisées par la méthode de 
modélisation ‘Density Functional Theory (DFT)’ [80] 

La structure du Sc2BDC3 résulte de l’association d’octaèdres de scandium, ScO6, qui sont interconnectés 

par des molécules de ligands organiques pour former un réseau en 3D constituéde canaux 

triangulaires. Il en résulte un diamètre de pore de 3.6 Å. La phase Sc2(BDC-NO2)3 est obtenue à partir 

de la fonctionnalisation des molécules de ligands par des groupements nitro (-NO2) formant un réseau 

3D composé de canaux triangulaires. Les atomes d’oxygènes des groupements –NO2 sont dirigés vers 

le centre des canaux impliquant une diminution de la taille des pores. En effet, le diamètre de pore a 

été évalué à 2.9 Å. 

MIL-69(Al) 

Le MOF MIL-69(Al) à base d’aluminium a été synthétisé par l’Institut Lavoisier de Versailles. La phase 

MIL-69(Al) s’obtient à partir d’ions trivalents Al3+ et de 2,6-naphtalènedicarboxylique, il a pour formule 

brute : Al(OH)(O2C-C10H6-CO2).H2O. La structure de la phase MIL-69(Al) est présentée dans la Figure 

1.16. 

 

Figure 1.16 – Structure du MIL-69(Al) (gauche) et représentation des chaînes infinies d’octaèdres d’aluminium 
AlO4(OH)2 connectés aux ligands selon l’axe c [81] 

Comme le montre la Figure 1.16, le MIL-69(Al) résulte de la connexion de chaînes infinies d’octaèdres 

d’aluminium, AlO4(OH)2, liés entre elles aux sommets par des groupements hydroxyles µ2-OH et 

coordonnés par des molécules de ligands 2,6-naphtalènedicarboxylique (ndc). Il en résulte un réseau 

en 3D contenant des tunnels aplatis suivant la direction parallèle aux chaînes d’octaèdres d’aluminium 

(axe c). Le MIL-69(Al) est composé de canaux à une dimension avec une ouverture de pore de 2.7 Å 

dans lesquels une molécule d’eau est piégée. Celle-ci interagit à la fois avec les groupements 

hydroxyles et les atomes d’oxygène des carboxylates par des liaisons hydrogènes. Lors de l’élimination 

de molécules d’eau, la phase MIL-69(Al) n’est pas dégradée, elle est stable jusqu’à 450°C. De plus, les 

tunnels sont maintenus dans un état contracté grâce aux interactions π-π entre les groupements 

naphtalène.
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NH2-MIL-53(Al) 

Parmi les MOFs de la famille des matériaux MIL-53, le MIL-53(Al) est obtenu à partir de cation trivalent 

Al3+ et d’acide 1,4-benzènedicarboxylique (H2BDC). Le MIL-53(Al) est constitué d’octaèdres AlO4(OH)2 

liés aux sommets par des groupements hydroxyles afin de former des chaines infinies liées entre elles 

par des ligands organiques. Il en résulte une charpente tridimensionnelle composée de pores en forme 

de losange avec une taille de pore de 8.5 Å.  

Le MIL-53(Al) est principalement connu pour la flexibilité de sa structure sous l’effet de stimuli comme 

l’adsorption de gaz. Dans le contexte de l’élaboration de membrane à matrice mixte, il est préférable 

d’utiliser des MOFs microporeux non flexibles pour éviter des problèmes de compatibilité et de 

stabilité entre le MOF et le polymère dans le domaine de pression fixé. C’est pourquoi les propriétés 

d’adsorption de CO2 du MIL-53 fonctionnalisé par des groupements amino, NH2-MIL-53(Al) de 

structure rigide, ont été étudiées dont la structure est présentée dans la Figure 1.17.  

 

Figure 1.17 – Structure du MIL-53(Al) fonctionnalisé par des groupements amino (-NH2) [83] 

Stavitski et al. [84] ont montré que les groupements –NH2 contribuent au maintien de la structure dans 

une forme ‘narrow pore’ via la création de liaisons hydrogène avec les unités AlO6 et joue un rôle 

indirect sur l’adsorption de CO2. Cela conduit également à une diminution de la taille de pore évaluée 

à 6.0 Å pour le NH2-MIL-53(Al). 

MIL-91(Ti) 

Le MOF MIL-91(Ti), diphosphonate de titane, a été synthétisé par l’université St Andrews sous 

conditions de reflux. Initialement, la phase MIL-91(Ti) a été synthétisée par Serre et al. en 2006 [85] 

sous conditions hydrothermales. Durant le projet M4CO2, des conditions de reflux ont été choisies pour 

démontrer que les MOFs microporeux peuvent être produits avec des conditions de ‘synthèse verte’ 

sans altérer leurs propriétés d’adsorption de CO2.  

La phase MIL-91(Ti) est issue de la réaction entre un ion tétravalent, Ti4+, et un ligand organique l’acide 

N,N’-pipérazine bis-méthylène phosphonique (O3P-CH2-NC4H8N-CH2-PO3). Le MIL-91(Ti) a pour formule 

brute : TiO(H2L)·nH2O (n ~ 4.5) ou L est le ligand organique.  
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Figure 1.18 – Structure des octaèdres de titane, TiO6, coordonnés aux sommets par deux groupements PO3C 
(gauche) et charpente du MIL-91(Ti) (droite) selon l’axe b [86] 

Comme le montre la Figure 1.18, la structure du MIL-91(Ti) consiste en un réseau 3D composé 

d’octaèdres de titane TiO6 pour lesquels chacun d’entre eux est lié aux sommets par deux groupements 

PO3C coordonnés aux chaînes voisines de ligand. Cela délimite une taille de pore accessible qui a été 

estimée à 3.5*4.0 Å. 

Les matériaux poreux ‘Zeolitic Imidazolate Frameworks (ZIFs)’ 

Pour rappel, les ZIFs sont des matériaux poreux cristallins appartenant à la classe des MOFs et qui ont 

des topologies analogues à celles des zéolithes. De par la variété de métaux, des ligands organiques et 

leur fonctionnalisation, il en ressort une grande diversité de structures de ZIFs avec des réseaux poreux 

en 3D.  

Au cours de ce projet de thèse quatre ZIFs ont été caractérisés, fournis par l’entreprise Jonson Matthey 

et qui possèdent deux topologies distinctes : sodalite (SOD) et rhomboédral (RHO). Les ZIFs de 

topologie sodalite sont constitués de larges cages sodalite qui sont interconnectées entre elles par des 

fenêtres. Tandis que les ZIFs de topologie rhomboédrale sont obtenus à partir de la fonctionnalisation 

en position quatre et cinq de groupement imidazole.  

 

Figure 1.19 – Topologie sodalite (SOD) et rhomboédrale (RHO) (en haut) ainsi que les structures des ZIF-8, ZIF-
94, ZIF-93 et ZIF-11 et leur ligand organiques (en bas) 

Les ZIF-8 et ZIF-94 ont une topologie sodalite tandis que les ZIF-93 et ZIF-11 possèdent une topologie 

rhomboédrale. En plus de topologie distinctes, ces ZIFs sont constitués de différents ligands organiques 

bien que leur centre métallique soit identique, Zn2+. En effet, les ZIF-94 et ZIF-93 ont le même ligand 
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organique : 4-aldémethylimidazole (aImeIm) tandis que les ligands pour les ZIF-8 et ZIF-11 sont 

respectivement : 2-méthylimidazole (mIm) et benzimidazole (bIm). La taille des cages sodalite dans le 

cas du ZIF-94 est de 9.1 Å interconnectées par des fenêtres d’une ouverture de 3.4 Å alors que dans le 

cas du ZIF-8 la taille des cages et des fenêtres sont de 11.6 et 3.4 Å. Pour les ZIF-93 et ZIF-11, les tailles 

de cage et de fenêtres sont respectivement : 17.9 et 3.0 Å et 14.6 et 3.7 Å. Il est à noter que ces ZIFs 

sont stables thermiquement pour des températures allant jusqu’à 300°C. 

Pour conclure sur le choix de ces matériaux poreux, ils ont été sélectionnés par rapport à leur petite 

taille de pore afin de favoriser un effet de tamis moléculaire pour la séparation de CO2 mais également 

parce qu’ils présentent une bonne stabilité thermique. De plus, parmi ces MOFs le MIL-96(Al) est stable 

à l’eau ce qui peut être un avantage pour des conditions de post-combustion ou le flux de gaz contient 

des traces ou des petites quantités d’eau. Afin d’annuler la flexibilité du MOF MIL-53(Al) pour une 

incorporation dans une membrane à matrice mixte, deux stratégies ont été étudiées : bloquer la 

flexibilité via des interactions π-π, le MIL-69(Al) ou par la fonctionnalisation du ligand par des 

groupements amino (-NH2), le NH2-MIL-53(Al). Au cours de ce projet de thèse, les adsorbants ‘Zeolitic 

Imidazolate Frameworks (ZIFs)’ ont également été caractérisés car ils présentent de grandes surfaces 

spécifiques, une porosité bien définie et ils sont stables thermiquement et chimiquement. De plus il a 

été montré que comme pour les MOFs à base de carboxylate, les ZIFs ont une grande capacité 

d’adsorption de CO2. 

Le tableau 1.3 résume les données de structures de ces différents matériaux poreux. 

Nom 
Centre 

métallique 
Ligand organique Topologie 

Taille 
des 

fenêtres 
(Å) 

Taille des 
cages (Å) 

MIL-
96(Al) 

Al3+ 
Benzène tri-carboxylate 

(BTC) 

Structure 
en ‘nid 

d’abeille’ 

3.6*4.5 
et 

1.2*1.9 

9.5*12*11.3/ 
3.6*4.5/ 11 

Sc2(BDC-
NO2)3 

Sc3+ 
Benzène di-carboxylate 

(BDC) 
Canaux 

triangulaire 
- 2.9 

MIL-
69(Al) 

Al3+ 
2,6-

naphtalenedicarboxylique 
(NDC) 

Canaux en 
losange 

(1D) 
- 2.7*19.4 

NH2-MIL-
53(Al) 

Al3+ 
Benzène di-carboxylate 

(BDC) 

Canaux en 
losange 

(1D) 
- 6.0 

MIL-
91(Ti) 

Ti4+ 
Acide N,N’-pipérazine bis-
méthylène phosphonique 

- - 3.5*4.0 

ZIF-8 Zn2+ 2-méthylimidazole (mIm) SOD 3.4 11.6 

ZIF-94 Zn2+ 
4-aldeméthylimidazole 

(aImeIm) 
SOD 3.4 9.1 

ZIF-93 Zn2+ 
4-aldeméthylimidazole 

(aImeIm) 
RHO 3.0 17.9 

ZIF-11 Zn2+ Benzimidazole (bIm) RHO 3.7 14.6 
Tableau 1.3 – Résumé des centres métalliques, ligands organiques, topologies et tailles des pores des matériaux 
poreux caractérisés au cours de ce projet de thèse 
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Résumé 

L’objectif de ce premier chapitre est d’exposer les différents procédés et techniques de séparation de 

CO2 disponibles afin de limiter l’émission de gaz à effet de serre. La technique d’adsorption et les 

différents matériaux poreux pouvant être utilisés pour cette technique: zéolithes, charbons actifs, 

nanotubes de carbone et Metal-Organic Frameworks (MOFs) ont été abordés. 

Les MOFs, matériaux hybrides organique-inorganique possèdent des surfaces spécifiques et des 

volumes poreux généralement élevés pouvant être supérieurs à ceux des zéolithes. De plus, leurs 

propriétés physiques et chimiques adaptables les rendent potentiellement attractifs pour la séparation 

de gaz. Ainsi, les MOFs sont des matériaux de choix pour être intégrés au sein de la phase polymérique 

des membranes à matrice mixte pour l’application visée : la séparation du CO2. 
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Chapter 2 - Adsorption, experimental techniques and derived data 

First of all, this chapter aims to describe and explain the adsorption phenomenon which occurs when 

a solid material surface is enriched in contact with a liquid or gas phase. The adsorption phenomenon 

is quantified thanks to the determination of adsorption isotherm plotting amount adsorbed as function 

of pressure. The second part of this chapter is devoted to the experimental set up to get adsorption 

isotherms below atmospheric pressure and at pressure higher than 1 bar. From adsorption isotherm, 

several characteristics of material can be determined: textural parameters, adsorption capacity, 

adsorption enthalpy and the prediction of selectivity which are exposed in last part. The knowledge of 

these parameters allows to select suitable adsorbents for a given gas separation application.  

A. Preambule 

Some definitions related to adsorption phenomenon are provided below [1]:  

 Adsorption: surface phenomenon that appears when a solid material is in contact with a liquid 

or gas phase at the equilibrium. It corresponds to the enrichment of one or more components 

or the density increase of fluid at the vicinity of a solid/ gas or solid/liquid interface.  

 Absorption: penetration of fluid molecules into the solid material governed by diffusion, unlike 

adsorption.  

 Sorption: this term is used when adsorption and absorption phenomena occur.  

 Physisorption: phenomenon that appears whenever a gas is at the vicinity of gas/ solid 

interface. This is governed by low Van der Waals interactions. Physisorption differs from 

chemisorption where chemical bounds are created between gas or liquid phase and solid 

material.  

 Adsorbent: this designates solid materials which can be porous. A pore is defined as a cavity 

or channel deeper than large. Porous materials for which pores size do not exceed 100 nm can 

be classified as function of pore size as follows in Figure 2.1 [2]: 

 

Figure 2.1 – Scheme highlighting various pore width: micropores (< 2nm), mesopores (between 2 and 50 nm), 
macropores (> 50 nm)  

Note that, micropores can be divided into two categories the ‘narrow pores’ or ‘ultramicropores’ and 

the ‘wide micropores’ or ‘supermicropores’.  
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 Adsorptive: this designates a vapor or a gas which can be potentially adsorbed at the adsorbent 

surface. This is also named the bulk phase.  

 Adsorbate: this refers to the adsorbed state of the adsorptive at the vicinity of gas/ solid 

interface. 

 Desorption: this concerns the transition of adsorbed state toward bulk phase (gas or liquid), 

meaning the release of fluid retained by adsorption on the solid surface. 

B. Description of adsorption phenomenon 

Adsorption is a surface phenomenon for which Van der Waals-type forces can be involved, 

characteristic of physisorption. At the microscopic scale, the forces involved in physisorption can be 

described by means of mathematical function with the aim to reproduce as far as possible the potential 

energy of the adsorbate/ adsorbent interactions. While at the macroscopic level, adsorption 

phenomenon can be quantified thanks to Gibbs representation based on the concept of ‘surface 

excess’. 

1. Intermolecular potential function of adsorption 

Adsorption phenomenon is governed by interactions of low energy including the Van der Waals 

dispersion forces and repulsion forces at short distances. An equilibrium is established between these 

forces when the adsorbent surface and adsorbate molecules are in contact each other. The potential 

energy of the adsorbate-adsorbent interactions can be modelled by a mathematical function whereby 

interactions are additive and expressed by [1]: 

     𝜑 = 𝜑𝐷 + 𝜑𝑅 + 𝜑𝑃 + 𝜑𝐸       (2.1) 

The terms 𝜑𝐷, 𝜑𝑅 , 𝜑𝑃 refer respectively to forces of dispersion, repulsion and polarization interactions. 

For each adsorbate-adsorbent systems, these forces and interactions are implied and can be 

considered as ‘non-specific’ interactions. While the electrostatic term 𝜑𝐸 is considered as ‘specific’ 

interactions because it appears for certain adsorbate-adsorbent systems. 

The expression of dispersion forces is: 

     𝜑𝐷(𝑟) = −
𝐴

𝑟6         (2.2) 

In the relation 2.2, A and r stand for respectively a dispersion force constant which is characteristic of 

the atoms pair and the distance between the adsorbate and adsorbent atoms. This relation expressed 

only the dipole-dipole interactions and can be modified to take into account other interactions:  

     𝜑𝐷(𝑟) = −
𝐴6

𝑟6 −
𝐴8

𝑟8 −
𝐴10

𝑟10        (2.3) 

The terms r−6, r−8, r−10, define respectively the interactions dipole-dipole, dipole-quadrupole and 

quadrupole-quadrupole or dipole-octupole. 

The repulsion forces occur when the atoms approach each other and their electronic clouds are 

overlapped. The exponential Born-Mayer function defines these forces as follows: 

     𝜑𝑅(𝑟) =
𝐵

𝑟12         (2.4) 

B represents constant of the adsorbate-adsorbent pair.  
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The association of dispersion and repulsion terms led to a Lennard-Jones potential energy providing a 

global picture of physisorption and expressed as [3]: 

     𝜑(𝑟) =
𝐵

𝑟12 −
𝐴

𝑟6        (2.5) 

The proximity between adsorbent electric field and the adsorbate induces polarization interactions 

whose relation is: 

     𝜑𝑃 = −
𝛼.𝐸2

2
         (2.6) 

𝛼 is the dipole polarizability of the adsorbate while E matches to the electric field generated by the 

adsorbent. 

The electrostatic term expresses the monopole-monopole interaction as follows: 

     𝜑𝐸 =
𝑞.𝑞′

4𝜋𝜖0𝑟
         (2.7) 

In this relation, 𝑞 and 𝑞′ are the charges of atoms of the adsorbate and adsorbent while 𝜖0 is the 

vacuum permeability. 

Note that, certain molecules as carbon dioxide and nitrogen have a quadrupolar moment while water 

possesses a permanent dipole. Thus, the ‘polar’ molecules will induce specific interactions with a 

surface which may also be generated with surface groups as hydroxyl groups, cations or other 

functionalization at the adsorbent surface. 

2. Gibbs representation 

Adsorption phenomenon gives an accumulation of adsorptive molecules at the vicinity of adsorbent 

surface, called ‘adsorbed layer’. This assumes a variation of local concentration (𝑐 = 𝑑𝑛 𝑑𝑉⁄ ) of 

adsorptive components. When the distance z increases from adsorbent surface, the local 

concentration of adsorptive molecules decreases progressively. When the distance z reaches the value 

of thickness t of adsorbed layer, the local concentration is equal to this of gas or bulk phase, 𝑐𝐹
𝑔

. This 

is shown schematically in Figure 2.2. 

 

Figure 2.2 – Representation of the layer model (left) and Gibbs dividing surface (GDS) of the surface excess 
amount 
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The layer model constitutes the hypothetical variation of adsorptive local concentration (i.e, 𝑐 =

𝑑𝑛 𝑑𝑉⁄ ) that is divided in three zones: I, II and III. The first one or ‘zone I’ represents the solid adsorbent 

where the adsorptive concentration is zero, 𝑐𝑠= 0. This assumes that gas molecules do not penetrate 

in the adsorbent (i.e, absorption). At a distance z>t, the third zone or ‘zone III’ is the bulk phase where 

the adsorptive concentration is homogeneous and only dependent to pressure and temperature 

equilibriums. The second one or ‘zone II’ is defined as the area comprised between z = 0 and z = t 

corresponding to the ‘adsorbed layer’ for which the local concentration is dependent on distance z and 

is higher than this in the bulk phase. The absolute amount adsorbed, 𝑛𝑎𝑑𝑠
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 , of adsorptive in the 

adsorbed layer is expressed as follows:  

     𝑛𝑎𝑑𝑠
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 = 𝐴 ∫ 𝑐𝑑𝑧

𝑡

0
        (2.8) 

The total amount of adsorptive, 𝑛 , is the amount adsorbed (‘zone II’) and the remaining gas amount 

in the bulk phase 𝑐𝐹
𝑔

𝑉𝑔 (‘zone III’) defined as: 

     𝑛 = 𝐴 ∫ 𝑐𝑑𝑧 + 𝑐𝐹
𝑔

𝑉𝑔𝑡

0
        (2.9) 

In the equation 2.9, 𝑉𝑔 represents the volume occupied by the bulk phase where the concentration 

𝑐𝑔 is uniform. The expression of absolute amount adsorbed is:  

     𝑛𝑎𝑑𝑠
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 = 𝑛 − 𝑐𝐹

𝑔
𝑉𝑔     (2.10) 

The determination of the amount adsorbed needs to know the exact values of the bulk phase volume 

𝑉𝑔 and the local concentration as function of distance 𝑧. However, it is not possible to obtain these 

data. A new approach has been proposed by Gibbs to overcome these barriers in the calculation of the 

amount adsorbed [1]. Gibbs has introduced the concept of ‘surface excess’ to assess the amount 

adsorbed. He has suggested to divide the adsorption phenomena into two areas: gas and solid phases 

separated by an imaginary surface parallel and close to the adsorbent surface called ‘Gibbs Dividing 

Surface (GDS)’. 

From Gibbs, the surface excess amount, 𝑛𝜎, is defined by the difference between the total amount, 𝑛, 

and the amount of gaseous adsorptive which would be present in the volume 𝑉𝑔,0 at the final 

equilibrium if the concentration remains constant up to GDS. The expression is: 

     𝑛𝜎 = 𝑛 − 𝑐𝐹
𝑔

𝑉𝑔,0     (2.11) 

For the physical interpretation of adsorption data, it is evident to coincide the GDS with the adsorbent 

surface available for adsorptive. From this assumption 𝑉𝑔
0 is the sum of 𝑉𝑎 and 𝑉𝑔 and the surface 

excess amount 𝑛𝜎  is: 

     𝑛𝜎 = 𝑛 − 𝑐𝐹
𝑔

(𝑉𝑎 + 𝑉𝑔)    (2.12) 

The volume 𝑉𝑔,0 that corresponds to ‘dead-space volume’ can be determined in two ways: from the 

knowledge of adsorption cell volume and the adsorbent volume or from adsorption of inert gas as 

helium assumed not adsorbed (see section C.1). 

From the combination of the equations 2.10 and 2.12, the expression of amount adsorbed is: 

     𝑛𝑎𝑑𝑠
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 = 𝑛𝜎 + 𝑐𝐹

𝑔
𝑉𝑎     (2.13) 
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The excess gas amount adsorbed,𝑛𝜎, by a solid of mass 𝑚𝑠, depends on the equilibrium pressure, the 

temperature and the nature of adsorbent/ adsorptive (interface). The adsorption experiments are 

carried out for temperature and volume fixed, only the gas amount introduced into the adsorption 

system varies. Thus, the excess amount adsorbed is measured for each equilibrium states established 

between the adsorbed phase and the bulk phase which are represented by means of adsorption 

isotherm. This allows to quantify the adsorption phenomenon which occurs for an adsorbent/ 

adsorptive given. Therefore, an adsorption isotherm represents equilibrium states which corresponds 

to amount adsorbed as function of pressure in gas phase at constant temperature:  𝑛𝜎 = 𝑓(𝑝)𝑇, an 

example is provided in Figure 2.3. 

In the case where the adsorption experiments are performed up to 1 bar, the amount 𝑐𝐹
𝑔

𝑉𝑎 is much 

lower than the adsorbed phase and the amount adsorbed 𝑛𝑎𝑑𝑠
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 is considered as equivalent to the 

surface excess amount 𝑛𝜎 (i.e, 𝑛𝑎𝑑𝑠
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒~ 𝑛𝜎). This is especially applicable for nitrogen gas adsorption 

at 77K or gas adsorption at room temperature up to atmospheric pressure. 

However for pressures above 1 bar, the adsorptive concentration in the bulk phase is no longer 

negligible (i.e, the term 𝑐𝐹
𝑔

𝑉𝑎) compared to its concentration in the adsorbed phase. Consequently, 

there is a divergence between absolute and excess amounts adsorbed. It is necessary to assess the 

volume of adsorbed phase. For highly porous adsorbents, this volume can be considered as the total 

porous volume of the solid assuming the amount adsorbed on external surface is negligible compared 

to this into the porosity. Thus, the equation 2.13 becomes: 

     𝑛𝑎𝑑𝑠
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 = 𝑛𝜎 + 𝑐𝐹

𝑔
𝑉𝑝𝑜𝑟𝑒    (2.14) 

This divergence has been evidenced for microporous MOFs by A. Wiersum in 2012 [4] for which an 

example is provided in Figure 2.3.  

 

Figure 2.3 – Representation of excess and absolute amounts adsorbed for CO2 and N2 at 303K on CuBTC (left) 

and MIL-100(Fe) from A.Wiersum (2012) [4] 

During this thesis, excess amounts adsorbed were measured experimentally and represented in 

adsorption isotherms. 
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C. Determination and interpretation of adsorption isotherm 

The two most widely used techniques to get adsorption data and to build adsorption isotherm are the 

manometric and gravimetric methods. During this thesis, adsorption isotherms were mainly 

determined via manometry device. Adsorption isotherms have been classified in various categories as 

function of the adsorbent nature (i.e, microporosity, mesoporosity, non-porous solids) from IUPAC 

recommendation [5]. 

1. Manometry adsorption device  

To collect adsorption data, there are many commercial and homemade apparatus based on the same 

experimental principle that is detailed in Figure 2.4. 

 

Figure 2.4 – Scheme of adsorption manometry device adapted from Rouquerol et al. [1] 

In the literature, the term ‘volumetric’ is still widely used to make reference to ‘manometric’ methods. 

The term ‘volumetric’ references to former experiments in which mercury was used to measure gas 

phase volume variations. Currently, commercial devices are equipped of sensitive pressure gauges. 

Prior to gas adsorption, the measurement of ‘dead space’ or ‘void volume’ (𝑉𝑔,0) is carried out using 

helium as probe molecule. The ‘dead space’ represents the measuring cell as well as the part of device 

up to pressure gauge that should be determined for each adsorption experiments owing to the 

variation of samples density. Helium is considered as a gas that does not adsorb that is why this is used 

as probe molecule.  

The adsorption measurement consists of introducing a gas dose of known amount into the reference 

volume ( 𝑉𝑅𝐸𝐹 ). The valve of reference volume is then open on sample volume (𝑉𝑆𝐴𝑀𝑃𝐿𝐸) where the 

gas is in contact with the sample until the equilibrium is reached. One can consider that the equilibrium 

is established when the pressure change is below a certain limit for a given time or when time is fixed. 

Note that the equilibrium should be well established to prevent the distortion of adsorption data. Gas 

desorption is mainly carried out by the decrease of pressure thanks to vacuum pump. 

Note that, a second way widely used to get adsorption data is the ‘gravimetric method’ where the 

principle is based on the measure of the adsorbent mass during adsorption by means of a balance. 

Indeed, the adsorbent is weighed before and after gas adsorption and amounts adsorbed are 

determined from the mass variation. This type of device has been mainly developed by the company 

Rubotherm with a magnetic suspension balance taking into accounts buoyancy effects [6]. 
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2. Interpretation of adsorption isotherm: adsorption mechanism 

When adsorption occurs, the pore filling mechanisms are different as function of pore size: micro- 

meso- or macropores. A typical example of an adsorption isotherm is provided in Figure 2.5.  

The area A matches to the filling of micropores divided into narrow and wider micropores for which 

adsorption occurs on specific adsorption sites on the adsorbent surface. Specific adsorption sites can 

be cations or defects of crystalline structure [3]. The narrow micropores filling is governed by enhanced 

fluid-solid interactions while for wider micropores it is both fluid-solid and fluid-fluid interactions. 

Narrow micropores are filled for relative pressures p/p0 < 0.01 against p/p0 = 0.01-0.15 for wider 

micropores. The relative pressures for which micropores filling occurs are dependent on pore shape, 

effective pore width and the nature and size of adsorbate molecules. Molecular size of available 

adsorbate and experimental conditions governs the capacity of pore filling.  

The zone B-C matches to the coverage of adsorbent surface by adsorptive molecules to form a 

monolayer adsorbed. The thickness of adsorbed layer increases with relative pressures to get 

multilayer adsorbed (zone D). In the case of microporous adsorbent, the amounts adsorbed achieve a 

plateau indicating a low external surface area.  

The zone D-E coincides to pores condensation which represents a gas-liquid transition and takes place 

in mesopores often accompanied by a pore condensation. 

 

Figure 2.5 – Representation of an adsorption isotherm plotting amount adsorbed as function of relative 
pressure 

3. Adsorption isotherm: IUPAC classification 

In the literature, different adsorption isotherms are encountered for many gas-solid systems showing 

various shapes. These shapes give informations about pores structure of the adsorbent.  

Initially, the first classification of physical adsorption isotherms has been suggested by Brunauer, 

Deming, and Teller in 1940 [4]. The original classification has been extended by the IUPAC 

recommendation in 1985 by Sing et al, in 1999 by Rouquerol et al, and more recently in 2015 by 

Thommes et al [1], [5], [7]. The classification of adsorption isotherms, 𝑛 = 𝑓(𝑝/𝑝0), is presented in 

Figure 2.6.  
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Figure 2.6 – Classification of physical adsorption isotherms from IUPAC report in 2015 [7] 

Adsorption isotherms of type I(a) and I(b) are reversible and characteristic of microporous adsorbents 

(𝑑𝑝 < 20 Å) such as some of activated carbons, molecular sieve zeolites. Types I(a) and I(b) are concave 

to the relative pressure p/p0 axis. These adsorption isotherms show a steep slope for a low range of 

relative pressure p/p0 which matches to micropores-filling and suggests strong adsorbent-adsorbate 

interactions and adsorption energy. The types I(a) and I(b) are distinguished by micropores width 

narrow and wider respectively for type I(a) and I(b). For type I(b), the presence of narrow mesopores 

(𝑑𝑝< 25 Å) within adsorbent can be possible. For higher relative pressures, the amounts adsorbed 

reach a nearly horizontal plateau indicating a low external surface area. 

The adsorption isotherm of type II is reversible and characteristic of nonporous or macroporous 

adsorbents. The shape of this adsorption isotherm indicates the formation of multilayer adsorption for 

high relative pressures p/p0. Point B on adsorption isotherm until the middle of quasi-linear section 

(Figure 2.6) represents the completion of monolayer. Beyond this area, the curve increases 

progressively and matches to the multilayer coverage formation with a thickness ‘t’ only limited by the 

relative pressure p/p0 = 1. 

The shape of type III adsorption isotherm is found for non-porous or macroporous adsorbents and 

indicates relatively weak adsorbent-adsorbate interactions. In contrast to a type II, the absence of 

point B shows that the formation of monolayer adsorption is no identifiable. Adsorption isotherm of 

type III is unusual.  

Adsorption isotherm of type IV is obtained for mesoporous adsorbents (20 < 𝑑𝑝 < 50 Å) basically many 

oxide gels, industrial adsorbents and mesoporous molecular sieves. Physisorption in mesoporous 

adsorbents is governed by adsorbent-adsorbate interactions and the interactions between adsorptive 

molecules in the condensed state. The shape of this adsorption isotherm, especially the area of 

monolayer-multilayer adsorption, looks like a type II. Beyond this area, the pore condensation occurs 

followed by a saturation plateau which can be also an inflexion point.   



Chapter 2 - Adsorption, experimental techniques and derived data 

61 
 

The pore condensation occurs in the pore network when gas condenses to a liquid-like phase for a 

relative pressure near to saturation pressure of the bulk liquid. Types IV(a) and IV(b) are distinguished 

by the presence of hysteresis loop for type IV(a) which matches to filling mesopores ‘adsorption branch 

(right)’ and their emptying ‘desorption branch (left)’. Both width and shape of mesopores governs the 

hysteresis loop. Adsorption isotherm of type IV(a) is more common and its shape of hysteresis loop 

depends on gas-solid system studied. Adsorption isotherm of type IV(b) is reversible and an example 

is the mesoporous oxide MCM-41 having a hexagonal pore arrangement [8] . 

The shape of type V adsorption isotherms is near to a type III and illustrates weak adsorbent-adsorbate 

interactions. A hysteresis loop is found for high relative pressures and matches with the filling and 

emptying of pores. This kind of adsorption isotherms can be found for hydrophobic microporous and 

mesoporous adsorbents.  

The type VI or stepwise isotherm is associated to an adsorption layer-by-layer on highly uniform 

nonporous surface.  

However, this classification is idealized because experimentally a combination of different types of 

adsorption isotherms is often observed. During this project, the porous materials studied are 

microporous and present usually adsorption isotherms of type I.  

D. Thermodynamic aspect of adsorption 

Adsorption isotherms provide adsorbent capacities for gas separation or storage applications while 

adsorption enthalpies characterize adsorbent surface to highlight adsorbent-adsorbate interactions 

[1] or deformation of an adsorbent under pressure [6]. In addition, the knowledge of adsorption 

enthalpy is an important factor to the development of industrial process. Indeed, a high adsorption 

enthalpy suggests strong adsorbent-adsorbate interactions which can involve any difficulties for 

regeneration steps. There are two most common methods to determine adsorption energies: the 

isosteric method based on the calculation of isosteric heats of adsorption using the Clausius-Clapeyron 

equation and the direct measure of adsorption enthalpies by means of microcalorimeter. 

1. Isosteric method 

The isosteric heats of adsorption are determined from the measure of adsorption isotherms obtained 

at various temperatures using the Clausius-Clapeyron following equation: 

     𝛥ℎ̇𝑎𝑑𝑠 =  −
𝑅𝑇1𝑇2

𝑇1−𝑇2
𝑙𝑛

𝑝2

𝑝1
     (2.15) 

The isosteric heat of adsorption is calculated for each values of excess surface amount to equilibrium 

pressures and temperatures matching to (𝑝1, 𝑝2, 𝑇1, 𝑇2 ). 

However, this method presents any disadvantages such as: 

 Adsorption process should be reversible 

 Adsorption isotherms should be measured in small temperature intervals (5-10K) to maintain 

the same adsorption mechanisms. Nevertheless, using small temperature intervals can 

contribute to increase experimental errors.  

 The isosteric method is sensitive to errors related to the measure of equilibrium pressures. 

Therefore, equilibrium pressures should be measured with high accuracy, especially at low 

pressures. 
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In order to overcome the limitations of isosteric method as well as to carry out many adsorption 

experiments, the adsorption enthalpies were measured directly by microcalorimetry. 

2. Direct measurement of adsorption enthalpy  

Micro-calorimeters are the devices the most suited to get the adsorption enthalpies. There are two 

kinds of procedures which can be used: discontinuous and continuous. In this paragraph, the 

determination of adsorption enthalpies is explained for the most common method: the discontinuous 

procedure that was used during this thesis.  

The discontinuous procedure assumes that:  

 The calorimetric cell containing adsorbent and gas is considered as an open system 

 The gas is introduced reversibly into the adsorption system (step by step) 

 The amount of gas introduced and the increase of pressure are small enough to be 

infinitesimal: 𝑑𝑛𝜎 and 𝑑𝑝 

Under these conditions, the differential internal energy is written: 

     𝑑𝑈 = 𝑑𝑄𝑟𝑒𝑣 + 𝑑𝑊𝑟𝑒𝑣 + 𝑢𝑇
𝑔

𝑑𝑛    (2.16) 

In the relation 2.16, 𝑑𝑄𝑟𝑒𝑣 represents the heat reversibly exchanged with the surrounding at the fixed 

temperature 𝑇 ; 𝑑𝑊𝑟𝑒𝑣 is the reversible work of the gas in response to external pressure; 𝑢𝑇
𝑔

 is the 

molar internal energy of the adsorptive at the constant temperature 𝑇; 𝑑𝑛 is the amount of adsorptive 

introduced for each step.  

The work received by the calorimetric cell can be written: 

     𝑑𝑊𝑟𝑒𝑣 = 𝑅𝑇𝑑𝑛𝜎 + 𝑉𝑑𝑝    (2.17) 

In the equation 2.17, 𝑉 represents the dead volume of the calorimetric cell. 

The combination of the equations 2.16 and 2.17 allows to get the expression of the differential 

enthalpy adsorption: 

     ∆𝑎𝑑𝑠ℎ̇ = (
𝑑𝑄𝑟𝑒𝑣

𝑑𝑛𝜎 )
𝑇,𝐴

+ 𝑉𝑐 (
𝑑𝑝

𝑑𝑛𝜎)
𝑇,𝐴

   (2.18) 

The terms of the equation 2.18 represent: 

 𝑑𝑄𝑟𝑒𝑣, is the heat measured by the calorimeter which is reversibly exchanged with outside at 

the temperature 𝑇. 

 𝑑𝑛𝜎, is the amount adsorbed. 

 𝑑𝑝, is the increase in equilibrium pressure. 

 𝑉𝑐, is the dead volume of the cell immersed in the heat-flowmeter of the microcalorimeter. 

The term 𝑉𝑐𝑑𝑝 can be determined by means of inert gas adsorption, usually helium. 

Experimentally, gas doses introduced (basically reversible) are not quite small to consider them 

infinitesimal and to calculate a differential adsorption enthalpy. Thus, ‘pseudo-differential’ enthalpy 

of adsorption are obtained. 
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3. Thermodynamic profile of pore filling  

Micro-calorimetric experiments allow plotting the adsorption enthalpy as function of gas amount 

adsorbed or surface coverage. The curves of adsorption enthalpy result of three types of interactions 

[9]: specific, non-specific as well as lateral interactions. When each type of interactions is considered 

separately, one can define:  

 Surface energetically heterogeneous: it can be induced by pore size distribution and/or surface 

chemistry (presence of defects in crystalline structure, cations…). Firstly, adsorbate molecules 

occupy specific adsorption sites of high energy. At zero (extrapolation) or low coverage, this 

led to strong differential adsorption enthalpy. At highest coverage, adsorbate molecules 

occupy less specific adsorption sites of lower energy and the differential adsorption enthalpy 

decreases gradually.  

 Surface energetically homogeneous: the energies of adsorption sites are closed to each other. 

This implies adsorption enthalpy relatively constant.  

 Lateral interactions: they contribute to increase differential adsorption enthalpy at high 

surface coverage. 

Experimentally, each interaction contributes to the curves of adsorption enthalpy which can be 

distinguished as function of surface: heterogeneous or homogeneous with respect to nature of 

adsorptive (Figure 2.7) 

 

Figure 2.7 - Schematic representation of adsorption enthalpy respectively for a heterogeneous (a) and 
homogeneous (b) surface as function of coverage 

In the case of heterogeneous surface, the decrease of adsorption enthalpy with pore filling can be 

compensated by the increase of lateral interactions. While, for a homogeneous surface the increase of 

adsorption enthalpy as function of coverage can be attributed to the gradual increase of lateral 

interactions between adsorbed molecules.  

The extrapolation of adsorption enthalpy at zero coverage (i.e, at the y-intercept) allows quantifying 

the strength of adsorption sites on which gas molecules are first adsorbed. Usually adsorption 

enthalpies are near or slightly higher than these of gas liquefaction, except for microporous adsorbents 

where they are significantly higher. One can suppose that adsorbents having small pore size (< 20 Å) 

contribute to increase adsorption enthalpy by means of higher confinement effect.  
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Experimentally, the difference of adsorption enthalpy between a ‘polar’ molecule (CO2, moment 

quadrupolar) and an ‘apolar’ molecule (CH4) gives an information on the adsorbent surface 

polarizability.  

E. Experimental techniques 

This part is devoted to the different experimental techniques used to get adsorption data based on 

manometry method. Prior to gas adsorption, a preliminary analysis consists of the determination of 

activation temperature to remove physisorbed molecules and avoid adsorbent degradation before gas 

adsorption experiments. Adsorption data were determined below atmospheric pressure, especially for 

nitrogen gas adsorption at 77K using a commercial device. While, adsorption data for pressures above 

atmospheric pressure were obtained for CO2, N2 and CH4 at 303K using a home-made device. 

Simultaneously, adsorption enthalpies were determined thanks to a Tian-Calvet microcalorimeter 

coupled with a manometry system. 

1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a thermal analysis method to measure mass change when the 

material is exposed to a temperature ramp under a controlled atmosphere. Thermogravimetric 

analyzer used is the ‘TGA Q500’ from TA instruments. 

The thermogravimetric analyzer ‘TGA Q500’ is constituted of various pieces:  

 A sample holder that allows to analyze 16 samples one by one. For analyze, the sample is 

contained into platinum crucible due to the chemical inertness of platinum and its ease to be 

clean. 

 A vertical thermobalance highly sensitive (0,1 µg) that is able to contain a sample maximum 

amount of 1g with an uncertainty on initial mass around 0,01%. In practice for analyze, a low 

sample amount is needed around 10-25 mg. 

 A vertical furnace that works in a temperature range from 25 up to 1000°C. 

During thermal analysis, the sample contained in platinum crucible is introduced in suspension into 

furnace. A sweep or purge gas (Ar, He, N2, Air…) passes horizontally through the sample into vertical 

thermobalance/ furnace system. The use of sweep gas aims to remove physisorbed weakly molecules 

at the surface and those from heating which were trapped in the porosity of the adsorbent in order to 

prevent their re-adsorption. Usually, it is an inert gas to avoid the formation of oxidant species in the 

controlled atmosphere because they can react with the adsorbent. Purge gas is directly in contact with 

the sample that reduces buoyancy effects. Thermocouple close to the sample allows to measure 

environment temperature.  

Prior to analysis, the tare is performed. Among modes included in this device, the ramp mode was 

chosen (5°C/ min up to 700°C) under inert gas (argon) to study thermal behavior. Prior to the ramp 

temperature, the first stage is an isotherm step for 30 minutes at room temperature to eliminate 

physisorbed weakly molecules (water, solvent, by-products from synthesis) at the surface of the 

adsorbent. 
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An example of thermogravimetric curve as well as its derivative obtained on the microporous MIL-

96(Al) MOF with the ‘TGA-Q500’ is provided in Figure 2.8. 

 

Figure 2.8 – Representation of thermogravimetric curve (grey) for the MIL-96(Al) microporous MOF plotting 
weight loss as function of temperature and its derivative (orange)  

Up to 150°C, there is a weight loss approximatively of 20% which can be attributed to the release of 

molecules weakly physisorbed on the surface (i.e, impurity, water). For a range temperature of 150°C 

until 300°C, the weight loss seems to achieve stabilization before the adsorbent degradation marked 

by a collapse of weight loss. Thus, it allows to fixing the activation temperature at 150°C for which 

physisorbed molecules are removed not blocking the porosity for gas adsorption without any 

adsorbent degradations.  

2. Gas adsorption up to 1 bar: Nitrogen at 77K 

Gas adsorption experiments up to 1 bar were carried out using a full automatic gas adsorption-

desorption device, the BELSORP-max, from BEL Japan. Adsorption isotherms are obtained in the range 

of relative pressure from p/p0 = 10-8 to 0.997.  

Samples pre-treatment are performed by means of turbo molecular pump (TMP) and a furnace for 

which maximum vacuum value and temperature range are respectively of 6.7.10-7 Pa and 50-550°C 

with a stability of ± 0.5°C. The pre-treatment time is basically fixed to 900 minutes.  

The BELSORP-max can treat three samples simultaneously having similar pre-treatment conditions. 

The volume of a measuring cell is approximatively 1.8 cm3. However, one measuring cell is the 

reference cell (empty) to get the dead volume. Prior to each gas adsorption, the dead volume was 

assessed using helium as probe molecule. The BELSORP-max apparatus allows to use various non-

corrosive gas adsorptive as N2, Ar, CO2, H2, etc. or vapor adsorptive as H2O, MeOH, etc. After gas 

adsorption-desorption experiments, sample cells should be weighed to overcome the possibility that 

some adsorptive molecules are blocked in the porosity.  

During this thesis, the BELSORP-max was used to perform mainly nitrogen gas adsorption at the 

nitrogen liquefaction temperature, 77K, or water adsorption at 25°C. In both cases, the sample masses 

introduced in measuring cells were approximatively 60 mg. The software allows getting nitrogen and 

water adsorption isotherms as well as textural parameters as the specific surface area, the external 

surface (t-method), the pore volume. 
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An example of nitrogen adsorption isotherm obtained from for the microporous MIL-96(Al) MOF is 

provided in Figure 2.9: 

 

Figure 2.9 – Nitrogen gas adsorption isotherm at 77K for the MIL-96(Al) microporous MOF plotting amount 
adsorbed as function of relative pressure 

Figure 2.9 suggests a type I isotherm from IUPAC classification highlighting the microporous character 

of the MIL-96(Al). 

3. Gas adsorption above 1 bar at 303K 

a) High-throughput system 

In order to get quickly adsorption isotherms at high pressures (i.e, maximum pressure of 40 bar) and 

to assess CO2 adsorption capacities of adsorbent batches, a home-made manometry apparatus was 

used [10]. The schematic diagram of the apparatus is provided in Figure 2.10.  

 

Figure 2.10 – Schematic representation of high-throughput adsorption apparatus [4] 

This apparatus is composed of four gas lines, six measuring cells as well as a vacuum system involving 

a rapid screening of six samples in parallel.  

The sample mass introduced in a measuring cell is around 80 mg depending on the sample density. 

This apparatus was designed to be able to carry on reliable measurements on an adsorbent mass limit 

that does not exceed 100 mg. In order to increase the accuracy of manometric measurements, the 

ratio amount of gas adsorbed to amount of gas in the system should be maximized. This can be done 
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by increasing the adsorbent amount, nevertheless for this apparatus the aim is to use the smallest 

adsorbent amount as possible. Instead of the gas amount was reduced by minimizing the dead-space 

volumes in the system, including the size of the reference volumes and sample cells. The volume of 

measuring cells is approximatively 5-6 cm3.  

Prior to each gas adsorption experiments, samples are activated thanks to heating muffle for which 

the activation temperature is fixed individually by means of an electronic unit. Samples are generally 

activated for 16 hours under a primary vacuum. After the activation step, each measuring sample cell 

is placed in individual sand baths connected to a liquid thermostat maintaining the temperature at 

30°C. The thermostat used is a Julabo F25 ME where the temperature range extends from -15 to 200°C 

(± 0.01 °C). Add to that, the overall system is placed into a cage thermally regulated at 30°C.  

During adsorption experiments, the gas is transmitted from gas bottle to the ramp by means of 

pneumovalves. For each samples, a gas dose is introduced into the reference volume which is defined 

as the volume between 𝐸𝑖  and 𝑆𝑖 valves. When the pressure is stabilized into the reference volume 

(controlled by a pressure gauge (𝑃𝐺𝑖)), the sample valve (𝑆𝑖) is opened allowing the gas expansion and 

the contact with adsorbent until equilibrium occurs. The equilibrium time into the reference volume 

is fixed to 15 minutes while in the sample volume this depends on the adsorptive nature (i.e, CO2 = 60 

minutes, N2 and CH4 = 40 minutes, He (calibration) = 30 minutes). After gas adsorption, the gas is 

exhausted from measuring sample cells by means of valves, however, the vacuum system constituted 

of a primary vacuum can be used. The amounts adsorbed were calculated using an equation state [4]. 

With this home-made apparatus several gas adsorption cycles can be performed to assess the 

regeneration of each sample under mild conditions. Indeed, between each gas adsorption cycle there 

is a step under a primary vacuum at 30°C for 1 hour.  

This home-made apparatus is very useful :  

 To get rapidly adsorption isotherms at high pressures at 30°C as well as the samples adsorption 

capacities.  

 To assess the adsorbent regeneration under mild conditions (i.e, for 1 hour at 30°C under a 

primary vacuum). 

b) Adsorption manometry device coupled with a Tian-Calvet 

microcalorimeter 

The apparatus used is a manometry system coupled with a Tian-Calvet type microcalorimeter, the 

experimental scheme is given in Figure 2.11.  
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Figure 2.11 – Home-made device consisting of a manometry device coupled with a Tian-Calvet 
microcalorimeter 

Prior to gas adsorption experiments, adsorbent included into calorimetric cell is activated ex-situ under 

a secondary vacuum. 

The Tian-Calvet microcalorimeter is constituted by two thermopiles mounted in electrical opposition. 

Each thermopile possesses around 500 chromel-alumel thermocouples. Temperature of the system is 

controlled and can be fixed in the temperature range of 25 up to 150°C. In this work, the adsorption 

capacities as well as the adsorption enthalpies were measured at a temperature fixed at 30°C. 

Manometry system withstands to pressures up to 100 bar, however adsorption isotherms can be 

achieve up to 50 bar owing to the limit of pressure gauge. The gas introduction in the system is done 

point by point. In practice, the gas is introduced by means of pneumovalves into the reference volume. 

Usually, the equilibrium time into the reference volume is fixed to 15 minutes. When pressure is 

stabilized into the reference volume, a pneumovalve is opened allowing the contact between the gas 

and the adsorbent until the equilibrium is reached. Usually, equilibrium time was fixed at 90 mins for 

CO2, N2 or CH4, however a longer equilibrium time can be setup when diffusion occurs in adsorbent. 

4. Adsorptive features 

The properties of various adsorptives used are summarized in table below.  

Adsorptive 
Nitrogen 

N2 
Carbon dioxide 

CO2 
Methane 

CH4 

Molecular weight/ 
g.mol-1 

28.01 44.01 16.04 

Kinetic diameter/ nm 0.364 0.330 0.380 

Polarisability α/ 10-3. 
nm3 

1.74 2.91 2.59 

Quadrupolar moment 
Q/ 10-40C.m² 

-5.0 -14.0 - 

-ΔvapH/ kJ.mol-1 5.57 17.2 8.19 
Table 2.1 – Properties of adsorptives [11]
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F. Derived data from adsorption isotherm 

From nitrogen gas adsorption isotherm at 77K below atmospheric pressure, some textural parameters 

can be determined: specific surface area and pore volume. While for pressures higher than 1 bar, 

adsorption capacity as well as adsorption enthalpy can be obtained which are key parameters to select 

adsorbent for a given gas separation. From single-gas adsorption isotherms, the selectivity of 

adsorbent can be predicted based on IAST model. 

1. Determination of specific surface area with Brunauer, Emett and Teller 

(BET) method 

The assessment of specific surface area of an adsorbent uses widely the BET equation for which the 

model has been proposed in 1938 by Brunauer, Emett and Teller [12].  

The model proposed by Brunauer, Emett and Teller stipulates that there is the growth of 

supplementary layers after the formation of a statistical monolayer. The monolayer is considered as 

adsorption sites for the next layers formed. As for the Langmuir theory, Brunauer, Emett and Teller 

assume that there is one kind of adsorption sites as well as no lateral interactions between adsorbed 

layers. However, they added one assumption which is that the second and others layers have the same 

characteristics as the bulk fluid phase. Therefore, they consider that the adsorption energy of 

monolayer is different from second and next layers which are equal to the liquefaction enthalpy.  

From these assumptions, they have established a relation linking the amount adsorbed and relative 

pressures p/p0. 

     
1

𝑛𝑎(1−𝑝 𝑝0)⁄
=

1

𝑛𝑚
𝑎 𝐶

+ [
𝐶−1

𝑛𝑚
𝑎 𝐶

] (𝑝 𝑝0⁄ )   (2.19) 

The terms of equation 2.19 are: 

 𝑛𝑎, the amount adsorbed 

 𝑝 𝑝0⁄ , the relative pressure  

 𝑛𝑚
𝑎 , the adsorbate amount needed to cover entirely the adsorbent surface to form a 

monolayer 

 𝐶, the constant that takes into account the adsorption molar energy of monolayer(E1) as well 

as liquefaction energy (El) of adsorbate at the adsorption temperature fixed and R the constant 

of ideal gas. C takes the expression: 

     𝐶~𝑒𝑥𝑝 [
𝐸1−𝐸𝑙

𝑅𝑇
]      (2.20) 

From equation 2.19 which is the transformed BET equation, the parameters 𝑛𝑚
𝑎  and 𝐶 are obtained by 

plotting 
1

𝑛𝑎(1−𝑝/𝑝0)
 as function of (𝑝/𝑝0 ). The knowledge of monolayer capacity,𝑛𝑚

𝑎 , allows to get the 

specific surface area of a solid from the following relation:  

     𝑎𝐵𝐸𝑇 = [
𝑛𝑚

𝑎

𝑚𝑠] . 𝑁𝐴. 𝜎𝑚     (2.21) 
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The terms of equation 2.21 represent: 

 𝑎𝐵𝐸𝑇, specific surface area, m²/g 

 𝑚𝑠, mass of adsorbent solid, g 

 𝑛𝑚
𝑎 , monolayer capacity/mol 

 𝑁𝐴, the Avogadro constant (= 6,023.1023 mol-1) 

 𝜎𝑚, average area occupied by each molecule adsorbed at the adsorbent surface into the 

monolayer/m2 

The BET equation is applied for a range of relative pressures p/p0 from 0.05 up to 0.35 which matches 

to the linear region of the BET plot. It is in this region that the BET equation is verified and usually 

applicable for non-porous and mesoporous adsorbents. For microporous solids, the BET equation is 

often applied for lower relative pressures, p/p0 < 0.05. The relative pressures range is reduced due to 

limited linearity of the BET plots. This assumes that a monolayer is formed inside micropores as flat 

surface. In the particular case of microporous adsorbents, the specific surface area can be over- or 

under-estimated owing to the presence of ultra- or super-micropores. The ultra-micropores are 

defined as the ratio w/d below 3 while for super-micropores this ratio is above 3, where w represents 

the opening of pore and d the diameter of the probe molecule. Therefore, the term ‘equivalent BET 

surface area’ is basically used for microporous material [1], [13].  

The specific surface area determination using the BET method can be validated through the calculation 

of three criteria [13]. Firstly, the value of 𝐶 parameter should be positive. A negative value indicates 

that the BET equation is not applied in the good range of relative pressures. Secondly, the term 𝑛𝑎(1 −

𝑝 𝑝0)⁄  should increase gradually with p/p0 in the pressure range chosen for the BET equation 

application. Last the value of relative pressure p/p0, whose the expression is 1/√𝐶 +1, which matches 

to 𝑛𝑚
𝑎 , should be included in the calculation range of BET equation. 

2. Determination of external surface area and pore volume 

The external surface area of a solid, 𝑎(𝑡), is defined as the surface outside the pores (i.e, non-

microporous surface) as well as pores large enough to allow the adsorbed multilayer formation. The 

external surface area determined for non-porous and mesoporous materials coincides with this 

calculated from BET equation. In the case of microporous adsorbents the difference between the 

equivalent BET surface area and the external surface area gives assess to the microporosity.  

To assess the external surface area of an adsorbent, the t-[8] and αs- [14]methods can be used. In this 

work, the t-method was used and is detailed below. 

The t-method has been proposed by de Boer and is based on the comparison of the thickness of 

adsorbed layer of the adsorbent studied against this of a non-porous solid taken as reference, for each 

relative pressures [15].  

In this method, the thickness ‘𝑡 ’ of adsorbed multilayer is calculated from the number 𝑁 of adsorbed 

layers and the thickness ‘e’ of one layer, for each value of relative pressures. 

     𝑡 = 𝑁. 𝑒      (2.22) 

De Boer assumes that the adsorbed layer is in liquid state and each molecular layer has the same 

thickness: 

     𝑒 = (𝑀/𝜌𝑙)/(𝑁𝐴. 𝜎)     (2.23) 
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The number ‘𝑁’ of adsorbed layer is given by: 𝑁 =  𝑛𝑎/𝑛𝑚
𝑎  

Therefore in the case of nitrogen adsorption at 77K, the thickness of a monomolecular layer is of 0.354 

nm. The parameters used are 𝑀 = 28 g.mol-1, 𝜌𝑙 = 0,809 g.cm3 and 𝜎 = 0,162 nm² [13]. 

Thanks to the knowledge of the number (=  𝑛𝑎/𝑛𝑚
𝑎  ) of monomolecular layers, the expression of the 

thickness becomes: 

     𝑡/𝑛𝑚 = 0,354(𝑛𝑎/𝑛𝑚
𝑎 )     (2.24) 

From adsorption isotherms obtained on non-porous adsorbent, the thickness ‘𝑡’ can be plotted as 

function of relative pressure p/p0. From nitrogen adsorption at 77K performed on non-porous oxides, 

De Boer evidenced that the plots 𝑓(𝑡) = 𝑝/𝑝0are similar suggesting a ‘universal’ plot.  

Some relations have been established to fit this universal plot and the most widely used is the one 

proposed by Harkins and Jura [16]: 

     
𝑡

𝑛𝑚
= (

0,1399

0,034−𝑙𝑜𝑔(
𝑝

𝑝0)
)

0,5

    (2.25) 

For a given adsorbent, the t-plot is built by plotting 𝑛𝑎 measured as function of 𝑡. The slope, 𝑆𝑡, of the 

t-plot allows to calculate external surface area 𝑎(𝑡) with the following equation: 

     𝑎(𝑡) =
𝑀

𝜌𝑙 ∗ 𝑆𝑡       (2.26) 

When adsorptive is N2, equation 2.26 becomes: 

     𝑎(𝑡) = 34.6 ∗ 𝑆𝑡     (2.27) 

Typically, the t-plot for a microporous material shows a steep slope at low thicknesses follows by a 

plateau that suggests an adsorbent saturation. Therefore, the amount adsorbed at this plateau is used 

to obtain both the external surface area and the micropore volume. In most cases for microporous 

adsorbents, the t-plot does not intercept the origin, it can be related to the strong adsorbent-

adsorbate interactions at low pressures. Usually for microporous adsorbents, the external surface area 

is negligible and adsorption occurs mainly in micropores (i.e, pores filling). Thus, the difference 

between BET and external surface area can be attributed to the area of the micropores. 

3. Determination of Henry’s constant 

For low enough pressures, the amounts adsorbed are small and governed by interactions between 

superficial atoms at the adsorbent surface and adsorbate molecules. In this region, the surface excess 

amount increases linearly with pressure and then Henry’s law can be applied: 

     𝑛𝜎 = 𝑘𝐻𝑝      (2.28) 

In equation 2.28, 𝑛𝜎 is the surface excess amount obtained from adsorption isotherms, 𝑝 is the 

equilibrium pressure and 𝑘𝐻 the Henry’s constant [1].  

Therefore, the determination of Henry’s law constant allows assessing the affinity of adsorbent-

adsorbate system. 

In practice, for a given solid material the Henry’s law constant is obtained by plotting 𝑙𝑛(𝑛𝜎/ 𝑝) as 

function of 𝑛𝜎: 
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     𝑘𝐻 = 𝑙𝑖𝑚
𝑝→0

(
𝑛𝜎

𝑝
)      (2.29) 

4. Determination of Working Capacity (WC) 

The working capacity (WC) is determined from single gas adsorption isotherms and an example is 

provided in Figure 2.12 for two gases. The working capacity represents the difference of amounts 

adsorbed between two pressures, an upper and a lower ones. These pressures are fixed with respect 

to pressure conditions of process. For example for conditions near to post-combustion we fixed the 

upper and lower pressures respectively at 0.15-0.2 and 0 bar against 15 and 1 bar for conditions close 

to pre-combustion.  

 

Figure 2.12 – Adsorption isotherms of gas 1 (blue) and gas 2 (green) plotting amount adsorbed against pressure 

The unit of working capacity is expressed in cm3.cm-3 to be in agreement with those used in industrial 

processes. For this, crystallographic density (g.cm-3) of an adsorbent determined experimentally or 

from literature is used to calculate the working capacity. 

5. Determination of adsorption enthalpy 

The experimental measurements of adsorption enthalpy were performed via a manometry device 

coupled with a Tian-Calvet microcalorimeter (section E.3.b). Adsorption is an exothermic process in 

which each gas doses adsorbed leads to an exothermic effect. Thus, during adsorption experiments 

the heat flow and pressure signals were recorded as function of time. An example of these recorded 

signals is provided in Figure 2.13.
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Figure 2.13 –Recorded signals obtained from a microcalorimetry experiment at 303K: pressure (red) and heat 
flow (green) 

Note that, the return of the heat flow to baseline highlights that equilibrium between the gas and the 

adsorbent is well established. The area under the heat flow curve against time is integrated to get the 

‘pseudo-differential’ adsorption enthalpy for each gas doses. 

6. Determination of selectivity  

A high CO2 selectivity over other components of the gas mixture is an essential factor for CO2 capture 

applications. For gas separation processes, the selectivity assessment is used as an indicator of 

separation ability of porous materials. For a given pressure, the expression of selectivity (α) between 

two species 1 and 2 is: 

     𝛼1/2 = (𝑥1 𝑥2⁄ )/(𝑦1 𝑦2⁄ )    (2.30) 

In this equation, 𝑥1 and 𝑥2 are the mole fractions of species 1 and 2 in the adsorbed phase while 𝑦1 

and 𝑦2 are the mole fractions in the bulk phase. 

The selectivity can originate from two mechanisms: based on size molecules and the difference in 

affinity of various components present in gas mixture to be adsorbed on pore surface [11]. In practice, 

it is not easy to measure directly the selectivity of an adsorbent for gas mixtures. Thus, the most 

common method is to predict the selectivity based on experimental single-gas adsorption although gas 

molecules competition on adsorption sites is not taken into account.  

In this work, the selectivities were calculated using the ‘Ideal Adsorbed Solution Theory (IAST)’ model 

developed by Myers and Prausnitz [17]. This model allows to predict co-adsorption isotherms based 

on the use of only pure gas adsorption data and considers that the equilibrium between the adsorbed 

phase and gas phase is similar to this between a liquid solution and a vapour phase. The IAST model 

has been already used to study gas mixtures related to post-combustion [18]–[20] and pre-combustion 

[21], [22] for CO2 capture. Some works highlighted that the IAST model can be applied to flexible MOFs 

as [Cu(dhbc)2(4,4’-bipy)] for hydrocarbons mixture [23], Cu-MOF equally for hydrocarbons mixture 

[24] or for the MIL-53(Al) for CO2/CH4 mixture [25].  

However to apply IAST model, the pure adsorption isotherms are fitted with empirical models: 

Freundlich equation, Langmuir-Freundlich equation, Toth equation, Langmuir Multisite equation [26], 

Jensen-Seaton equation [27]. Potential empirical models used in this work are described below. 
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a) Freundlich equation 

One of the first empirical equations has been proposed by Freundlich in 1926 and takes the following 

form [1]: 

     𝑛𝑎𝑑𝑠 = 𝐾𝐻(𝑇)𝑃1 𝑡⁄      (2.31) 

𝐾𝐻 and 𝑡 are constant parameters which are temperature dependent. In the Freundlich equation, the 

𝑡 parameter takes into account the non-ideality. When 𝑡 = 1, this reduces the Freundlich equation to 

the Henry’s law equation. However, in most cases 𝑡 is higher than 1 and there is an isotherm deviation 

from linearity. 

Usually, the Freundlich equation is used to describe organics adsorption on activated carbons from 

aqueous streams[28], [29]. Nevertheless, this can be applied to gas adsorption systems in small 

pressure ranges. Indeed, at low pressures it does not match with Henry’s law under dilute conditions 

while at high pressures there is not limit values of amount adsorbed as function of pressure. 

b) Langmuir-Freundlich equation 

The Sips equation (1948) is the combination of the Freundlich and Langmuir equations in order to 

improve the fit of adsorption isotherms at high pressures [30]. The expression of Sips equation is: 

     𝑛𝑎𝑑𝑠 = 𝑛𝑎𝑑𝑠
𝑚 (𝑏𝑝)1 𝑡⁄

1+(𝑏𝑝)1 𝑡⁄      (2.32) 

In this equation, the term 𝑛𝑎𝑑𝑠
𝑚 , represents the limiting adsorption capacity. 

c) Toth equation 

The Toth equation is a popular empirical equation (1971), initially proposed for monolayer adsorption 

(1962), which has the advantage to satisfy the limits for both low and high pressure ranges. The Toth 

equation expression is: 

     𝑛𝑎𝑑𝑠 = 𝑛𝑎𝑑𝑠
𝑚 𝑏𝑃

(1+(𝑏𝑝)𝑡)
1
𝑡

     (2.33) 

In this expression, the t parameter describes the system heterogeneity as for the Langmuir-Freundlich 

equation. Nevertheless, when 𝑡 = 1, the Toth equation is reduced to the Langmuir equation. 

The Toth equation describes accurately many adsorbate/ adsorbent systems and is widely used to fit 

experimental adsorption isotherms. 

d) Jensen-Seaton equation 

Both the Langmuir and Toth equations deals with two conditions to have a thermodynamic and 

experimental consistency of adsorption isotherm models: in the low pressure range, the models should 

be reduced to the Henry’s equation while for higher pressure range, finite values of the amount 

adsorbed should be reached with respect to adsorbent saturation capacity highlighting the 

compressibility of adsorbate.  

The expression of the Jensen-Seaton equation is: 

     𝑛𝑎 = 𝐾𝐻𝑃 [1 + (
𝐾𝐻𝑃

𝑎(1 + 𝜅𝑃⁄ )
𝑡

]
−1/𝑡

  (2.34) 



Chapter 2 - Adsorption, experimental techniques and derived data 

75 
 

In this equation, 𝐾𝐻 represents the Henry’s constant and 𝜅 refers to the compressibility of adsorbate. 

The Jensen-Seaton takes the form of the Toth equation when 𝜅 = 1 and if t = 1 this becomes the 

empirical Langmuir equation. Usually, the Jensen-Seaton equation provides good fit for microporous 

adsorbents up to high pressure. 

e) Langmuir Multisite equation 

Amongst the variety of empirical model, the Langmuir equation is the simplest [4]. However in many 

cases, the fit of experimental adsorption isotherm is not optimal. An approach was to consider the 

experimental adsorption isotherm as the sum of several Langmuir-type isotherms having various 

monolayer capacities and affinities. Thus, it is envisaged that the adsorbent possesses several distinct 

types of homogeneous adsorption where Langmuir equation is applied to each. The expression of 

Langmuir multisite equation is: 

     𝑛𝑎𝑑𝑠 = ∑ 𝑛𝑎𝑑𝑠,𝑖
𝑚

𝑖
𝑏𝑖𝑃

1+𝑏𝑖𝑃
     (2.35) 

In this relation, 𝑖 represents the number of different types of adsorption sites, usually this does not 

exceed three. In the literature, both dual-site (𝑖 =2) and triple-site (𝑖 =3) are commonly used to fit 

accurately gas adsorption isotherm on zeolites and MOFs at room temperature[31], [32]. 

7. Determination of an Adsorbent Performance Indicator (API) 

Owing to industrial processes as for gas separation applications, the development of new porous 

materials grows as: MOFs, ZIFs, in addition to the improvement of traditional adsorbents as activated 

carbons, zeolites and organo-silicas. These materials have a large variety of features such as pore size, 

specific surface area and surface chemistry involving various isotherm shapes, adsorption capacities, 

adsorption enthalpies and selectivities. Thus, it can be difficult to compare these adsorbents for a given 

application. The ideal adsorbent deals with a high selectivity, a high adsorption capacity and a low 

adsorption enthalpy. Therefore, an indicator of adsorbent performance was defined including these 

parameters [33].  

The aim of the ‘Adsorbent Performance Indicator (API)’ is to propose a parameter allowing an easy 

comparison of adsorbents as well as the identification of the most promising materials for a given 

separation. The API takes into account three parameters which are:  

 The selectivity: this is the most important parameter because if porous materials are non-

selective, the separation will not be possible 

 The working capacity: this determines the size of unit separation and the cost of the 

installation. However this is dependent on the adsorbent volume, consequently, it is more 

suitable to compare volumetric adsorption capacity of the adsorbents. To achieve volumetric 

uptakes, the crystallographic density can be used 

 The adsorption enthalpy: as the adsorption is an exothermic process, the knowledge of 

adsorption enthalpy gives an information about the heat required for adsorbent regeneration 

The expression of the adsorbent performance indicator is: 

     𝐴𝑃𝐼 =
(𝛼12−1)𝐴∗𝑤𝑐1

𝐵

|∆𝐻𝑎𝑑𝑠,1|
𝐶      (2.36) 

In the equation 2.36, 𝛼12, 𝑊𝐶1, ∆𝐻𝑎𝑑𝑠,1, represent respectively the selectivity, the working capacity 

and the adsorption enthalpy directly measured. While, 𝐴, 𝐵, 𝐶 are exponents related to the nature of 

process.  
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Summary 

Firstly, this chapter defined adsorption phenomenon at the microscopic (i.e, intermolecular potential 

function) and macroscopic levels (i.e, Gibbs Dividing Surface). The adsorption is a surface phenomenon 

which occurs when a gas or a liquid is at the vicinity of a solid surface. During adsorption, interactions 

of low energy can be involved as Van der Waals-type forces.  

Experimentally, home-made and commercial apparatus were used to get adsorption isotherms below 

atmospheric pressure and for higher pressures. From adsorption isotherms obtained below 

atmospheric pressure, usually N2 adsorption at 77K, textural parameters as BET surface area and pore 

volume were calculated. While from adsorption isotherms obtained above atmospheric pressure, data 

like adsorbents adsorption capacities, working capacities were determined as well as initial or average 

adsorption enthalpies. The knowledge of adsorption enthalpy is an essential parameter for CO2 capture 

to assess ability of the adsorbent regeneration.  

The prediction of selectivities can be carried out using experimental single gas adsorption isotherms 

and IAST model, they may be compared to those obtained from type ‘Grand Canonical Monte Carlo’ 

modeling methods. The selectivity is a crucial factor for CO2 gas separation applications which can be 

governed by various mechanisms as: pore size involving molecular sieve effect, the affinity of 

components with the surface and chemical interactions related to the adsorbent functionalization. For 

microporous adsorbents, one can suppose that there is a combination of molecular sieve effect as 

function of pore size as well as a high confinement effect owing to small pore size (chapter 3). 
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Chapter 3 – Complete gas adsorption study of various MOFs 

Metal-Organic Frameworks (MOFs) are three-dimensional (3D) crystalline porous structures built up 

from metal clusters linked together through organic moieties [1] (see scheme in Figure 1.6, chapter 1). 

Based on the diversity both of metal clusters and organic linkers, many thousands of MOFs can be 

synthesized. In recent years, MOFs have received a considerable attention due to their high specific 

surface area and pore volume that can exceed those of some traditional adsorbents as zeolites used 

in industrial processes as ‘Pressure Swing Adsorption’ [2] or activated carbons [3]. For example, both 

specific surface area and pore volume of MOF-5, a typical MOF that is a crystalline microporous 

coordination polymer, are higher than those of NaX and Takeda 5A (defined as reference materials in 

chapter 1). Indeed, specific surface area (m².g-1) and pore volume (cm3.g-1) are respectively: 2800/1.2 

(MOF-5) [4]; 710/0.25 (NaX) and 1180/0.46 (Takeda 5A) [5].  

Microporous MOFs can be used for various gas separations (CO2/N2; H2/CO2; CO2/CH4; 

acetylene/ethylene; xenon/krypton; propylene/propane etc.). They are attractive, especially for CO2 

capture from binary mixtures with, for example, N2 (flue gas treatment) and CH4 (natural gas or biogas 

purification) due to their potential confinement and molecular sieving effects [6].  

During this thesis, we received 38 microporous MOFs from different partners of M4CO2 project. The 

preliminary study consisted of analyzing their thermal stabilities and textural properties thanks to 

thermogravimetric analysis (TGA) and nitrogen gas adsorption at 77K. Thus, textural parameters as: 

BET surface area, pore volume and external surface area were experimentally determined (listed in 

Annex A). Following the textural characterization, a screening step of gas adsorption properties (i.e, 

CO2, N2, CH4) of MOFs was carried out using an home-made high-throughput system detailed in chapter 

2 (section E.3)a)) to get quickly adsorption isotherms at 303K. Those analyzes allowed to identify ten 

MOFs that combine a high thermal stability, a certain degree of porosity as well as interesting CO2 

adsorption properties. Moreover, pore size of some MOFs suggest confinement or/ molecular sieving 

effects in favor of CO2 over N2 and CH4. Therefore, we performed a study in-depth of gas adsorption 

properties of those ten MOFs using a manometry system coupled to a Tian-Calvet microcalorimeter 

(chapter 2, section E.3)b)). With this kind of apparatus, accuracy gas adsorption isotherms and 

adsorption enthalpies were determined at 303K.  

Those ten MOFs can be classified as function of organic linker nature: 

 Carboxylate: NH2-MIL-53(Al), MIL-69(Al), MIL-91(Ti), MIL-96(Al) and Sc2(BDC-NO2)3 

 Imidazolate: ZIF-8, ZIF-94, ZIF-93, ZIF-11 and Zn[2-nIm]2 

In this chapter, CO2 adsorption properties of carboxylate-based MOFs are discussed through five 

aspects in view of post-combustion application (i.e, CO2/N2 gas separation). Note that, CO2 adsorption 

properties of imidazolate family are detailed in chapter 4. Those five important aspects to select 

adsorbents are: 

 Working capacity (WC/ cm3.cm-3) 

 Adsorption enthalpy at zero coverage (-Δads0ℎ̇/ kJ.mol-1) 

 Selectivity (α) 

 Moisture conditions 

 An Adsorbent Performance Indicator (API) 
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A. Working capacity (WC) 

The working capacity was defined in chapter 2 (section F.4) as the difference of gas amount adsorbed 

between two pressures (upper and lower) fixed by the targeted process conditions. In our study, the 

upper and lower pressures were fixed respectively around 0.15-0.2 and 0 bar, near to post-combustion 

conditions. The working capacities were calculated in volume unit (cm3.cm-3) by means of MOFs 

crystallographic densities to be consistent with units used in industrial processes.  

CO2 working capacities around 0.15-0.2 bar at 303K were determined for the ten MOFs selected 

amongst 38 MOFs of M4CO2 project. They were compared to those of MOFs previously studied within 

the laboratory as well as to reference materials NaX and Takeda 5A (Figure 3.1). 

 

Figure 3.1 – CO2 working capacities (cm3.cm-3) calculated for a low pressure range (0.15-0.2 bar) at 303K for 
MOFs of M4CO2 project (orange), MOFs previously studied within the laboratory (yellow) as well as NaX and 
Takeda 5A (green) 

The CO2 working capacities of MOFs are considerably lower than this of NaX that is known to have an 

excellent CO2 adsorption capacity especially at low pressures [7]. Nevertheless, CO2 working capacities 

of MOFs are equal or outperform this of Takeda 5A. Amongst MOFs of the M4CO2 project, the CO2 

working capacities of some of them stand out such as: NH2-MIL-53(Al) (38.4 cm3.cm-3), MIL-91(Ti) (21.8 

cm3.cm-3), MIL-96(Al) (48.8 cm3.cm-3), ZIF-94 (24.8 cm3.cm-3) and Zn[2-nIm]2 (42.5 cm3.cm-3). The CO2 

working capacities that have been reported in literature for some MOFs are equal or higher: MIL-

100(Fe) (136.2 cm3.cm-3) [8], MIL-68(Ga) (75 cm3.cm-3) [9], MIL-91(Al) (31.5 cm3.cm-3) [10], STA-12(Ni) 

(242 cm3.cm-3) [11] for CO2/N2 gas separation in the pressure range of 0-1 bar at 303K. 

From Figure 3.1, one can observe that the microporous aluminum trimesate MIL-96(Al) stands out with 

the best CO2 working capacity in those specific conditions (i.e, 0.15-0.2 bar, at 303K). In the revisited 

structure of the MIL-96(Al) by Marvin et al., they showed that this material possesses some specific 

adsorption sites that are: aluminum acid sites, hydroxyl groups as well as coordinating water, 

potentially attractive for quadrupolar CO2 over N2 [12]. In literature, some MOFs with specific 

adsorption sites have already been reported for CO2 adsorption, typically: HKUST-1 [13], MOF-74 [14] 

or MIL-100 [15] having ‘coordinative unsaturated site’ (CUS).  
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1. CO2 working capacity versus ‘BET’ surface area 

Adsorption is a surface phenomenon at ambient temperature, thus, the CO2 working capacities of 

MOFs calculated in the pressure range 0.15-0.2 bar at 303K were reported against the BET surface area 

(Figure 3.2) determined from nitrogen gas adsorption at 77K.  

 

Figure 3.2 – CO2 working capacities calculated for a low pressure range (i.e, 0.15-0.2 bar) at 303K as function 
of BET surface area 

One can observe that there is no obvious correlation between the CO2 working capacities in these 

specific conditions (i.e, 0.15-0.2 bar at 303K) and the BET surface area of the different MOFs studied. 

However based on the study conducted by Marvin et al. on the MIL-96(Al) in which we have 

contributed (publication and supporting information in Annex B, [12]), the BET surface area can be 

correlated to crystals size. Indeed, they reported various crystals sizes of the MIL-96(Al) from 

micrometric down to nanometric scale owing to requirement of pure nanoparticles for MMM 

application. Amongst various synthesis routes investigated to yield the MIL-96(Al) nanoparticles 

(experimental section [12]), water reflux conditions were retained for which no nanoparticle 

aggregation were detected (Figure 5, [12]), while in the work conducted by Knebel et al. [16] MIL-

96(Al) nanoparticles aggregates were formed using solvothermal synthesis in a mixture of H2O/DMF 

solvents. However, the presence of nanoparticle aggregates can affect negatively the working capacity 

and selectivity of MMM. 

During this thesis, I worked on two crystal sizes of the MIL-96(Al): microcrystals of dimensions 20 µm 

long, 5 µm wide and nanocrystals with diameter of 200 nm ± 30 nm denoted respectively ‘MIL-96(Al)-

HR’ as well as ‘MIL-96(Al)-NP2’ (Figure 3.3).  
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Figure 3.3 – SEM images of the MIL-96(Al) particles: micro (‘MIL-96(Al)-HR, top) and nano (‘MIL-96(Al)-NP2, 
bottom) (Figure 1, [12]) 

When crystal sizes decrease, one can expect an increasing of external surface area of adsorbents. It 

has been verified for the MIL-96(Al) where the decrease of crystals size led to an increase of external 

surface area accompanied by an increase of the BET surface area (table 3.1). Note that, external surface 

areas were estimated via t-plot method. 

Lots 
BET surface area  

(m².g-1) 
External surface area (m².g-1) 

MIL-96(Al)-HR 597 6 

MIL-96(Al)-NP2 691 40 
Table 3.1 – BET surface area and external surface area of the MIL-96(Al) for two crystals sizes (i.e, micro and 
nano) deduced from nitrogen gas adsorption at 77K 

In addition, the trend is confirmed by the external surface area estimated to 100 m².g-1 for third batch 

of the MIL-96(Al) nanocrystals (i.e, denoted MIL-96(Al)-NP3) with an average diameter of 70 nm. 

Both the BET surface area and external surface area increased between micro- and nano-crystals 

respectively of 13.6% and 85%. CO2 adsorption properties were investigated on the MIL-96(Al) particles 

of micrometric and nanometric size and their matching CO2 adsorption isotherms at 303K plotting 

amounts adsorbed against pressure were represented in Figure 3.4.
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Figure 3.4 – Adsorption isotherms plotting CO2 amounts adsorbed as function of pressure at 303K for the MIL-
96(Al)-HR (blue circle) and the MIL-96(Al)-NP2 (purple square). Error bars were determined from the repetition 
of CO2 adsorption at 303K (two times) on the MIL-96(Al)-HR and MIL-96(Al)-NP2 

For pressures up to 3 bar, the CO2 amounts adsorbed are similar for the MIL-96(Al)-HR and the MIL-

96(Al)-NP2 suggesting almost zero effects of crystals size (i.e, micro- or nano-) in this pressure range. 

For pressures above 3 bar, the CO2 amount adsorbed is slightly higher for the MIL-96(Al)-NP2 than for 

the MIL-96(Al)-HR and the difference was estimated around 11%. This seems to be in agreement with 

the decrease of the specific surface area generated when crystals size decrease from micrometric 

down to nanometric scale. Thus, one can suppose that there is a link between morphology and specific 

surface area for the MIL-96(Al) particles. 

2. CO2 working capacity versus ‘pore size ‘ 

From Figure 3.2, it has been observed that there is no precise correlations between CO2 working 

capacities and specific surface area as might be expected. This suggests that the adsorption 

phenomenon at ambient temperature is governed by other textural parameters. Thus, the CO2 working 

capacities of MOFs were reported as function of pores size (Figure 3.5). 

 

Figure 3.5 – CO2 working capacities of MOFs determined for a low pressure range around 0.15-0.2 bar at 303K 
against pores size (Å) 
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From Figure 3.5, in those specific conditions near to post-combustion two aspects are noticeable:  

 There are no precise correlations between the CO2 working capacities and the pores size of 

the ten MOFs selected. 

 There is a kind of threshold for a pore size of 4 Å matching to the highest CO2 working capacity, 

approximatively of 48 cm3.cm-3. This corresponds to the microporous aluminum trimesate MIL-

96(Al).  

In the case of MIL-96(Al), an average pore size of 4 Å was fixed by modelling method (group of 

G.Maurin) due to its complex structure composed of three cavities whose general view with the three 

types of cages are presented in Figure 3.6. 

 

Figure 3.6 – General view of the MIL-96(Al) framework along the c axis (top) and scheme showing its three 
cages A (white), B (yellow) and C (blue) (bottom) (Figure 2a and Figure S2, [12]) 

Initially, the MIL-96(Al) structure was described by Loiseau et al. as containing four non-equivalent 

aluminum sites [17]. Nevertheless, the Al-O distances of the fourth aluminum (denoted Al4) were 

suspected as unrealistic because very short suggesting a crystallographic disorder of the MIL-96(Al) 

initial structure. So, Marvin et al. revisited the MIL-96(Al) structure using synchrotron-based single X-

ray diffraction (XRD), solid state Nuclear Magnetic Resonance (NMR) and Density Functional Theory 

(DFT).  

As described by Loiseau et al. the MIL-96(Al) structure results from the assembly of two building units. 

The first one is an oxo-centered trimer octahedra (called Al(1)) coordinated to bridging trimesate and 

µ3-O ligands. While the second building unit is composed of a 2D hexagonal network containing 18-

membered rings built by sinusoidal chains of aluminum octahedra. These chains contain two non-

equivalent types of aluminum, respectively called Al(2) and Al(3). The Al(2) octahedra is coordinated 

to four trimesate oxygen and two bridging µ2-hydroxo moieties while the Al(3) octahedra is 

coordinated to two and three trimesate oxygen and bridging µ2-hydroxo moieties. The hexagonal 18-

membered rings are interconnected each other by another type of trimer that is an ‘unusual’ Al(3) 

composed of three Al(3) octahedral that are corner-linked by µ2-OH groups. Various aluminum trimers 

present in the microporous MIL-96(Al) are exposed in Figure 2 (i.e, c), d) and e)) of publication [12]. 

The connection of Al(1) octahedral with 2D hexagonal network (i.e, Al(2) and Al(3)) through the 

trimesate ligands lead to a 3D framework with a complex arrangement of three types of cavities 

denoted A, B and C (Figure 3.6). 
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Morphology and dimensions of three types of cavities were estimated as follows (Figure S2, Table S1 

[12]): 

 Cage A: sphere with a free diameter of 11 Å and a volume cell of 520 Å3 

 Cage B: ellipsoid with dimensions 9.5*12.6*11.3 Å and a volume cell of 700 Å3 

 Cage C: bipyramid with dimensions of 3.6*4.5 Å and a cell of volume of 10 Å3 

Nevertheless, all cages of the MIL-96(Al) framework are not connected each other as one would 

expect: 

 The cages of same type (i.e, A-A, B-B or C-C) are not connected. 

 The cage A is assumed as no connected to the cages B and C due to the narrow windows size 

below 2 Å. Windows dimensions between two cavities were estimated from the Van der Waals 

radius from oxygen atoms (for more details see Figure S4 [12]). 

However, the cages B and C are connected and dimensions of windows size are of 3.6 Å horizontally 

(distance between two oxygen atoms of µ2-OH trimer) and 4.5 Å vertically (distance between two 

oxygen atoms of µ3-oxo trimer) (Figure S4, [12]). Therefore, based on those estimations of windows 

size an average of pore size of 4 Å has been fixed for the MIL-96(Al) framework.  

Due to the fact that the cavity A is isolated within the structure, the MIL-96(Al) presents a two-

dimensional (2D) porous network that consists of ‘zig-zag’ channels between cages B and C (Figure S3, 

[12]). Consequently, this will be probably the diffusion path during gas adsorption. In view of windows 

size and kinetic diameter of CO2 and N2, one can suppose that the CO2 adsorption will be favored within 

the MIL-96(Al). 

B. Adsorption enthalpy 

The adsorption enthalpy was defined in chapter 2 (section D.2) characterizing adsorbent surface to 

highlight state changes of adsorbed layer or deformation of an adsorbent under pressure [1]. As a 

reminder, the adsorption enthalpies were measured experimentally at 303 K by means of manometry 

device coupled to Tian-Calvet microcalorimeter (chapter 2, section E.3.b)) [18]. The adsorption 

enthalpy profiles plot a ‘pseudo-differential’ enthalpy of adsorption as function of amount adsorbed 

(chapter 2, section D.3). From the extrapolation of adsorption enthalpy profile at y-intercept, one can 

get an adsorption enthalpy at low surface coverage (-Δads0ℎ̇, kJ.mol-1). 

In this section, the difference of adsorption enthalpies between CO2 and N2 at low surface coverage 

will be discussed considering CO2 and N2 are predominant gas of post-combustion. Adsorption 

enthalpies were taken at zero coverage due to the low CO2 partial pressure in the post-combustion 

process (i.e, around 0.15-0.2 bar), this allows to assess the strength of adsorbent-adsorbate initial 

interactions. Thus, those differences were reported for the MOFs selected and compared to MOFs 

already studied within the laboratory as well as reference materials NaX and Takeda 5A (Figure 3.7). 
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Figure 3.7 - Difference of adsorption enthalpies between CO2 and N2 extrapolated at zero coverage for various 
MOFs: M4CO2 project (orange), previously studied within the laboratory (yellow) as well as NaX and Takeda 
5A (green) 

Amongst MOFs, the greatest difference of adsorption enthalpies between CO2 and N2 extrapolated at 

zero coverage is attributed to the MIL-69(Al) (-37 kJ.mol-1) outperforming those of NaX (-31 kJ.mol-1) 

and Takeda 5A (-10.6 kJ.mol-1). This is followed by those of the Sc2(BDC-NO2)3 and NH2-MIL-53(Al), 

respectively of -29.7 and -20.6 kJ.mol-1. One can observe that the difference of adsorption enthalpies 

between CO2 and N2 at zero coverage for the MIL-69(Al), the Sc2(BDC-NO2)3 and the NH2-MIL-53(Al) are 

close or higher of those of adsorbents containing specific CO2 adsorption sites as CPO-27, HKUST-1, 

MIL-101(Cr) with coordinative unsaturated sites ‘CUS’ or NaX with counter cation Na+. The comparison 

of initial adsorption enthalpies with those of others adsorbents reported in literature show that they 

are lower: MIL-100(Fe) (-16.7 kJ.mol-1) [8], MIL-140A(Zr) (-11.7 kJ.mol-1) [19], STA-12 (-19 kJ.mol-1) [11] 

or NaY (-14.7 kJ.mol-1) [20]. This can suggest the presence of strong CO2 interactions at low coverage 

for the MIL-69(Al), the Sc2(BDC-NO2)3 and the NH2-MIL-53(Al). 

One can suppose that there are some textural parameters that play a role during CO2 adsorption. 

Therefore as for working capacity, the difference of initial adsorption enthalpies between CO2 and N2 

were reported as function of pore size (Figure 3.8). 
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Figure 3.8 - Difference of adsorption enthalpies between CO2 and N2 extrapolated at low coverage as function 
of pore size 

One can observe that the difference between CO2 and N2 adsorption enthalpies extrapolated at low 

surface coverage increase when pore sizes decrease. The greatest differences of initial adsorption 

enthalpies between CO2 and N2 are attributed to MOFs having small pore sizes around 4.0-6.0 Å: the 

MIL-69(Al), the Sc2(BDC-NO2)3 and the NH2-MIL-53(Al). This suggests that there are a combination of 

confinement and molecular sieving effects. Note that, the MIL-69(Al) and the MIL-53(Al) are 

isostructural MOFs, however in our case linker of the MIL-53(Al) was functionalized by amino (-NH2) 

groups.  

Thus, the MIL-69(Al) and NH2-MIL-53(Al) which have analogues structures as well as Sc2(BDC-NO2)2 are 

detailed. 

1. Scandium-based MOFs family: Sc2BDC3 and functionalized counterpart Sc2(BDC-NO2)3 

Initially the scandium-based terephthalate adsorbent, of chemical formula Sc2(O2CC6H4CO2)3, was 

synthesized by Miller et al. in 2005 [21]. The scandium terephthalate is built up of isolated ScO6 

octahedra interconnected by BDC (1,4-benzenedicarboxylate) linkers to give three-dimensional (3D) 

small pore structure with openings about 3Å in free diameter. Miller et al. demonstrated that the 

scandium terephthalate possesses a high thermal stability up to 400°C as well as a significant pore 

volume of 0.26 cm3.g-1 making it very attractive for gas separation of small molecules as CO2. 

Thereafter, the adsorption behavior of the scandium terephthalate was investigated by Miller et al. for 

small fuel-related molecules: CO2, N2, H2, O2, CH4, C2H6, C3H8 [22]. Amongst those gas molecules, they 

showed that the scandium terephthalate adsorbs more strongly CO2 than light carbons and others gas 

(H2, N2, O2). In addition during CO2 adsorption, they also identified a symmetry change from monoclinic 

to orthorhombic. Then, Mowat et al. [23] have demonstrated that crystal form of the scandium 

terephthalate can be stabilized by functional groups (amino and nitro). 

Based on those data, the structures of scandium terephthalate and its amino- and nitro- derivative 

were optimized by Density Functional Theory (DFT) calculations from single-crystal X-ray diffraction 

data. Their adsorption properties, especially initial CO2 adsorption enthalpies at 303K, were 

investigated during the M4CO2 project. The results have been published by Pillai et al. [20] in 2015 in 

which our contribution concerns the experimental measurements of adsorption enthalpies on the 

scandium terephthalate functionalized by nitro groups (publication and supporting information in 

Annex C).  
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Our study was focused on the Sc2(BDC-NO2)3. As it has been demonstrated by Cmarik et al. [24] on 

functionalized UiO-66, the polarizing groups as nitro contribute to enhance CO2 isosteric heat of 

adsorption. Indeed, values of isosteric heats of adsorption are -25.5 against -32 kJ.mol-1 respectively 

for UiO-66 and UiO-66-NO2. One can expect a similar effect for the Sc2(BDC-NO2)3. 

Firstly, the structures of Sc2BDC3 and Sc2(BDC-NO2)3 optimized by DFT calculations are presented in 

Figure 3.9 when structures are CO2-loaded (Figure S3, [20]). 

 

Figure 3.9 – Unit cell crystals structures of the CO2 loaded Sc2BDC3 (left) and Sc2(BDC-NO2)3 (right) (Figure S3 
[20]) resolved by DFT geometry optimization from experimental unit cell parameters obtained from X-ray 
diffraction measurements[21], [23] 

The optimization of the Sc2BDC3 and Sc2(BDC-NO2)3 structures by DFT allowed to identify two kind of 

channels denoted A and B as well as two suspect CO2 adsorption mechanisms. In the case of Sc2BDC3, 

CO2 is aligned in channel A in such way that oxygen atoms of CO2 interact with hydrogen atoms of the 

phenyl rings. While in channel B, CO2 adsorption involves a tilting of organic linker. This is in agreement 

with the symmetry change (i.e, monoclinic to orthorhombic) identified by Miller et al. induced by CO2 

adsorption and leading to two kinds of channels A and B [25]. While for the Sc2(BDC-NO2)3, Mowat et 

al. [23] suspected a reorientation of nitro groups when CO2 adsorption occurs. This is supported by the 

good agreement between experimental and simulated adsorption isotherms obtained when the 

oxygen atoms of the nitro groups are considered as not pointing anymore toward the center of the 

channel (Figure 3, [20]). 

For the Sc2BDC3 and Sc2(BDC-NO2)3, CO2 adsorption enthalpies extrapolated at low surface coverage 

were determined from modeling methods. However, initial CO2 adsorption enthalpy for the Sc2(BDC-

NO2)3 was equally determined from experiment (complete CO2 adsorption enthalpy profile in Figure 

S27 [20]). Thus, values of initial CO2 adsorption enthalpies were reported as function of pore size 

(Figure 3.10). 
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Figure 3.10 – CO2 adsorption enthalpy extrapolated at low coverage against pore size (left) for the Sc2BDC3 (full 
grey triangle) and the Sc2(BDC-NO2)3 (full green lozenge) determined by simulation methods. The empty green 
lozenge represents the initial CO2 adsorption enthalpy determined experimentally using a manometry device 
coupled with a Tian-Calvet microcalorimeter on which error bars were calculated from CO2 adsorption cycles 
repeated at 303K (Figure 5, [20]). On right figure were plotted CO2 adsorption isotherms at 303K showing CO2 

uptakes against pressure respectively for Sc2BDC3 (full grey triangle) and Sc2(BDC-NO2)3 (full green lozenge) 

From Figure 3.10, one can observe that simulated CO2 adsorption enthalpy at zero coverage of the 

Sc2(BDC-NO2)3 is slightly higher than for the unfunctionalized scandium terephthalate. Indeed, 

simulated initial CO2 adsorption enthalpies are of -32 and -35 kJ.mol-1 respectively for the Sc2BDC3 and 

the Sc2(BDC-NO2)3. However, the comparison between simulated and experimental initial CO2 

adsorption enthalpies for the Sc2(BDC-NO2)3 shows a slightly difference. The experimental value of CO2 

adsorption enthalpy at zero coverage is -39.2 kJ.mol-1 with an error bar of ± 1.8 kJ.mol-1. Note that, the 

error bar was calculated from the repetition of three CO2 adsorption cycles at 303K (Figure 5, [20]) that 

have equally emphasized a full regeneration of the Sc2(BDC-NO2)3 under mild conditions (i.e, primary 

vacuum at 303K for 1h between each cycle).  

The functionalization of scandium terephthalate by nitro groups contributed to a slight increase of 

initial CO2 adsorption enthalpy, this is not as high as expected as for UiO-66 adsorbent [24]. This 

suggests that confinement effects are predominant within the Sc2(BDC-NO2)3 due to its small pore size, 

2.9 Å, hindering stronger CO2 adsorption enthalpy. Although the presence of nitro groups contributed 

in a slightly increase of CO2 adsorption enthalpy this led to a decrease of CO2 uptakes (Figure 3.10). 

2. Aluminum-based MOFs: the NH2-MIL-53(Al)/ MIL-69(Al) system 

Some MOFs such as the MIL-53(Al, Cr) have the characteristic of being flexible in response to external 

stimuli as temperature change [26], mechanical pressure [27] as well as probe molecule [28]. The MIL-

53(Al) possesses interesting CO2 adsorption properties over N2 and CH4 with an initial adsorption 

enthalpy of -35 kJ.mol-1 as well as a breathing phenomenon (i.e, narrow to open form) around 6 bar at 

304K [28]. However in our study, MOFs with a rigid rather than flexible frameworks are explored to 

ensure a good cohesion between MOFs and polymers to avoid potential collapses of mixed matrix 

membranes (MMMs) in the studied pressure range. In order to maintain the MIL-53(Al) structure in 

narrow pore form, two strategies were setup: 

 Functionalization of linker (i.e, 1,4 benzenzdicarboxylate) by amino (-NH2) groups leading to 

the NH2-MIL-53(Al) (Figure 3.11) 

 Linker exchange by 2,6 naphtalenedicarboxylate leading to the MIL-69(Al) (Figure 3.11) 



Chapter 3 – Complete gas adsorption study of various MOFs 

96 
 

Consequently, this involved a decrease of pores sizes: respectively 6 and 3 Å for the NH2-MIL-53(Al) 

and the MIL-69(Al) against 8 Å for the MIL-53(Al). 

In the context of this thesis, we characterized adsorption properties of ‘narrow form’ of the MIL-69(Al) 

(provided by the Lavoisier institute). Note that Senkovska et al. [29] demonstrated that the MIL-69(Al) 

phase possesses an ‘open form’ when DMF is used instead of water as solvent during synthesis.  

Various types of interaction that can play a role when CO2 adsorption occurs within the NH2-MIL-53(Al) 

and the MIL-69(Al) are shown in Figure 3.11. 

 

Figure 3.11 – The MIL-53(Al) structure where organic linkers: 1,4 benzenedicarboxylate (BDC) are 
functionalized by amino (-NH2) groups (left) [30] and MIL-69(Al) structure modeled by G. Maurin group (ICGM). 
Black arrows represent various interactions: hydrogen bonds between NH2 groups and [AlO6] for the NH2-MIL-
53(Al) as well as π-π interactions between 2,6 naphtalenedicarboxylate (NDC) for the MIL-69(Al) 

Regarding the NH2-MIL-53(Al), its surface acidity was characterized by means of spectroscopic 

methods by the Bulgarian Academy of Sciences (BAS) group (Sofia) of the M4CO2 project. They 

evidenced that relatively strong hydrogen bonds are created between a part of hydroxyl and amino 

groups and then do not interact with weak bases as CO2. One can assume that amino groups play an 

indirect role on CO2 adsorption. Those results are in agreement with these of Stavitski et al. [31] 

regarding adsorption mechanisms identification involved when CO2 adsorption occurs on MIL-53(Al) 

and NH2-MIL-53(Al). According to the authors, the contracted state (i.e, narrow pore form) of NH2-MIL-

53(Al) is the most stable form, mainly assigned to efficient hydrogen bonds between NH2 moities and 

[AlO6]∞ rather than Van der Waals (VdW) interactions. While the open form (i.e, large pore) of MIL-

53(Al) is more stable than its narrow pore state due to low strength of additional VdW interactions 

between terephtalate joints. 

In the case of the MIL-69(Al), the BAS group characterized CO2 adsorption sites as one type of isolated 

bridging hydroxyl groups (µ2-OH) which are main CO2 adsorption sites.  

Therefore, narrow pore form of the MIL-53(Al) was maintained via hydrogen bonds or π-π interactions, 

respectively the NH2-MIL-53(Al) and the MIL-69(Al) on which we performed measurements of CO2 

adsorption enthalpy at 303K (Figure 3.12). 
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Figure 3.12 – CO2 adsorption enthalpy profiles plotting differential adsorption enthalpies against uptakes (left) 
and matching adsorption isotherms representing amounts adsorbed as function of pressure (right) at 303K for 
the NH2-MIL-53(Al) (empty circles) as well as for the MIL-69(Al) (full circles) 

Regarding adsorption enthalpy profile of the MIL-69(Al), there is a slight increase of CO2 adsorption 

enthalpies up to -41 kJ.mol-1 for a range of CO2 amounts adsorbed 0-0.5 mmol.g-1. While, at low 

pressures, the average CO2 adsorption enthalpy is approximatively -38.9 kJ.mol-1 which is higher than 

UiO-66 (Zr)-BTEC (-34.8 kJ.mol-1) [32] and lower than NaX (-49.0 kJ.mol-1) [5]. This suggests that there 

are strong CO2 adsorption sites within MIL-69(Al) which is probably coupled to a high degree of 

confinement. Between 0.8 and 1.5 mmol.g-1, CO2 adsorption enthalpies show a horizontal plateau 

which can be explained by a MIL-69(Al) structure expansion. Beyond 1.5 mmol.g-1, there is a strong 

decrease of CO2 differential adsorption enthalpies which matches to adsorbent saturation. For 

pressures above 1 bar, CO2 adsorption isotherm of the MIL-69(Al) describes a step around 1.6 bar 

which seems to be analogous to the inflection observed for the MIL-53(Al) that appears around 4 bar. 

While in the case of the NH2-MIL-53(Al), CO2 adsorption enthalpies are relatively homogeneous around 

-40 kJ.mol-1 in the uptake range 0-1.5 mmol.g-1. In this area, this suggests there are no CO2 specific 

adsorption sites and probably a filling of the micropores. For uptakes higher than 1.5 mmol.g-1, CO2 

adsorption enthalpy decrease until -25 kJ.mol-1. This might indicate that adsorption occurs at a certain 

distance of adsorption sites on external surface as well as adsorbate-adsorbate interactions. CO2 

adsorption enthalpy of NH2-MIL-53(Al) is amongst the highest of microporous MOFs related so far: 

MIL-91(Ti) (-47.1 kJ.mol-1) [33]; Sc2(BDC-NH2)3 (-45.3 kJ.mol-1) [20] lower than NaX (-49 kJ.mol-1) [5] and 

higher than Takeda 5A activated carbon (-33.8 kJ.mol-1 ) [5]. 

C. Selectivity 

The selectivity (𝛼) was defined as the ratio of mole fractions between the adsorbed (𝑥) and bulk (𝑦) 

phases (see chapter 2, section F.6.)). As a reminder, the prediction of selectivities arises from ‘IAST’ 

model that uses the best fit of pure gas adsorption isotherms to predict co-adsorption isotherms. Note 

that, only pure gas adsorption isotherms obtained from manometry device coupled to Tian-Calvet 

microcalorimeter were used to predict selectivities.  

The predicted selectivities were determined for a low pressure range, around 0.15-0.2 bar at 303K, for 

CO2/N2 gas separation near to post-combustion conditions, as mentioned in the introduction. Those 

CO2/N2 predicted selectivities for the ten MOFs selected were compared to those of others MOFs 

already studied within the laboratory and equally to the NaX and Takeda 5A (Figure 3.13). 
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Figure 3.13 - Predicted CO2/N2 selectivities around 0.15-0.2 bar at 303K for various MOFs: M4CO2 (orange), 
previously studied within the laboratory (yellow) and NaX and Takeda 5A (green) 

One can observe that the predicted CO2/N2 selectivities of MOFs that we have studied so far are equal 
or higher than those of others MOFs or NaX and Takeda 5A, except for the Sc2(BDC-NO2)3. Indeed for 
the Sc2(BDC-NO2)3, the predicted value of CO2/N2 selectivity based on experimental adsorption 
isotherms does not match with this obtained from simulation that predicted an infinite value. This 
suggests the presence of defects inside the Sc2(BDC-NO2)3 MOF. Amongst the M4CO2 MOFs, one can 
note that the MIL-91(Ti) and the ZIF-94 have good predicted CO2/N2 selectivities respectively of 150 
and 170. They are comparable to those of the MIL-127(Fe) and NaX respectively of 176 and 200. 
However, those predicted CO2/N2 selectivies are lower than those reported for others MOFs in 
literature as (15% CO2, 0-1 bar, 303K [33]): MIL-100(Fe) (47), MIL-102(Cr) (41), MIL-68(Ga) (12) and 
MIL-91(Al) (68). 

As for the working capacity and the adsorption enthalpy, the predicted CO2/N2 selectivities were 

reported as function of pores size (Figure 3.14). 

 

Figure 3.14 – Logarithm of predicted CO2/N2 selectivities (around 0.15-0.2 bar, at 303K) as function of pore size 
(Å)  
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From Figure 3.14, one can observe that there are no significant correlations between CO2/N2 

selectivities at 0.15-0.2 bar and pore size of various MOFs characterized. However, the highest CO2/N2 

selectivities are obtained for MOFs with small pore size around 5-10 Å (i.e: NH2-MIL-53(Al), MIL-69(Al), 

MIL-96(Al), MIL-91(Ti), Zn[2-nIm]2, ZIF-94) with the exception of the Sc2(BDC-NO2)3 MOF. This suggests 

that various factors play a role: MOFs chemistry at low pressure as well as confinement and molecular 

sieving effects.  

Amongst MOFs having the highest CO2/N2 selectivities, the MIL-91(Ti) seems to be promising for CO2 

capture with a pore size of 4 Å. 

1. The small pore bis-phosphonate MIL-91(Ti) 

The CO2 adsorption properties of the small pore bis-phosphonate MIL-91(Ti) were investigated and 

published in 2016 [33] (publication and supporting information are in Annex D). Therefore, in this 

section will be discussed only adsorption mechanisms leading to a good predicted CO2/N2 selectivity. 

The MIL-91(Ti) of chemical formula, TiO(O3PCH2NHC4H8NHCH2PO3), is built up of TiO6 octahedral chains 

connected through bis-phosphonate linkers (N,N’-piperazine bismethylenephosphonic acid) to get a 

three-dimensional (3D) structure (Figure 1, [33]). Pore size dimension of the MIL-91(Ti) were estimated 

approximatively to 0.35*0.40 nm² from crystallographic data.  

To attempt to elucidate adsorption mechanisms involved in the good CO2/N2 selectivity of the MIL-

91(Ti), several tests were performed: single gas adsorption, molecular simulation and co-adsorption 

experiments [33]. CO2 and N2 interactions with the MIL-91(Ti) framework from binary mixture are 

illustrated by means of GCMC simulation (Figure 3.15). 

 

 

Figure 3.15 – Snapshot obtained during GCMC simulated arrangements of CO2 and N2 molecules from binary 
mixture on the MIL-91(Ti) for a molar composition of 0.05/0.95 at 303K (Figure 5, [33]) 

Both in situ PXRD and GCMC data suggested that the CO2 adsorption mechanism is the following: 

during adsorption CO2 molecules are aligned in such a way that carbon atoms of C=O groups (CCO2) 

interact with oxygen atoms present in the environment of the P=O group and the N atom (PO∙∙∙H∙∙∙N). 

However, analysis of the CO2/N2 co-adsorption mechanism showed that the CO2 behavior is similar to 

this of single gas adsorption scenario. Indeed, CO2 molecules are mainly located in the vicinity of the 

PO∙∙∙H∙∙∙N sites with distance between CCO2 and OPO∙∙∙H∙∙∙N of 2.69 Å similar to this of 2.7 Å for pure 
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CO2 adsorption. Moreover, N2 molecules are located in the center of pore with characteristic 

host/guest distances exceeding 3.2 Å (N2 - PO∙∙∙H∙∙∙N, Figure S23 [33]). The co-adsorption mechanism 

proposed was validated by the good agreement between experimental and simulated CO2/N2 

selectivities. 

Within the MIL-91(Ti), the CO2/N2 separation is driven by preferential CO2 adsorption sites around P-

OH and NH groups of the phosphonate linkers. This is combined with a high degree of confinement of 

the MIL-91(Ti) due to its small pore size (i.e, 4 Å) and low pore volume which favor the CO2 adsorption 

with smaller kinetic diameter compared to N2. Therefore, the good CO2/N2 selectivity of the MIL-91(Ti) 

is explained by the combination of those several parameters. 

D. Moisture conditions  

As mentioned in chapter 1 (section B.1), flue gases contain traces or small amounts of water (i.e, 

around 10%) which affects usually negatively CO2 adsorption capacity of adsorbents as zeolites and 

some MOFs. Therefore, one important factor to take into account is the CO2 adsorption behavior of an 

adsorbent under moisture conditions, especially when post-combustion conditions are targeted.  

A work of screening was carried out within the laboratory on 43 MOFs and 4 reference materials using 

a laboratory-scale protocol to assess the percentage loss in CO2 uptake between ‘wet’ and ‘dry’ 

samples (Figure 3.16) [34].  

Figure 3.16 – Histogram showing CO2 amounts adsorbed (wt%) for the 43 MOFs and 4 reference materials (i.e, 
zeolites and activated carbons). Orange bars correspond to the CO2 amounts adsorbed determined in the 
activated state while blue bars correspond to the CO2 uptakes obtained under moisture conditions (water pre-
adsorbed). CO2 uptakes were ranked as function of CO2 percentage loss between ‘activated’ and ‘wet’ states: 
zone A corresponds to a decrease of CO2 adsorption capacity by less than 25%, zone B between 25 and 50%, 
zone C between 50 and 75% and zone D by more than 75%. 

One can observe that some of CO2 adsorption capacities of MOFs are strongly affected under moisture 

conditions, especially for the MIL-91(Ti) and the NH2-MIL-53(Al) where CO2 adsorption capacities are 

reduced respectively of 75% and 49%. In the case of MIL-91(Ti), its CO2 adsorption behavior under 

moisture conditions appears to be close to those of zeolites for which CO2 adsorption capacities are 
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negatively affected in presence of water. While CO2 adsorption behaviors of some of MOFs in presence 

of water as the Sc2(BDC-NO2)3 and the MIL-69(Al) are slightly affected as activated carbons. However 

in the zone C, one can observe that the MIL-96(Al) stands out with the best CO2 adsorption capacities 

under moisture conditions. In terms of percentage loss between ‘dry’ and ‘wet’ states for the MIL-

96(Al), this represents 33%.  

To assess the competition between CO2 and H2O adsorption sites, we reported CO2 capacity loss 

against Henry’s constant of water (Figure 3.17) for various MOFs. 

 

Figure 3.17 – CO2 capacity loss (wt%) that represents the difference of CO2 uptakes between ‘dry’ and ‘wet’ 
states of MOFs as function of logarithm of Henry constant (KH) of water determined from water adsorption 
isotherms at 298K [34] 

Firstly, one can observe on figure 3.17, that there is a linear trend between CO2 capacity loss and 

logarithm of Henry constants suggesting that CO2 and H2O adsorption sites are similar for the MOFs 

studied. The upper part of graph corresponds to the MOFs for which CO2 adsorption capacities are 

strongly affected under moisture conditions. However, one can observe that the MIL-96(Al) derives 

from the linear trend assuming adsorption mechanisms of CO2 and H2O more complex, probably a 

competition between those adsorption sites. 

Therefore, we have performed a study on CO2 adsorption properties of the MIL-96(Al) in presence of 

water under static and dynamic conditions near to post-combustion conditions this work was 

published [35] (publication and supporting information in Annex E). In this context, we used the MIL-

96(Al) microparticles synthesized within Lavoisier institute by M.Benzaqui and called ‘MIL-96(Al)-HR’ 

[12]. 

A preliminary study was conducted on CO2 adsorption properties of the MIL-96(Al) in the presence of 

water under static conditions. Prior to gas adsorption, the MIL-96(Al) is placed within a desiccator for 

48h to be pre-equilibrated and one considers that the MIL-96(Al) is fully hydrated. Then, the 

calorimetric cell containing the pre-equilibrated MIL-96(Al) is placed inside the Tian-Calvet 

microcalorimeter where CO2 gas adsorption is measured at 303K. Therefore, static conditions mean 

that both of CO2 partial pressure and the rate of relative humidity cannot be controlled for those 

specific conditions. More experimental details are provided in the experimental section of article [12]. 

The comparison of CO2 adsorption isotherms between the activated and pre-equilibrated states of the 

MIL-96(Al) (Figure 5, [35]) showed a loss of adsorption capacity of 80% at 8 bar (i.e, 5.7 against 1.2 

mmol.g-1 respectively. This is emphasized by the Henry’s constant calculation leading to 16 and 5 
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mmol.g-1.bar-1 respectively for the outgassed and pre-humidified states. Although CO2 adsorption 

capacity is affected by water, CO2 adsorption enthalpy increases up to -40 kJ.mol-1 showing a positive 

effect of H2O pre-adsorbed on CO2 interactions during pore filling. The higher CO2 adsorption enthalpy 

can be attributed to a higher confinement effect and/or an increase of hydrophilicity surface owing to 

pre-adsorbed water.  

With the home-made apparatus, CO2 cycling adsorption measurements were performed on the pre-

equilibrated MIL-96(Al) at 303K under static conditions. Cycling (Figure 6, [35]) showed that CO2 

uptakes increase with cycles suggesting that CO2 adsorption gives a water displacement involving a 

porosity release. However, CO2 uptakes remain lower than those of the activated MIL-96(Al). 

Regarding CO2 adsorption enthalpies during cycling, they remain above that of the activated MIL-

96(Al).  

The study of CO2 adsorption properties on the pre-equilibrated MIL-96(Al) has been pursued under 

dynamic conditions at 303K to tend towards post-combustion conditions. Results are presented in the 

next section. 

Unlike static conditions, in the case of dynamic conditions the CO2 partial pressure as well as the rate 

of relative humidity can be fixed. Experimentally, the MIL-96(Al) was pre-equilibrated at a fixed relative 

humidity in a nitrogen flow prior to blending in CO2 for a partial pressure of 0.2 bar, at 303K. Details 

about the full experimental home-made apparatus used are provided in supporting information (Figure 

S18, [35]). Thus, CO2 amounts adsorbed at 0.2 bar and adsorption enthalpies were measured on the 

MIL-96(Al) for various rates of relative humidity that are: 3, 10, 20 and 40 % (Figure 3.18). Note that 

for 3% relative humidity, the MIL-96(Al) is CO2-loaded around 1.6 mmol.g-1 at 0.2 bar matching to this 

determined under static conditions.  

Figure 3.18 – CO2 amounts adsorbed at 0.2 bar and matching adsorption enthalpies obtained under dynamic 
conditions at 303K for various rate of relative humidity (%): 3 (considered as ‘outgassed state’), 10, 20 and 40 
for which errors  were estimated and represented (black) 

One can observe a decrease of CO2 amounts adsorbed when the percentage of relative humidity 

increases. The losses of CO2 adsorption capacities were established at 33%, 49% and 72% respectively 

for relative humidities of 10%, 20% and 40% and match with water uptakes from water adsorption 

isotherm (Figure 2 top, [35]). Then, this suggests that the CO2 entirely fill the remaining pore volume 

that the water leaves after pre-adsorption at each relative pressure.  



Chapter 3 – Complete gas adsorption study of various MOFs 

103 
 

At a fixed relative humidity of 10% there is an increase of CO2 adsorption enthalpy that is of -40 kJ.mol-

1 against -35 kJ.mol.-1 for a relative humidity of 3% that corresponds to the outgassed state. One can 

observe that above 10%, when relative humidities increase this led to a decrease of CO2 adsorption 

enthalpies measured. Due to dynamic conditions, one can assume that a part of water pre-adsorbed 

is partially displaced during CO2 adsorption, consuming energy, and leading to lower adsorption 

enthalpy than would be expected for CO2 adsorption alone. Moreover, a closer examination of the 

measured enthalpy signal showed an unusual signal which seems to be the resultant of initial rapid 

exothermic CO2 uptake followed by a more gradual endothermic H2O desorption (Figure S20, 

supporting information). 

Therefore, a relative humidity of 10% seems to be a trade-off between a decrease of CO2 uptake and 

a maximum of CO2 adsorption enthalpy. Thus, the analysis of water adsorption isotherm allowed 

identifying water adsorption sites within the MIL-96(A), especially at 10% of relative humidity (Figure 

3.19). 

 

Figure 3.19 – Adsorption (empty symbol) and desorption (full symbol) isotherms of water at 298K. Map of the 
H2O occupied positions in 1000 equilibrated frames extracted from the GCMC simulations at 298K at p/p0 = 0.1 
(Figure S4) 

To assess the hydrophilicity/ hydrophobicity of the MIL-96(Al), water adsorption was performed at 

298K on adsorbent beforehand outgassed (i.e, at 423K for 16 hours under primary vacuum). From 

Figure 3.19, one can observe an overlaying of the adsorption and desorption isotherms of the MIL-

96(Al) suggesting that water adsorption is a reversible phenomenon without pore blocking effects or 

chemisorption. There is a fairly good agreement between experimental and simulated water 

adsorption isotherms at 298K although the MIL-96(Al) saturation is reached at lower relative pressure 

for the simulated isotherm (Figure 2 bottom, [35]).  

Water adsorption isotherm of the MIL-96(Al) shows several steps: 

 An initial uptake up to p/p° = 0.03, this step can be related to specific water adsorption sites 

(Figure 3a and 3b). 

 A first relatively sharp adsorption step between p/p° = 0.03 and 0.12 that is linked to the 

formation of water clusters within the most hydrophilic cages of the MIL-96(Al) 

 A second more gradual uptake between p/p° = 0.12 and 0.2-0.5  

 A final plateau-like region 
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Thus, a relative humidity of 10% corresponds to the filling of the most hydrophilic cages within the 

MIL-96(Al). We performed CO2 adsorption cycling under flow conditions at 10% of relative 

humidity (Figure 3.20). 

Figure 3.20 – CO2 amounts adsorbed at 0.2 bar (left) and matching adsorption enthalpies (right) measured 
during cycling at 303K 

Figure 3.20 shows a slight decrease of CO2 amount adsorbed between the first and second cycle (1.03 

and 0.89 mmol.g-1). This suggests that there are some CO2 molecules irreversibly adsorbed within the 

MIL-96(Al). However after the second cycle, the CO2 uptakes remain relatively constant until fourth 

cycle. There is also an increase of CO2 adsorption enthalpies to achieve a constant value after the 

second cycle. This can be attributed to some CO2 irreversibly adsorbed under those dynamic conditions 

during the first step. This may be accompanied by a water displacement, which may be not involved in 

the following cycles, leading to a relative endothermic contribution for the first cycle. However, a 

quasi-steady state seems to be reached beyond the second cycle. 

In order to place the performances of the MIL-96(Al) for post-combustion type conditions, it has been 

compared with those of others MOFs from literature (Figure 3.21). 
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Figure 3.21 – Relationship between CO2 adsorption enthalpies extrapolated at zero coverage and matching 
uptakes at 0.2 bar for: several MOFs of literature (grey circles, see Table S7 for values, [35]) and carboxylate 
MOFs of M4CO2 project (orange circles). For the MIL-96(Al): pink circle represents the outgassed state while 
purple and red circles show respectively the first and fourth cycles after pre-equilibration with 10% of relative 
humidity during cycling under flow conditions 

For MOFs reported from literature and carboxylate-based MOFs of M4CO2 project, one can observe an 

overall linear trend with a certain degree of scattering. The CO2 adsorption enthalpy at zero coverage 

as well as uptake at 0.2 bar for the outgassed state of the MIL-96(Al) falls into this trend. However, the 

slight loss of CO2 adsorption capacity accompanied by a significant increase of CO2 adsorption enthalpy 

when the MIL-96(Al) was pre-equilibrated at 10% of relative humidity led to an upward deviation from 

this trend. Figure 3.21 emphasizes that the CO2 adsorption capacity of the MIL-96(Al) is affected 

moderately with an increase of adsorption enthalpy placing it above many other, non CUS containing, 

MOFs in terms of interaction strength. Thus, such relationship may help to identify adsorbents of 

potential interest for this kind of study. 

GCMC simulations allowed to investigating co-adsorption mechanism for the ternary CO2/N2/H2O 

mixtures. This showed that CO2 molecules are initially distributed in the same region of the pores than 

in the pure components, meaning that pore containing µ2-OH (Figure S13 and Figure S14, [35]). GCMC 

simulations of the ternary mixture were performed at a relative humidity of 8.5% (Figure 3.22). 
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Figure 3.22 – Maps of the occupied positions of CO2 (orange), N2 (blue), and H2O (cyan) in 1000 equilibrated 
frames extracted from GCMC simulations for co-adsorption of CO2/N2 (20/80) in the MIL-96(Al) at 303K and 
1.0 bar in presence of humidity, RH = 8.5% (Figure 9, [35]) 

Figure 3.22 evidences that CO2 and N2 molecules are adsorbed inside cavities containing similar 

adsorption sites that are µ2-OH. While, H2O molecules are preferentially adsorbed inside cavities made 

by terminal sites that are Al1-H2Oterminal, Al(3’)-OHterminal and Al(3)-H2Oterminal. This suggests that at the 

initial stage of adsorption, CO2 and H2O molecules have distinct adsorption sites. When relative 

humidity increases, H2O molecules interact with all the available porosity due to its higher interaction 

energy compared to CO2. Thus, H2O molecules can occupy all adsorption sites explaining the decrease 

of CO2 adsorption capacity with the increase of relative humidity (see Figure 3.18). 

E. An Adsorbent Indicator Performance (API) 

Within the laboratory, an Adsorbent Performance Indicator (𝐴𝑃𝐼) was developed taking into account 

the selectivity(𝛼), the working capacity (𝑊𝐶, 𝑐𝑚3. 𝑐𝑚−3) and the average of adsorption enthalpy 

(−𝛥𝑎𝑑𝑠0ℎ̇, 𝑘𝐽. 𝑚𝑜𝑙−1 ) (chapter 2) weighted by coefficients as function of targeted process [5]. In view 

of post-combustion application, we fixed the coefficients A, B and C (chapter 2, section F.7) to 2, 1 and 

1 respectively for the selectivity, the working capacity and the adsorption enthalpy. The stronger 

coefficient was attributed to the selectivity because CO2 selective adsorbents over N2 are researched. 

Thus, the APIs of MOFs were calculated and compared to those of NaX and Takeda 5A (Figure 3.23). 

 

Figure 3.23 – Logarithm of Adsorbent Performance Indicator (API) for various MOFs: M4CO2 (orange), 
previously studied witihin the laboratory (yellow) and NaX and Takeda 5A (green) 
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Amongst various MOFs presented in Figure 3.23, one can observe that MOFs with small pore size 

between 3.0 and 6.0 Å, have the highest APIs apart from Sc2(BDC-NO2)3. As indicated for selectivity 

(section III, Figure 3.13), crystals defects are suspected for the Sc2(BDC-NO2)3 explaining the difference 

between experimental and simulated values of selectivity and therefore APIs. However, the highest 

APIs determined for the NH2-MIL-53(Al), the MIL-69(Al), the MIL-91(Ti) and the MIL-96(Al)) are similar 

to this of NaX that is very high selective towards carbon dioxide. Thus, this highlights the characteristic 

of those MOFs to be CO2 selective. One can observe that those APIs are higher to this of Takeda 5A 

and others MOFs previously studied within the laboratory, apart from the MIL-127(Fe) for wich it is 

comparable. From Figure 3.23, one can observe that some of ‘Zeolitic Imidazolate Frameworks (ZIFs)’ 

seems to be CO2 selective for which their CO2 adsorption are discussed in chapter 4. 
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Summary 

As mentioned at the beginning of the chapter, a first experimental screening (i.e, home-made high-

throughput system) allowed us to identify some carboxylate-based MOFs potentially interesting for 

CO2 capture. In this chapter, CO2 adsorption properties of those MOFs were explained with respect to 

several parameters that are crucial for the choice of an adsorbent, especially in view of post-

combustion application. Those parameters are: Working capacity (WC, cm3.cm-3), Adsorption enthalpy 

extrapolated at zero coverage (-Δads0ℎ̇, kJ.mol-1); CO2/N2 selectivity (α) and moisture conditions. They 

are summarized in Figure 3.24. 

     

    

Figure 3.24 – CO2 adsorption properties of carboxylate-based MOFs were ranked as function of several 
parameters: Working capacity; Adsorption enthalpy, selectivity and moisture conditions 

In the case of working capacity, the MIL-96(Al) has the best CO2 adsorption capacity in those specific 

conditions (i.e, a range pressure of 0.15-0.2 bar, at 303K) although it does not outperform this of NaX. 

We have performed CO2 adsorption on two different crystal sizes of the MIL-96(Al): micro- and nano- 

particles (denoted respectively ‘MIL-96(Al)-HR’ and ‘MIL-96(Al)-NP2’). This allowed to correlate 

particles morphology with external surface area and BET surface area. We have observed that the 

decrease of crystals size involved both of external surface area and BET surface area. Note that, an 

increase of 85% of external surface area was not expected.  

Regarding the difference of adsorption enthalpies between CO2 and N2 extrapolated at zero coverage, 

three MOFs stand out: the NH2-MIL-53(Al), the MIL-69(Al) and the Sc2(BDC-NO2)3. We have measured 

experimentally CO2 adsorption enthalpy at 303K on the Sc2(BDC-NO2)3 whose the value is -39.2 kJ.mol-

1. When we compare to CO2 adsorption enthalpy of the Sc2(BDC)3 of -32 kJ.mol-1 (determined from 

modelling), we can deduce that nitro groups have a low contribution to increase CO2 adsorption 
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enthalpy unlike one would expect. One can assume that it is attributed to a strong confinement effect 

related to small pore size (i.e, 2.9 Å).  

In the literature CO2 adsorption properties of the MIL-53(Al) were investigated. Unlike the MIL-53(Al), 

the NH2-MIL-53(Al) and the MIL-69(Al) are not flexible in the pressure range studied. We have 

measured CO2 adsorption enthalpies at 303K. This emphasized high initial CO2 adsorption enthalpies 

of -42 and -37 kJ.mol-1 respectively for the NH2-MIL-53(Al) and the MIL-69(Al). This suggests high 

confinement effects and molecular sieve especially for the MIL-69(Al) in view of pore size of 3 Å. 

Amongst predicted selectivities reported for various MOFs, the small pore bis-phosphonate MIL-91(Ti) 

shows a comparable CO2/N2 selectivity. The good CO2/N2 selectivity of MIL-91(Ti) results of various 

parameters that are: preferential CO2 adsorption sites (i.e, P-OH and NH groups of phosphonate 

linkers), a high degree of confinement related to its small pore size of 4 Å and consequently molecular 

sieve that favors the adsorption of molecules with small kinetic diameters.  

Flue gas contains some traces or amounts of water that can affect negatively CO2 adsorption properties 

of adsorbents. A screening was performed within the laboratory and allowed us to compare CO2 

adsorption capacities of 43 MOFs under ‘dry’ and ‘wet’ states. From this screening, we have identified 

the MIL-96(Al) as a good compromise with a noticeable loss of CO2 adsorption capacity approximatively 

of 33%. On the MIL-96(Al), CO2 uptakes at 0.2 bar and adsorption enthalpies were measured at 303K 

under flow conditions in the presence of water for various relative humidities (i.e, 10%, 20%, 40%). 

Maximum of CO2 uptake and adsorption enthalpy are observed for a relative humidity of 10% that 

corresponds well with water percentage in post-combustion application. High CO2 adsorption enthalpy 

suggests strong host/guest interactions. CO2 adsorption cycling was performed at 10% of relative 

humidity and shown constant adsorption properties. 

For each parameters reported, we have identified one or several MOFs that stand out. That is why we 

have used an additional parameter developed within the laboratory, an Adsorbent Performance 

Indicator (API) to identify best MOFs for targeted application. In the context of post-combustion 

application, we have fixed the stronger coefficient to the selectivity because selective MOFs are 

required. This showed that MOFs with smallest pore sizes have highest APIs. Nevertheless, the API is a 

parameter at the lab scale that gives an overall information on gas separation performances. 

Moreover, the API does not take into account specific conditions as the presence of water. This does 

not allow also to correlate textural parameters with CO2 adsorption properties as well as to predict 

adsorption properties.  

During this chapter, some correlations were envisaged between textural parameters and CO2 

adsorption properties as: 

 Working capacity vs BET surface area  

 CO2 uptake vs pore size  

 Difference of initial adsorption enthalpies between CO2 and N2 vs pore size 

 Logarithm (CO2/N2 selectivity) vs pore size 

 CO2 capacity loss vs logarithm of Henry’s constant of water 

 CO2 initial adsorption enthalpy vs uptake at 0.2 bar 

While adsorption is surface phenomenon, we do not have observed correlation between CO2 working 

capacity and BET surface area. However for correlations with pores size, one can observe the highest 

CO2 adsorption capacity is obtained for an average of pore size of 4.0 Å (i.e, the MIL-96(Al)). Both of 

the initial CO2 adsorption enthalpies and predicted CO2/N2 selectivities are obtained for a range of pore 

size between 3.0-6.0 Å.  
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Such relationships may help to identify materials of potential interest for gas separation applications. 

This provides data base to the establishment of ‘Quantitative Structure-Property Relationship (QSPR)’ 

to predict adsorption properties and/or new structures. In this context, new correlations are 

developed in the chapter 4 for another kind of separation, CO2/CH4, with imidazolate-based MOFs 

(‘Zeolitic Imidazolate Frameworks’). 
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Chapter 4 - Correlations establishment to assess MOFs CO2 

performances 

I. Introduction 

In the same way as for low pressure conditions, each parameters: working capacity, adsorption 

enthalpy, selectivity and an adsorbent performance indicator (API) were calculated for high pressure 

conditions (between 1 and 15 bar) approaching to pre-combustion process (i.e, reforming of methane 

from natural gas) for the ten selected MOFs from screening (chapter 3). The Figures corresponding to 

each parameters with a comparison to others MOFs and reference materials are provided in Annex F. 

Although the API is more useful at the laboratory scale, it gives an indication on CO2 separation 

performances of adsorbents [1]. Thus, the APIs for the ten MOFs selected were calculated for CO2/CH4 

gas separation and equally compared to those of others MOFs whose CO2 adsorption properties have 

been already characterized within the laboratory as well as to those of reference materials NaX and 

Takeda 5A (Figure 4.1). To determine APIs, we fixed coefficients as follows: 0.5, 1 and 1 respectively 

for the selectivity, the working capacity and the adsorption enthalpy (details provided in chapter 2, 

section F). For CO2/CH4 separation at high pressures, adsorbents with good CO2 adsorption capacities 

are favored and that is why a high coefficient was not fixed for selectivity unlike to CO2/N2 separation 

as noted in chapter 3. 

 

Figure 4.1 – Logarithm of adsorbent performance indicator (API) against various adsorbents: M4CO2 MOFs 
(orange), MOFs previously characterized within the laboratory (yellow) as well as NaX and Takeda 5A (green) 

From Figure 4.1, one can observe that the APIs of carboxylate-based MOFs and Zeolitic Imidazolate 

Frameworks (ZIFs) are in the same order of magnitude and comparable to those of MOFs already 

characterized within the laboratory and those of NaX and Takeda 5A. Note that, the characterization 

of CO2 adsorption properties of some MOFs (yellow) was performed earlier the M4CO2 project within 

the laboratory with the aim to assess best MOFs for CO2/CH4 separation [2]. 

As mentioned in chapter 3, lots of data were collected experimentally during this thesis both on 

textural properties and on adsorption properties of MOFs: BET surface area, pore volume, CO2 uptakes, 

and adsorption enthalpies for which some of them are used to determine selectivity that is a major 

factor in the choice of an adsorbent for a gas separation. However such amount of experimental data, 

requires tools based on models, usually mathematical, allowing to predict separation performances of 
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adsorbents (i.e, for gas separation applications) against structural or/ and physicochemical features. In 

recent years, those types of models were developed and called quantitative structure-properties 

relationship (QSPR).  

Firstly in this chapter, we provided principles and interests of QSPR models to various fields. Thereafter 

those QSPR models were explained for a specific application: CO2 capture by Metal-Organic 

Frameworks as adsorbents.  

Secondly, we attempted to correlate textural properties with adsorption features of MOFs towards a 

‘QSPR’ or a ‘descriptor-property’ approach that did not require specific models. Indeed, microscopic 

features as: pore size, surface polarity and pore volume were correlated with a macroscopic property: 

CO2 maximum excess uptake (i.e, CO2 amount adsorbed at adsorbent saturation) to highlight some 

linear trends. Owing to the variety of MOFs (pore shape, pore size, chemistry …) studied in this thesis, 

those correlations were restricted to a sub-class of microporous MOFs: Zeolitic Imidazolate 

Frameworks (ZIFs) due to their well-defined porosity as well as their chemical and thermal stability. 

Amongst the variety of ZIFs based on zeolite topologies, we have focused this work on two kinds of 

topologies: Sodalite (ZIF-8, ZIF-94) and Rhomboedral (ZIF-93, ZIF-11). 

II. Quantitative structure-property relationship (QSPR) models 

1. History of QSPR models 

Quantitative structure-activity relationships (QSAR) and quantitative structure-property relationships 

(QSPR) are based on correlation developments between the structure and targeted properties of 

compounds. The strategy of QSAR and QSPR models is to obtain the optimum quantitative relationship 

which can be used to predict compound properties including those which are unknown. This approach 

would allow to adjust and to select compounds with desirable properties for given applications. 

The development of quantitative structure-property relationships dates back more than one century 

with some pioneering works. Indeed, Crum-Brown and Fraser provided the first formulation of a 

quantitative relationship between ‘physiological activity’ and ‘chemical structure’ in 1868 [3]. Later, 

Mills developed structure-property relationships to predict both melting and boiling points of a 

homologous series of organic molecules in 1884 [4]. In 1935, Hammett highlighted the existence of a 

relationship between the rate of reaction and equilibrium constants of organic compounds [5].  

In this field, a breakthrough was made with the works of Hansch and Fujita [6] and Free and Wilson [7] 

in 1963 and 1964 where mathematical models were developed to describe structure-activity 

relationship in biological systems. Hansch and Fujita used regression analyses to correlate the 

hydrophobic, electronic and steric properties on biological activity. While, Free and Wilson employed 

mathematical models to describe the effect of series of chemical analogs on biological activity. 

Structure-activity relationship have been widely developed in the pharmaceutical field drug design [8], 

[9]. However, QSPR models are currently being extended to of single molecules, polymers, surfactants 

properties, interaction between various species, gas adsorption [10]. 

The principle of QSPR and QSAR analysis is to correlate macroscopic properties against microscopic 

quantitative molecular properties denominated descriptors by means of mathematical models: 

     𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠 = 𝑓(𝐷𝑒𝑠𝑐𝑟𝑖𝑝𝑡𝑜𝑟𝑠)      (4.1) 
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2. QSPR models applied to porous materials 

In the field of gas separation, some studies have been reported so far which set up quantitative 

structure-property relationship (QSPR) models for various porous materials [11]–[16].  

A study has been conducted by Gogotsi et al. on microporous carbide-derived carbons (CDCs) 

comparing their H2 adsorption capacities (at 77K, 1 atm) for different materials with tunable pore size 

and specific surface area varying respectively from 0.5 to 1.5 Å and 500 to 2000 m².g-1 [17].  

They observed a linear trend when H2 adsorption capacities are normalized with respect to specific 

surface area and plotted as function of the pore size. This evidenced that highest H2 adsorption 

capacities are obtained for smallest pores (< 20Å) rather than larger pores (> 20Å). Thus, H2 adsorption 

which occurs on CDCs seems to be governed mainly by small pores and indirectly to specific surface 

area.  

In another study performed by Gogotsi et al.on CDCs for H2 storage, they also observed a linear trend 

when H2 excess uptakes are plotted against specific surface area [18]. However, when H2 uptakes at 1 

bar are plotted there is no linear trend suggesting that pore size or pore shape can play an important 

role. From the plot of H2 excess uptakes normalized to specific surface area against pore sizes, they 

identified that a pore size range centered on 7 Å are more efficient for H2 adsorption. Indeed, they 

suggest that H2 adsorption is governed by smallest pores in which strong carbon-hydrogen interactions 

(pore wall) occur. For larger pores, H2-H2 interactions have a low contribution to H2 adsorption. 

Hydrogen adsorption at 77K on various MOFs has been performed by Noguera-Diaz et al. [19]. They 

demonstrated relatively linear relationships when H2 maximum excess uptakes are plotted as a 

function of specific surface area and pore volume. Indeed, maximum H2 amounts adsorbed are 

obtained for MOFs having highest specific surface area and pore volume with a certain degree of 

scattering. These linear trends show a higher degree of scattering for lower surface specific areas which 

can be explained by small pore size and the difference of pore volume. When H2 maximum excess 

uptakes are plotted against specific surface area, the UiO-66 and UiO-67 materials outperform trend 

line highlighting the effect of topology compared to other MOFs as: MOF-74, HKUST-1, ZIF-11 etc. 

While, the linker functionalization effect is evidenced with the IRMOF-1 and IRMOF-3 materials, where 

H2 maximum excess uptake is slightly higher for IRMOF-1. However, no relationships have been found 

which correlate H2 maximum excess uptakes with pore size, probably due to the diversity of pore sizes 

or pore shapes of the MOFs under consideration.  

Some works have reported QSPR models based on computational tools devoted to methane storage 

in a huge database of theoretical Metal-Organic Frameworks. Fernandez et al. conducted a 

quantitative structure-property relationship (QSPR) analysis on 130 000 hypothetical MOFs for which 

geometric descriptors are: volumetric surface area, pore diameter and void fraction against methane 

adsorption capacity as property at 1, 35 and 100 bar at 298K [20]. They used various mathematical 

tools including multilinear regression (MLR), decision trees (DTs) and nonlinear support vector 

machines (SVMs).  

They performed a univariate analysis that correlates individually geometric descriptors: volumetric 

surface area, pore diameter and void fraction against methane adsorption capacity at 35 and 100 bar 

at 298K. This showed that maximum methane uptake are obtained for MOFs having pore diameter 

ranges of 4-9 Å and 8 Å respectively at 35 and 100 bar. Methane uptakes increase linearly as a function 

of volumetric surface area at 35 and 100 bar with regression coefficient of R² = 0.789 and 0.837 

respectively.  
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Regarding void fraction, no relationship was found because methane uptakes increase for void 

fractions up to 0.8 and then decrease. However, the main drawback of a univariate analysis is that this 

does not allow to identify the interactions between properties which play a role on methane uptakes. 

Thus, MLR analysis provided two models to predict methane uptakes at 35 and 100 bar combining the 

dominant pore diameter, the void fraction and the gravimetric surface area as geometrical descriptors. 

In view of regression coefficients, MLR models predicts more accurate methane uptakes than the 

univariate analysis. The void fraction seems to have a strong contribution in the MLR models 

determined.  

Some trends emerged from the construction of decision tree models: high methane uptakes are 

obtained at 35 bar for MOFs having densities and void fractions above 0.43 and 0.52 g.cm-1 respectively 

against 0.33 g.cm-1 and 0.62 at 100 bar. 

Thus, the choice of MOFs should be based on predicted performance and experimental constraints 

(i.e, synthesis conditions, equipment, cost …). 

In the context of CO2 capture, the study conducted by Wu et al. established a QSPR model for a large 

series of MOFs (105) to predict selectivity of a binary mixture CO2/N2 (15/ 85%, 1 bar, 298K) near to 

post-combustion conditions by means of computational tools [21].  

Several descriptors have been considered: the difference in isosteric heats between CO2 and N2 at 

infinite dilution (∆𝑄𝑠𝑡
0 ), the specific accessible surface area (𝑆𝑎𝑐𝑐), the free volume (𝑉𝑓𝑟𝑒𝑒) and the 

porosity (𝜑) against the CO2/N2 selectivity (𝑆) at 1 bar, 298K as predicted property. Among these 

descriptors, only ∆𝑄𝑠𝑡
0  and 𝜑 were chosen to build a QSPR model which are more representative of 

industrial pressure conditions. The optimal QSPR model is an exponential relation connecting (𝑆) and 

the ratio ∆𝑄𝑠𝑡
0 𝜑⁄ . There is a good agreement of predicted CO2/N2 selectivities obtained from this 

exponential relation, those simulated and those found in literature validating this QSPR model. From 

a careful analysis of this QSPR model, some trends emerged: a decrease of porosity involves an 

increase of CO2/ N2 selectivity; a ∆𝑄𝑠𝑡
0  minimal value of 8 kJ.mol-1 is needed to get CO2/ N2 selectivity 

above 40, an increase of ∆𝑄𝑠𝑡
0  and a decrease of 𝜑 can contribute to improve CO2/ N2 selectivity. They 

validated these conclusions by applying this model to UiO-66(Zr) and its functionalized analogues UiO-

66(Zr)-NH2 and UiO-66(Zr)-(CF3)2. Indeed, the ∆𝑄𝑠𝑡
0  increase, the 𝜑 decrease or the combination of both 

(∆𝑄𝑠𝑡
0  increase and 𝜑 decrease) contribute to enhance CO2/ N2 selectivity.  

Figure 4.2 is a scheme summarizing microscopic and macroscopic descriptors which can be considered 

in QSPR models for gas separation applications of MOFs. 
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Figure 4.2 - Illustration of microscopic descriptors, macroscopic properties as well as mathematical models 
which can be used in QSPR models applied to MOFs 

III. Strategy set up to get correlations towards ‘descriptor-property’ 

During this thesis, we attempted to correlate various parameters of adsorption to get type ‘descriptor-

property’ trends. Note that in this context, only correlations and no mathematical models specific to 

QSPR field were investigated, that is why we mention a ‘QSPR’ or a ‘descriptor-property’ approach.  

The first descriptor selected was pore size often used to describe adsorbents in the field of adsorption. 

Indeed, one can suppose that size and shape of pores contribute to various effects as: confinement 

and molecular sieve that are determining for gas separation of small molecules. We investigated 

various types of ‘property’ that determine the choice of an adsorbent as: CO2 uptakes at 0.15-0.2 bar 

(see chapter 3), difference of initial CO2 and N2 adsorption enthalpies (see chapter 3) for which no 

linear trends were observed against MOFs pore size although MOFs with pore size around 4.0-5.0 Å 

stand out.  

However, we reported initial CO2 adsorption enthalpies against pore size for specific MOFs (Figure 4.3) 

to investigate various effects: functionalization, change of linker and metal to get trends. The MOFs 

corresponding to various effects studied are respectively: NH2-MIL-53(Al), MIL-69(Al), MIL-47(V) 

compared to the reference MIL-53(Al). Initial CO2 adsorption enthalpy was selected as the property 

because it gives an information on adsorbent-adsorbate interactions strength within pores during 

adsorption. 
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Figure 4.3 – Initial CO2 adsorption enthalpies against pore size for four MOFs: MIL-69(Al), NH2-MIL-MIL-53(Al), 
MIL-47(V) and MIL-53(Al) 

Figure 4.3 shows that there is no linear trend between initial CO2 adsorption enthalpies and pores size 

for the NH2-MIL-53(Al), the MIL-69(Al), the MIL-47(V) and the MIL-53(Al). Pores size of the MIL-69(Al) 

and the NH2-MIL-53(Al) are smaller via linker change (NDC against BDC) as well as linker 

functionalization (amino groups grafted). However, one can observe that this does not contribute to 

outperform initial CO2 adsorption enthalpy of the MIL-53(Al). As mentioned in chapter 3, amino groups 

of the MIL-53(Al) have a low interaction with CO2 molecules due to their role to maintain the structure 

in narrow pore [22]. One can suppose that the small pore size of the MIL-69(Al) prevents stronger CO2 

interactions against this of MIL-53(Al). While the metal change, aluminum against vanadium, 

contributed significantly to improve initial CO2 adsorption enthalpy from 23.2 kJ.mol-1 up to 43.9 

kJ.mol-1 respectively for the MIL-47(V) and the MIL-53(Al).  

There is no clear correlation that can be deduced from Figure 4.3 regarding linker change, linker 

functionalization or metal change for those MOFs. However, it would be interesting to extend this type 

of ‘pore size-initial CO2 adsorption enthalpy’ correlation to others MOFs systems to emerge trends. 

Amongst various parameters to select an adsorbent, selectivity is a determining factor highlighting 

affinity of an adsorbent for a gas in a mixture. Thus, we reported CO2/CH4 predicted selectivities 

(50/50%) calculated at 15 bar as the property against pores size (Figure 4.4). 
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Figure 4.4 – CO2/CH4 predicted selectivities (50/50%) at 15 bar as function of pore size for various MOFs 

From Figure 4.4, one can observe that there is no trend between CO2/CH4 predicted selectivities and 

pores size as for CO2/N2 predicted selectivities for low pressure conditions (chapter 3). This suggests 

that MOFs pores size do not govern their performances in terms of selectivity.  

Based on the work of Gogotsi et al. [23], we have reported CO2 maximum uptakes normalized to 

specific surface area as function of pore size (Figure 4.5). 

 

Figure 4.5 – A type of ‘descriptor-property’ trend illustrating CO2 uptakes at the isotherm plateau (maximum) 
normalized to BET surface area against pore size for various MOFs 

From Figure 4.5, there is no linear trend between CO2 maximum uptakes normalized to BET surface 

area and pores size for MOFs. One can suppose that it is related to the diversity of pore shape and 

pore size distribution of those MOFs. Moreover this is in agreement with some works highlighting 

equally no correlation with pore size as descriptors due to the diversity of pore shape and pore size of 

MOFs [18], [20], [21].  
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Those three correlations of type ‘descriptor-property’ with pores size as descriptor showed no trends 

probably due to the diversity of pore sizes and pore shapes of these MOFs. However amongst these 

MOFs, four zeolitic imidazolate frameworks (ZIFs) were identified as potential adsorbents to establish 

‘descriptor-property’ trends due to their well-defined porosity and to their topologies [24]. Indeed as 

mentioned in chapter 1, these ZIFs (i.e, ZIF-8, ZIF-94, ZIF-93 and ZIF-11) possess the same metal ion 

(i.e, Zn2+), various linkers and two types of topologies that are sodalite (SOD) and rhomboedral (RHO) 

yielding to well-defined windows and cages.  

Since MOFs pores size do not appear to have an influence on their performances for high pressure 

conditions, we selected two others descriptors that are surface polarity and pore volume. Based on 

literature we chose CO2 maximum uptake as property due to the possibility of various isotherm shapes 

as already observed for MIL-53 [29], ZIF-7 discovered in 2003 [30] that undergo a gate-opening effect 

upon variation of CO2 partial pressure or temperature. Moreover as mentioned earlier for high 

pressure conditions, adsorbents with a good CO2 adsorption capacity are favored, then ‘descriptor-

property’ correlations are presented in the following section. 

IV. Investigation of correlation based on ‘descriptor-property’ 

1. First factor: surface polarity 

The surface polarity of an adsorbent was defined as the difference of initial adsorption enthalpies 

between a quadrupolar (CO2) and an apolar (CH4) molecule. Therefore, CO2 maximum uptakes against 

the differences of initial adsorption enthalpy between CO2 and CH4 were plotted in Figure 4.6 for 

selected ZIFs and other porous materials. The aim is to probe the effect of adsorbent surface polarity 

on CO2 adsorbed amounts at saturation (i.e, uptakes taken at 15 bar). 

 

Figure 4.6 - CO2 maximum uptake as function of differences of initial CO2 and CH4 adsorption enthalpies or 
surface polarity effect for ZIFs materials characterized and others materials 

From Figure 4.6, a linear trend seems to emerge with a certain degree of scattering, indeed the 

regression coefficient is not optimal. One can observe that ZIFs possess low surface polarities that are 

in the same order of magnitude with others adsorbents apart from the Mg-MOF-74, the MIL-100(Cr) 

or the NaX. These latest contain specific adsorption sites: some CUS for the Mg-MOF-74 and the MIL-

100(Cr) while Na+ counter cation for NaX. This suggests that CO2 uptakes at adsorbent saturation 

increases as the adsorbent surface becomes polarizable.  
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The analysis of interactions of those ZIFs with CO2 is provided in Figure 4.7 via CO2 adsorption enthalpy 

profiles at 303K.  

 

Figure 4.7 – CO2 adsorption enthalpy profiles at 303K plotting differential adsorption enthalpies against 
amounts adsorbed for the ZIF-8 (blue circle), the ZIF-94 (green triangle), the ZIF-93 (purple square) and the ZIF-
11 (red lozenge)  

From Figure 4.7, the CO2 adsorption enthalpy profile of ZIF-93 seems to be relatively heterogeneous; 

shown by a decreasing enthalpy of adsorption with coverage. The CO2 adsorption enthalpy 

extrapolated to zero coverage is around -35 kJ.mol-1 against -27.5 kJ.mol-1 at high surface coverage 

respectively for the ZIF-93 and ZIF-11, whereas the CH4 adsorption enthalpies are comparable (see 

Annex F). This can suggest that ZIF-93 possesses some specific CO2 adsorption sites at low coverage. 

Unlike to the ZIF-93, CO2 adsorption enthalpy profile of ZIF-11 is relatively homogeneous, i.e. with a 

relatively horizontal profile, highlighting adsorption sites of same magnitude. The average value of CO2 

adsorption enthalpy for ZIF-11 is approximatively of -23.5 kJ.mol-1.  

As observed in Figure 4.6, in both cases with the ZIF-11 and the ZIF-93, CO2 amounts adsorbed at 

saturation increase proportionally with the surface polarity. These two compounds differ mainly by 

the functionalization on the imidazole unit, a benzene ring and a carbonyl group respectively for the 

ZIF-11 and the ZIF-93. This suggests that carbonyl groups contribute to the increase of the surface 

polarity and consequently to the adsorbent affinity for a quadrupolar molecule such as CO2. Moreover, 

this is consistent with water adsorption isotherm profiles suggesting a more hydrophilic surface for the 

ZIF-93 (see Annex F).  

From Figure 4.7, CO2 adsorption enthalpy profiles of the ZIF-8 and ZIF-94 seem to be relatively 

homogeneous. This highlights that there are no CO2 specific adsorption sites especially at low 

pressures. This is confirmed by the negligible difference between the values of CO2 adsorption enthalpy 

extrapolated to zero and higher coverage which are -33 and -32.2 kJ.mol-1 for the ZIF-94 as well as -20 

and -19.3 kJ.mol-1 for the ZIF-8 (larger than the liquefaction adsorption enthalpy of CO2, -17.2 kJ.mol-

1). The higher CO2 adsorption enthalpy for the ZIF-94 could be explained by the influence of organic 

ligand chemistry as well as the lower cage size. CO2 adsorption enthalpies of the ZIF-94 and especially 

of the ZIF-8 are lower than some other microporous MOFs and zeolites such as: MIL-91(Ti) (-47 kJ.mol-

1) [25], Sc2(BDC-NH2)3 (-45.3 kJ.mol-1) [26], NaX (-49 kJ.mol-1 [27]. The CO2 adsorption enthalpy of the 

ZIF-94 is however comparable to that of UiO-66(Zr)-BTEC (-34.8 kJ.mol-1) [28]. Regarding CH4 

adsorption enthalpies, the average for the ZIF-8 and the ZIF-94 are respectively -15.0 kJ.mol-1 and -25.8 

kJ.mol-1 (see Annex F). 
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Regarding the ZIF-8, a low surface polarity is observed that is in agreement with its hydrophobic surface 

deduced from water adsorption isotherm (see Annex 7) and results found in literature. Higher CO2 

maximum excess uptakes of the ZIF-8 (compared to these of the ZIF-11, the ZIF-93 and the ZIF-94) can 

be explained by its higher pore volume rather than its surface polarity.  

However, for comparable surface polarities (ZIF-93/ ZIF-94 and ZIF-76/ ZIF-7), CO2 amounts adsorbed 

at saturation seem to be governed by another parameter rather than the surface ability to be 

polarizable. One assumes that it is related to pore volume, this is the second descriptor that we 

selected and detailed in the following section. 

2. Second parameter: pore volume 

The pore volume was selected as a descriptor and were determined from the exploitation of the 

nitrogen adsorption isotherm at 77K using Brunauer Emett and Teller (BET) method. CO2 maximum 

uptakes measured at 303K were plotted as a function of pore volume for the ZIF-8, -93, -94 as well as 

other materials found in literature (Figure 4.8) (references in Annex F). 

 

Figure 4.8 – Linear trend towards a ‘descriptor-property’ approach plotting CO2 maximum uptake as function 
of pore volume  

From Figure 4.8, one can observe a relatively linear correlation with a certain degree of scattering 

between CO2 maximum uptakes and pore volume. Similar correlations were observed for hydrogen 

adsorption in the case of microporous MOFs [19]. CO2 maximum uptakes increase proportionally to 

pore volume suggesting that there are no specific CO2 interactions which predominate at high pressure 

unlike to low surface coverage. Therefore, CO2 adsorbent saturation does not seem to be governed by 

the materials chemistry. 

Regarding ZIF’s materials characterized and reported from literature of this work, CO2 uptake of ZIF-

76 outperform those of others ZIF’s. The cage size of ZIF-76 (12.2 Å) is lower than those of ZIF-93 (17.9 

Å) and ZIF-11 (14.6 Å) but comparable to those of ZIF-8 (11.4 Å), ZIF-90 (10.8 Å) as well as pore volume. 

This highlights that ‘LTA (Linde Type A)’ topology outperforms ‘SOD’ and ‘RHO’ topologies for CO2 

adsorption.  

CO2 maximum uptakes of the ZIF-93, ZIF-8 and ZIF-90 are comparable to this of zeolite NaX and lower 

than those of activated carbon such as Takeda 5A. While CO2 uptake of the ZIF-94 is in the range of 
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other microporous MOFs having small pore sizes such as ZIF-7, CAU-13(Al) or MIL-91(Ti) and is 

consistent with its pore volume.  

CO2 adsorption capacities of the ZIF-8, the ZIF-94, the ZIF-93 and the ZIF-11 were analyzed via 

adsorption isotherms in Figure 4.9. 

 

Figure 4.9 – CO2 adsorption isotherms at 303K plotting amounts adsorbed against pressure for the ZIF-8 (blue 
circle), the ZIF-94 (green triangle), the ZIF-93 (purple square) and the ZIF-11 (red lozenge) 

For pressures below 4 bar, CO2 adsorbed amounts are higher for the ZIF-94 than for the ZIF-8. For 

instance at 1 bar, CO2 uptakes are approximatively of 0.6 and 1.8 mmol.g-1 respectively for the ZIF-8 

and the ZIF-94. Indeed, for pressures below 1 bar, the ZIF-94 adsorption isotherm shows a steep slope 

compared to this of the ZIF-8 suggesting stronger adsorbent-adsorbate interactions for ZIF-94/CO2 

than for ZIF-8/CO2. To conclude, in the 0-4 bar pressure range, there is a stronger affinity of the ZIF-

94/CO2 system than for the ZIF-8/CO2.  

For pressures above 4 bar, CO2 adsorbed amounts are higher for the ZIF-8 than for the ZIF-94. CO2 

maximum excess uptakes are of 6.7 and 3.2 mmol.g-1 respectively for ZIF-8 and ZIF-94. In the case of 

the ZIF-94, CO2 uptakes seem to reach a plateau suggesting adsorbent saturation. This can be explained 

by the pore volume which is lower for ZIF-94 (0.17 cm3/g) than for ZIF-8 (0.48 cm3/g) (see table, Annex 

F). These Pore volumes experimentally measured are in the same magnitude as those found in 

literature, respectively of 0.22 cm3.g-1 and 0.50 cm3.g-1 for the ZIF-94 and the ZIF- 8 [33], [34]. 

In the pressure range studied 0-20 bar, CO2 adsorption isotherms obtained for ZIF-93 and ZIF-11 show 

CO2 uptakes higher for ZIF-93 over ZIF-11. For instance at 1 bar, CO2 uptakes are 1.5 and 0.77 for ZIF-

93 and ZIF-11. The pore volume measured on ZIF-93 from nitrogen adsorption at 77K is 

approximatively 0.27 cm3.g-1. Oppositely nitrogen adsorption showed that ZIF-11 is nonporous due to 

its pore aperture (3.0 Å) smaller than nitrogen kinetic diameter (3.6Å) in agreement with literature 

[35], [36]. However CO2 adsorption carried out at 273K on ZIF-11 allowed to obtain a pore volume of 

0.16 cm3/g [36]. This suggests that smaller CO2 adsorbed amounts are related to a lower pore volume. 
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Summary 

Over the past century, quantitative structure-property relationship (QSPR) models have been widely 

developed in various fields (pharmaceutical, gas separation etc.) by means of mathematical analysis. 

These models aim to get some correlations between microscopic features of materials and studied 

macroscopic properties. Therefore, QSPR models are useful tools: to identify best materials with 

targeted properties, to predict materials performances and to design unknown compounds.  

Metal-Organic Frameworks (MOFs) are very promising crystalline porous materials especially for gas 

separation applications. There is a great diversity of MOFs due to metal nodes and organic linkers 

available, thus there is a need to be able to predict their separation performances to improve MOF 

design in view of CO2 capture from CO2/ N2 or CO2/ CH4 gas mixtures.  

Recently, some studies set up QSPR models to assess and to predict MOF separation performances for 

hydrogen, methane and carbon dioxide adsorption.  

In this work, we demonstrated that there is no correlation with pore size as descriptor due to the 

diversity of pore shape and pore size distribution of MOFs. Therefore, a ‘descriptor-property’ approach 

has been performed on ZIF materials, a sub-class of MOFs, which possess: a well-defined porosity, high 

specific surface area and pore volume, thermal and chemical stability. Some linear trends have been 

observed when CO2 maximum uptakes are correlated to pore volume. Thus, the highest CO2 uptakes 

at saturation are obtained for highest pore volume. CO2 uptakes at saturation seem to be governed by 

pore volume rather than surface polarity. 

The ZIF-8, known for its molecular sieving property, has been widely studied as nano-fillers into mixed 

matrix membranes (MMMs) in various separations: propylene/ propane [35]; dehydration of alcohols 

[36]; dehydration of isopropanol [37]; CO2/N2 [38]; CO2/CH4 [39]–[42].  

Indeed, Vankelecom et al. conducted a study on the ZIF-8 as nano fillers and Matrimid® as polymer for 

dense and asymmetric MMM for binary gas mixture separation [43]. The ZIF-8 was included into 

Matrimid® polymer with 30% of loading. They reported a selectivity around 22 for CO2/CH4 binary gas 

mixture separation at 35°C and 10 bar. This selectivity is in the same magnitude of these obtained for 

the [Cu3(BTC)2] and the MIL-53(Al) used as nano fillers in the same conditions which are 

approximatively of 24. While for CO2/N2 gas separation, the selectivities obtained are 20, 24 and 23 

respectively for the ZIF-8, the [Cu3(BTC)2] and the MIL-53(Al). This slightly difference can be attributed 

to the strong CO2 interactions: (1) with unsaturated sites into the [Cu3(BTC)2] and (2) with hydroxyl 

groups of MIL-53(Al). This leads to higher CO2 adsorption enthalpies of 25 and 26.4 kJ.mol-1 respectively 

for the [Cu3(BTC)2] and the MIL-53(Al) [44] compared to the ZIF-8 where it is of 16 kJ.mol-1. Beyond 

adsorption properties of nano fillers, separation performances of MMMs depend on the polymer/ filler 

interaction and the presence of voids at the interface which can decrease the membrane efficiency.  

The ZIF-8 has been considered with others types of commercial polymers especially for CO2/N2 gas 

separation: Ultem®[38], Pebax® [45]. Indeed, CO2/N2 selectivities obtained are 36 (17% of ZIF-8 

loading) et 32.3 (35% of ZIF-8 loading) respectively for Ultem® and Pebax® commercial polymers.  

As for the ZIF-8, the ZIF-11 has been shaped with various polymers: PBI with a ZIF-11 loading of 55 wt% 

with a selectivity of 7 at 150°C for H2/CO2 separation [46]; Pebax® with the ZIF-11 loading of 77% with 

a selectivity is of 12.64 at 20°C for CO2/CH4 separation [47]. 
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Up to now, there is no meaningful work regarding the ZIF-93 and the ZIF-94 for gas separation using 

mixed matrix membrane applications and the present work suggests that these materials are indeed 

worth further study in this area due to their good CO2 adsorption capacities and adsorption enthalpies. 
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Conclusion  

Carbon dioxide (CO2) capture based on amine scrubbing technology is the current recognized standard 

method. Nevertheless, several disadvantages are associated to this approach including the 

regeneration cost due to the heating of a solution, amine degradation leading to corrosion and health 

issues. This therefore adds a significant energy cost to the separation cost, a considerable carbon 

footprint and installation problems. In recent years, gas separation based on membrane processes 

were developed due to their potential benefits over conventional technologies: smaller units involving 

both a lower mechanical complexity and carbon footprint.  

Currently, only polymeric membranes are implemented to the industrial scale for gas separation 

application. Nevertheless, in terms of separation performance there is a trade-off between 

permeability and selectivity that does not allow to exceed the Robeson upper bound. In order to 

outperform this limit, mixed matrix membranes (MMMs) were designed to combine advantages in 

separation performances both polymeric and inorganic membranes: easy processing and mechanical 

strength as well as high selectivity. As a reminder, a MMM is a composite of filler particles in a 

polymeric matrix. In recent years, various types of inorganic particles are considered as fillers: carbon 

nanotubes, activated carbons, mesoporous silicas, and metal-organic frameworks (MOFs). 

The main objective of M4CO2 project is to design MMMs based on Metal-Organic Frameworks (MOFs) 

the most sophisticated family of nanostructured materials as fillers for CO2 capture. A large variety of 

MOFs exists thanks to the diversity of metal centers and ligands to build tri-dimensional structure (3D). 

MOFs were chosen owing to their good stability (i.e, thermal and chemical) as well as their high surface 

area and pore volume often above those of zeolites. Moreover, pore sizes of MOFs can be fine-tuned 

to gas selective adsorption by the incorporation of the appropriate building blocks, post-synthetic 

modification as well as ligand functionalization. This allows equally an optimization of MOF-polymer 

compatibilities, interesting for MMMs applications. 

During this thesis, we have been involved in characterization of textural properties and CO2 separation 

performances assessment (i.e, working capacity, adsorption enthalpy, selectivity and moisture 

conditions) of microporous MOFs for which pore size does not exceed 20 Å, that can potentially be 

used as fillers. The strategy developed and experimental techniques used during this project are 

described in the following Figure C.1:  
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Figure C1– Strategy set up during M4CO2 project to characterize CO2 adsorption properties of MOFs with the 
approaches carried out in MADIREL in the blue boxes. The modeling was carried out in Montpellier 
(collaboration with G. Maurin group) and the mixture adsorption was carried out in Mons (G. De Weireld). 

Prior to each gas adsorption, the porosity of MOFs were probed via nitrogen gas adsorption at 77K 

allowing to determine textural parameters such as surface area and pore volume. The next step 

consists of a rapid screening of MOFs allowing to determine approximate adsorption isotherms (CO2, 

N2 and CH4) at 303K using a home-made device. That can analyze up to six samples simultaneously. 

From this step, MOFs having promising CO2 adsorption capacities were selected to be further analyzed 

using a manometry device coupled with a Tian-Calvet microcalorimeter. With this set-up, adsorption 

enthalpies as well as more accurate single gas adsorption isotherms were determined. Indeed, the 

adsorption enthalpies determination give an information on the heterogeneous or homogeneous 

surface energetic nature. Further, the high or small difference between CO2 and N2 or CH4 adsorption 

enthalpies provide an indication on CO2 selective adsorption of MOFs.  

For the screening, 38 MOFs were analyzed using the high-throughput system to get their adsorption 

properties at 303K. Amongst them, ten MOFs stand out with good CO2 adsorption capacities and were 

ranked in two families according to the nature of the linker: carboxylate or imidazolate. During this 

project, CO2 adsorption properties of those ten MOFs were investigated for two types of conditions at 

303K: for low (i.e, 0.15-0.2 bar) and high (i.e, 15 bar) pressure conditions approaching respectively the 

post-combustion and pre-combustion conditions.  

At this stage of the project and based on literature, we attempted to correlate microscopic features of 

MOFs as pores size with a macroscopic property as CO2 adsorption capacity at saturation to tend 

towards a type of ‘QSPR’ or ‘descriptor-property’ approach. Nevertheless, there is no correlation 

between pores size and maximum of CO2 uptakes, probably due to the diversity of pores shape and 

pores size distribution of the MOFs considered. Consequently we focused our study on Zeolitic 

Imidazolate Frameworks (ZIFs), a sub-class of MOFs that possess a well-defined porosity. Moreover, 

the analysis of an Adsorbent Indicator Performance (API) for high pressures conditions evidenced that 

ZIFs adsorbents have CO2 adsorption capacities similar to those of carboxylate-based MOFs. This 

‘descriptor-property’ approach highlighted that for high pressure conditions, CO2 uptakes seem to be 

governed by the pore volume of materials while surface polarity has a moderate effect. 

  



Conclusion 

143 
 

While for low pressure conditions, around 0.15-0.2 bar, and each macroscopic features: working 

capacity, adsorption enthalpy and selectivity that support the choice of an adsorbent, various MOFs 

stand out. In this work, no linear correlations were noted between each of those macroscopic features 

and pores size as descriptor. However, we identified a range of pore size around 4.0 Å that stands out 

for CO2 adsorption at low pressure. Towards post-combustion conditions, we investigated CO2 

adsorption under moisture conditions whose screening highlighted promising CO2 performances of the 

MIL-96(Al) despite a loss of adsorption capacity. Moreover, the MIL-96(Al) has a pore size around 4.0 

Å. 

The MIL-96(Al) nanocrystals were selected to prepare mixed matrix membrane (MMM) due to their 

good CO2 adsorption capacity under dry and moisture conditions, especially for 10% of relative 

humidity, corresponding to relative humidity of flue gas. In addition, they show an excellent colloidal 

stability (for the two batches: ‘MIL-96(Al)-NP2’ and ‘MIL-96(Al)-NP3’).  

MMMs based on the MIL-96(Al) nanocrystals were prepared with the 6FDA-DAM as polymer matrix by 

the group of Delft. For each MMM, 25 wt % of the MIL-96(Al) nanocrystals –NP2 or –NP3 were 

incorporated into the 6FDA-DAM and for which CO2/N2 (15/85 (vol%)) gas separation properties were 

investigated at 298K at 2 bar (Figure C2) [1]. 

 

Figure C2 – SEM image of the ‘MIL-96(Al)-NP2’/6FDA-DAM membrane showing a homogeneous distribution (left) 
as well as Robeson 2008 upper bound and the gas separation performance of 6FDA-DAM with 25 wt.% loading 
of ‘MIL-96(Al)-NP2 and –NP3’ [1] 

The cross sectional SEM image evidences a homogeneous distribution for the MIL-96(Al) nanocrystals 

(-NP2) in the volume of the membrane, similar results are determined for the ‘MIL-96(Al)-NP3’. This 

shows that there are no defects or voids at the MIL-96(Al) nanocrystals/ polymer interface that could 

affect CO2/N2 gas separation. Performances of the composite membranes based on the MIL-96(Al) 

nanocrystals, in terms of permeability and CO2/N2 selectivities, do not exceed the Robeson upper 

bound (Figure C.2). Although the Robeson limit is not outperformed, it has been demonstrated that 

addition of the MIL-96(Al) nanocrystals as fillers contributes to enhance the overall CO2/N2 separation 

performances compared to the neat polymeric membrane (Figure C2). Such results pave the way for 

the processing of composite membranes with a higher MOF loading. 
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Regarding M4CO2 project, the MOFs ZIF-94 as well as the MIL-140A(Zr)-Br and ZIF-8 were selected as 

filler for mixed matrix membrane respectively for post- and pre-combustion. These choices are based 

on the MOF/ polymer interaction, the formation of aggregates, the stability of the system. 

Nevertheless, one of the main issues found during this project was the problem of the interface 

between the polymer and the MOF filler with the formation of gaps due to poor compatibility or even 

polymer chain penetration into the MOF pores for overly compatible systems.1  

For future research activities, it can be interesting to investigate: various ‘green synthesis’ of MOFs for 

upscale and use at the pilot scale. The humidity on CO2 adsorption capacity is another parameter to 

investigate due to that an indicator as API does not take into account this effect. In addition, modeling 

methods are critical to identify adsorption mechanisms as the competition between CO2 and H2O 

molecules on adsorption sites.  

Another aspect that can be pursued is the development of quantitative structure-property relationship 

(QSPR) using mathematical models in order to extend the understanding and prediction of the 

interactions between various parameters such as specific surface area, surface polarizability on CO2 

adsorption capacity and selectivity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
1 Multiscale Modeling of the HKUST-1/Poly(vinyl alcohol) Interface: From an Atomistic to a Coarse Graining Approach, R. Semino, J.P. 
Durholt, R. Schmid, G. Maurin, J. Phys. Chem. C, 2017, 121(39), 21491-21496 
Toward an Understanding of the Microstructure and Interfacial Properties of PIMs/ZIF-8 Mixed Matrix Membranes, M. Benzaqui, R. 
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Annex A – Experiments and textural properties 

Sample 
Origin 

(reference) 
Thermogravimetric 

Analysis (TGA) 

N2 at 77K 
(Belsorp-

max) 

H2O at 
298K 

(Belsorp-
max) 

Gas adsorption at 
303K (home-made 

high throughput 
system) 

Gas adsorption coupled to 
Tian-Calvet 

microcalorimeter at 303K 
(home-made system) 

Magnetic 
suspension 

balance 
(Rubotherm) 

     CO2 N2 CH4 CO2 N2 CH4 H2 CO2 N2 CH4 

MIL-69(Al) ILV (FA554) × ×  × × × × × ×     

MIL-69(Al) ILV (NK8) × ×  × × ×        

NH2-MIL-53(Al) Delft × ×     × × ×     

MIL-69(Fe) ILV × ×            

MIL-121(Fe) ILV × ×     × × ×     

MIL-130(Al) ILV × ×            

MIL-68(Ga) ILV × ×            

MIL-102(Cr) ILV (FM463) × ×            

MIL-103 ILV (td889) × ×            

MIL-160 
ILV (NPC-M-

3) 
× ×            

MIL-88 ILV (b-2CF3) × ×            

MIL-91(Ti) STA × ×     × × ×     

MIL-91(Ti) - 
DMSO 

STA (AO-1-
88B) 

× ×  × × ×        

MIL-91(Ti) – 
reflux 2-
propanol 

STA (AO-1-
88C) 

× ×  × × ×        

MIL-91(Ti) 
STA (AO-1-

67B) 
× ×  × × × × × ×     

MIL-91(Ti) – 
20% N,N-2-

methyl 

STA (AO-1-
102) 

× ×  × × ×        
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MIL-91(Ti) – 
30% N,N-2-

methyl 

STA (AO-1-
55A) 

× ×  × × ×        

MIL-91(Ti) – 
50% N,N-2-

methyl 

STA (AO-1-
55C) 

× ×  × × ×        

MIL-91(Ti) – 
100% N,N-2-

methyl 

STA (AO-1-
60A) 

× ×  × × ×        

MIL-91(Ti) – 4x 
linker 

STA (AO-1-
62C) 

× ×  × × ×        

MIL-91(Ti) – 4x 
linker 

STA (AO-1-
72A) 

× ×  × × ×        

MIL-96(Al) ILV × × ×    × × ×  × × × 

MIL-96(Al)-NP2 ILV × ×     × × ×     

MIL-140A ILV × ×            

MIL-140A-Br ILV × ×     × × ×     

MIL-61(Fe) ILV × ×     ×  ×     

Al-pda ILV × ×  × × ×        

Sc2BDC3 
STA (AO-1-
103 (A+B)) 

× ×  × × ×        

Sc2(BDC-Br)3 
STA (AO-1-

66D) 
× ×  × × ×        

Sc2(BDC-Br)3 
STA (AO-1-

81A) 
× ×  × × ×        

Sc2(BDC-Br)3 
STA (AO-1-

111E) 
× ×  × × ×        

Sc2(BDC-NH2)3 
STA (AO-1-

68A) 
× ×  × × × × × ×     

Sc2(BDC-NO2)3 
STA (AO-1-

96B) 
× ×  × × × × × ×     

ZIF-8 JM × ×  × × × × × ×  × × × 

ZIF-93 JM × ×  × × × × × ×  × × × 
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ZIF-94 JM × ×  × × × × × ×  × × × 

ZIF-11 USTAN ×      × × ×     

Zn[2-nIm]2 - 
MeOH 

STA × ×  × × ×        

Zn[2-nIm]2 – 
Solvothermal 

synthesis 

STA (AO-1-
108A) 

× ×  × × × × × ×     

ZIF-300 
STA 

(MMLM114) 
× ×  × × ×        

Table A.1 – List of samples studied during this thesis project as well as various analysis performed and symbolized by crosses. ILV: Lavoisier Institute; STA: University of 

St Andrews; JM: Johnson Matthey Institute; Delft: University of Delft; USTAN: the University court of the University of St Andrews 
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Name Origin 
Activation 

Temperature 
(°C) 

SBET (m².g-1) 
Pore Volume 

(cm3.g-1) 

MIL-69 (Al) ILV 250 26 0.01 

MIL-53 (Al)-NH2 ILV 150 394 0.154 

MIL-91 (Ti) STA 200 362 0.129 

MIL-96 (Al) ILV 150 448 0.162 

MIL-140A-Br ILV 150 141 0.05 

MIL-121 (Fe) ILV 200 14 0.005 

MIL-61 (Fe) ILV 120 0.91 0.0003 

Sc2 (BDC-NO2)3 STA 200 42 0.012 

ZIF-8 JM 110 1439 0.48 

ZIF-93 JM 125 773 0.28 

ZIF-94 JM 180 462 0.17 

ZIF-11 JM 200 - - 

Zn[2-nIm]2 STA 200 123 0.04 
Table A.2- Origin, activation temperature, specific surface area and pore volume for MOFs studied during this 
thesis 
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Annex C 

A. Scandium family (Sc2 (BDC)3, Sc2 (BDC-NH2)3, Sc2 (BDC-NO2)3) 
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B. NH2-MIL-53(Al)/ MIL-69(Al) 

 

Figure B.1 – Thermogravimetric curves of the MIL-69(Al) (blue) and the NH2-MIL-53(Al) (red) 

Figure B.2 – N2 adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K for the 
MIL-69(Al) (green circles) and the NH2-MIL-53(Al) (purple circles)  

Figure B.3 – CH4 adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K for the 
MIL-69(Al) (green circles) and the NH2-MIL-53(Al) (purple circles)
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Annex F 

A. Working capacity, adsorption enthalpy and selectivity 

 

Figure F.1 - CO2 working capacities (cm3.cm-3) calculated for high pressure conditions (1 and 15 bar) at 303K 
for MOFs of M4CO2 project (orange), MOFs previously studied within the laboratory (yellow) as well as NaX 
and Takeda 5A (green) 

 

Figure F.2 - Difference of adsorption enthalpies between CO2 and CH4 extrapolated at zero coverage for various 
MOFs: M4CO2 project (orange), previously studied within the laboratory (yellow) as well as NaX and Takeda 
5A (green) 
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Figure F.3 - Predicted CO2/ CH4 selectivities between 1 and 15 bar at 303K for various MOFs: M4CO2 (orange), 
previously studied within the laboratory (yellow) and NaX and Takeda 5A (green) 

B. Textural parameters from nitrogen adsorption at 77K 

For the ZIF-8, ZIF-94 and ZIF-93, textural parameters as specific surface area, pore volume and external 

surface were obtained from nitrogen adsorption isotherm at 77K and are summarized in Table F.1.  

ZIF’s name S BET (m².g-1) 
BET range 

(p/p0 ) 
C value VP (cm3.g-1) 

S EXT (m².g-1) (t-
plot) 

ZIF-8 1439 0.006-0.01 2110 0.48 102 

ZIF-94 462 0.007-0.05 544 0.17 25 

ZIF-93 777 0.003-0.02 1892 0.28 71 
Table F.1 – Textural parameters obtained from N2 adsorption at 77K for ZIF-8, ZIF-94 and ZIF-93 

C. N2 and CH4 adsorption enthalpy profiles at 303K for the ZIF-8, ZIF-94, ZIF-93 and 

ZIF-11 

N2 and CH4 adsorption isotherms as well as adsorption enthalpy profiles were obtained at 303K using 

a manometry system coupled with a Tian-Calvet microcalorimeter. The matching adsorption isotherms 

and enthalpy profiles are represented in Figure F.3, F.4, F.5, and F.6 respectively for the ZIF-8, ZIF-94, 

ZIF-93 and ZIF-11. 
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Figure F.3 – CH4 and N2 adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K 
on ZIF-8 

Figure F.4 – CH4 and N2 adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K 
on ZIF-94
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Figure F.5 – CH4 and N2 adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K 
on ZIF-93

 

Figure F.6 – CH4 and N2 adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K 
on ZIF-11 
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D. Various parameters (pore size, specific surface area, pore volume, CO2 amounts 

adsorbed at saturation, difference of adsorption enthalpies) for ZIFs materials 

and others MOFs 

MOFs 
Pore or 

cage 
size (Å)  

S BET 
(m².g-

1) 

VP 

(cm3.g-

1) 

CO2 max 
excess uptake 

(mmol.g-1) 

Δadsℎ̇[CO2-
N2] (kJ.mol-1) 

Δadsℎ̇[CO2-
CH4] (kJ.mol-

1) 

Ref 

ZIF-8 11.6 1439 0.48 6.7 6.01 4.21 
This 

work, 
[3] 

ZIF-93 9.1 777 0.28 5.4 10.26 7.81 
This 

work, 
[1] 

ZIF-94 17.9 462 0.17 3.2 11.07 6.42 
This 

work, 
[1] 

ZIF-11 14.6 - - 4.4 7.53 3.32 
This 

work, 
[3] 

ZIF-7 4.3 312 0.08 2.2 - 16.5 [4] 

ZIF-90 10.8 1269 0.43 5.0 - 11.25 [5] 

ZIF-76 12 1340 0.57 10.0 15.4 13.6 [6] 

CAU-
13(Al) 

- 380 0.15 2.8 12.1 7.6 [7] 

MIL-
100(Cr) 

25-29 1900 1.1 18.0 - 43.0 [8] 

UiO-
66(Zr) 

11 1105 0.55 6.5 11.7 10.5 [9] 

Mg-MOF-
74 

11-12 1542 0.63 13.6 - 19.5 [10] 

MIL-
91(Ti) 

4.0 362 0.13 4.2 11.2 10.1 [11] 

MIL-
96(Al) 

4.0 448 0.16 5.7 6.0 7.7 
Our 

work 

Sc2(BDC-
NO2)3 

3.0-4.0 42 0.01 1.5 16.0 - [12] 

NaX - 685 0.28 6.0 31 29.6 [13] 

BPL - 1150 0.53 7.6 - 5.9 [14] 

Takeda 
5A 

- 1180 0.46 10.0 17.4 9.8 [13] 

Table F.2 – Textural parameters as well as the difference of adsorption enthalpies CO2 and N2 or CO2 and CH4 
from this work and/ or found in literature. 

E. Water adsorption at 298K 

The character hydrophilic/ hydrophobic of adsorbent surface can be probed by water adsorption in 
vapor phase. Water vapor adsorption is performed in liquid water maintained at 298K using a Belsorb-
max device from BELJapan. In measuring cell, around 50-100 mg of the adsorbent is introduced and 
outgassed at fixed temperature (ramp of 1°C/min) for 16 hours under secondary vacuum (10-6 mbar).
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The water adsorption measurement is limited at a relative pressure p/p° = 0.989 and equilibrium 
criterion was fixed at a pressure change every 300 seconds when the pressure measured corresponds 
to 0.5% of pressure expected. 

 

Figure F.7 – H2O adsorption isotherms performed at 298K on ZIF-93 (purple), ZIF-94 (green), ZIF-8 (blue) and 
ZIF-11 (red) 

From water adsorption isotherms at 298K, Henry’s constants were calculated and are summarized in 

table 4.S3. This highlights the stronger hydrophilic surface of the ZIF-93 and the ZIF-94 compared to 

the ZIF-8 and the ZIF-11. 

ZIF’s ZIF-93 ZIF-94 ZIF-8 ZIF-11 

KH-H2O (mmol.g-

1.bar-1) 
169 420 14 9 

Table F.3 – Henry’s constants of water for ZIF-93, ZIF-94, ZIF-8 and ZIF-11 
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Relations entre structure et texture de matériaux poreux et l'évaluation de leurs propriétés de piégeage du CO2 

Les Membranes à Matrices Mixtes (MMM’s) sont des matériaux prometteurs pour la capture de CO2 en 
comparaison aux technologies actuelles telles que l’absorption par solvants aminés (monoéthanolamine).  
Les ‘Metal-Organic Frameworks’ (MOFs) sont des matériaux poreux cristallins envisagés pour être intégrés sous 
forme de nanoparticules aux polymères des MMM’s. Ils résultent de la combinaison de nœuds métalliques et de 
ligands organiques pour former des structures tridimensionnelle (3D) organisées. Ils possèdent divers avantages 
: des aires spécifiques et des volumes poreux élevés, des tailles de pores contrôlables, et pour certains une 
stabilité à l’eau. Les MOFs ont une chimie adaptable aux applications souhaitées contrairement aux adsorbants 
classiques tels que les charbons actifs, les zéolithes. 

D’une part, ce travail a eu pour objectif l’évaluation des performances de séparation du CO2 par des MOFs 
microporeux en vue des séparations CO2/N2 et CO2/CH4. Les interactions ‘gaz-adsorbant’ sont favorisées au sein 
des MOFs par : (1) une réduction de la taille de pores et du volume poreux pouvant engendrer des effets de 
confinements, de tamis moléculaire ou (2) par la présence de groupements de surface. En conséquence, ces 
paramètres peuvent contribuer à l’amélioration de la sélectivité du CO2 et ont été étudiés pour divers systèmes 
de MOFs microporeux.  
D’autre part, les paramètres texturaux (aire spécifique, volume poreux) et thermodynamiques (enthalpies 
d’adsorption) ont été corrélés aux quantités maximales de CO2 adsorbées au travers d’une approche quantitative 
de relation de structure-propriété pour établir des tendances linéaires. 

Expérimentalement, les paramètres texturaux ont été déterminés à partir des isothermes d’adsorption de 
diazote à 77K. Les capacités et les enthalpies d’adsorption des gaz purs (CO2, N2, CH4) ont été mesurées à 303K 
via un système de manométrie couplé à un microcalorimètre de type Tian-Calvet. Les sélectivités en co-
adsorption ont été prédites à partir des isothermes d’adsorption de gaz pur et de la Théorie des Solutions Idéales 
Adsorbées (‘IAST’). 

Mots-clés : Metal-Organic Frameworks, adsorption de gaz, microcalorimétrie, approche quantitative de relations 
structure-propriété 

Developing relationships between the structure and texture of porous materials and their CO2 capture properties 

Mixed Matrix Membranes (MMM’s) are promising materials for CO2 capture compared to current technologies 
such as amine scrubbing. In the EU funded project MMM’s were constricted from porous polymers with Metal-
Organic Frameworks (MOFs) incorporated within the polymer matrix. 
Metal-Organic Frameworks are crystalline porous materials which were integrated as nanoparticles into the 
polymer membrane in order to enhance their separation properties. MOFs are built from metal nodes and 
organic ligands to yield well-defined tridimensional structures (3D). They may possess various advantages: high 
specific surface area and pore volume, tunable pore size and some are stable in presence of water. The chemistry 
of MOFs can be finely tuned to targeted applications to a greater degree than traditional adsorbents such as 
activated carbons, zeolites. 

This work has first aimed to assess CO2 separation performances of microporous MOFs for CO2/N2 and CO2/CH4 
gas separations. The ‘gas-adsorbent’ interactions are favored in MOFs by: (1) a decrease in pore size which can 
induce confinement effects such as molecular sieve effects or (2) the presence of surface groups. Thus, these 
factors can both contribute to the improvement in CO2 selectivity and have been studied for various microporous 
MOFs.  
In a second step, textural (specific surface area, pore volume) and thermodynamic (adsorption enthalpy) 
parameters have been correlated to CO2 maximum excess uptakes through a quantitative structure-property 
approach to establish some linear trends. 

Experimentally, textural parameters were determined from N2 adsorption isotherm at 77K. While, adsorption 
capacity and enthalpy of pure gases (CO2, N2, CH4) at 303K were obtained by a home-made manometry system 
coupled with a Tian-Calvet microcalorimeter. The selectivities for co-adsorption are calculated from single gas 
adsorption isotherms and the use of Ideal Adsorbed Solution Theory (‘IAST’). 

Key words: Metal-Organic Frameworks, gas adsorption, microcalorimetry, quantitative structure-property 
approach 


