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Résumé et mots-clés

Résumé

Depuis une quinzaine d’années, les matériaux poreux de type Metal Organic Frameworks (MOFs) offrent
de nouvelles perspectives dans le cadre du stockage d’hydrogene par adsorption. Ces matériaux possedent
une structure et un réseau de pores particulierement adaptés a 1’adsorption des gaz. Ainsi, le téréphtalate de
Chrome (IITI) (MIL-101(Cr)), composé chimiquement trés stable, posséde une grande capacité de stockage
de I’hydrogéne, du dioxyde de carbone et du méthane. Afin de renforcer sa capacité de stockage
d’hydrogeéne, un dopage au charbon actif (AC) du matériau a été envisagé.

Les synthéses des matériaux dopés et non-dopés ont été réalisées et, pour cela, différents agents
minéralisants (acide fluorhydrique, acide acétique et acétate de sodium) ont été testés. Les matériaux
synthétisés ont été caractérisés par diffraction des rayons X (DRX), par microscopie électronique a balayage
(MEB), par analyses thermogravimétriques (ATG) et par adsorption d’azote a 77K.

Les capacités de stockage d’hydrogéne de ces matériaux a 77 K et 100 bar ont été évaluées par mesures des
isothermes d’adsorption de I’hydrogéne réalisées par méthodes volumétrique et gravimétrique. Les résultats
obtenus par ces deux méthodes sont en parfait accord et le matériau composite affiche une capacité
d’adsorption de 13.5 wt%, supérieure a celle du matériau non dopé, égale a 8.2 wt % dans les mémes
conditions expérimentales.

Finalement, afin d’évaluer les vitesses d’adsorption et de désorption de 1’hydrogéne sur le MIL-101(Cr) et
le MIL-101(Cr) dopé au charbon actif, les cinétiques d’adsorption ont été mesurées a 77 K par méthode
volumétrique. Les résultats obtenus ont ét€¢ comparés au modéele de la force motrice linéaire, Linear Driving
Force (LDF). Un modéle de diffusion dépendant de la température a été développé afin de tenir compte des
variations de températures qui se produisent durant le processus d’adsorption.

Mots clés
MOF /MIL-101(Cr) /Charbon actif /Stockage d’hydrogene /Synthese /Adsorption /Cinétique
/Expérimental /Modélisation



Abstract and keywords

Abstract

Since the last 15 years, porous solids such as Metal-Organic Frameworks (MOFs) have opened new
perspectives for the development of adsorbents for hydrogen storage. The structure and the pore networks
of these materials are especially adapted to the adsorption of gases. The chromium (III) terephthalate-based
MIL-101(Cr) is a very stable material which exhibits good adsorption uptakes for hydrogen (H»), carbon
dioxide (CO,) and methane (CHa).

In this study, syntheses were carried out by different ways and several mineralizing agents such as
hydrofluoric acid (HF), acetic acid (CH;COOH) and sodium acetate (CH3;COONa) have been tested.
Moreover, Activated Carbon (AC) has been introduced in the framework to create an AC incorporated
composite material with an enhanced specific surface area. Conventional techniques such as powder X-ray
diffraction (PXRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and nitrogen
(N2) adsorption isotherms at 77 K were used for materials characterizations.

In the aim to evaluate hydrogen storage capacities of these materials, hydrogen adsorption isotherms were
measured at 77 K via both volumetric and gravimetric methods, and the obtained results are in good
agreement. A hydrogen uptake value of 13.5 wt% has been measured at 77 K and 100 bar for the composite
material which shows a great improvement of hydrogen capacity compared to the pristine MIL-101(Cr) (8.2
wt%).

Finally, hydrogen adsorption kinetics has been measured at 77 K by using volumetric method. The obtained
results were compared to the Linear Driving Force (LDF) model and a temperature dependent diffusion
model was also considered to take into account the temperature variation which occurs during the adsorption
process.

Keywords
MOF /MIL-101(Cr) /Activated carbon /Hydrogen storage /Synthesis / Adsorption / Kinetics

/Experiment /Modelling



Mots-clés

MOF /MIL-101(Cr) /Charbon actif /Stockage d’hydrogéne /Synthése /Adsorption /Cinétique
/Expérimental /Modélisation

Résumé

La demande croissante en énergie ainsi que 1’aggravation de la pollution liée aux émissions de
dioxyde de carbone CO,, imposent a ce jour la mise en place de nouvelles sources d’énergie
renouvelables et surtout non polluantes. Dans ce contexte, les énergies photovoltaiques, éoliennes
ou géothermiques représentent des solutions alternatives. Sources d’énergie primaires, elles
permettent de produire de 1’électricité et de la chaleur pouvant étre ensuite utilisées dans différentes
conditions, pour répondre aux besoins et a la demande. Pour des applications stationnaires, les
technologies qui doivent étre mises en ceuvre pour stocker et convertir 1’énergie produite par ces
sources intermittentes sur des installations stationnaires apparaissent aujourd’hui plus matures que
celles requises en vue d’une utilisation mobile. Pour pallier I’épuisement des ressources
énergétiques fossiles et répondre aux problématiques environnementales qui leur sont associées,
I’hydrogéne apparait alors comme une solution alternative a une nouvelle économie de I’énergie.

L’hydrogéne est un vecteur énergétique qui contient une énergie massique trois fois plus grande
que I’essence. Il peut étre produit a partir de sources renouvelables ou fossiles, et utilisé en
combustion directe ou dans des piles a combustibles. Le stockage d’hydrogéne demeure néanmoins
un verrou majeur de la filiére, qui s’avere encore plus difficile a résoudre dans le cas d’applications
embarquées. Les technologies actuelles permettent un stockage sous forme gazeuse a haute
pression, un stockage liquide a trés basse température et un stockage chimique ou physique. Ces
technologies sont envisageables sur des installations stationnaires opérant a plus ou moins grande
échelle, par contre, leurs performances technico-économiques sont a ce jour insuffisantes pour
servir des applications mobiles. Or, la levée de ce verrou s’avére incontournable dans le cadre du
développement d’une économie de 1’énergie incluant I’hydrogene. Bien que les stockages gazeux
et liquide apparaissent comme les techniques les plus matures, ces derniéres font appel a des
conditions extrémes de température et de pression qui ne permettent pas de satisfaire aux
spécifications requises pour des applications mobiles, telles que fixées par le Department of Energy
(DOE) américain. Afin de répondre aux contraintes de poids, d’encombrement et de silireté du
procédé, le stockage physique par adsorption dans un matériau poreux semble étre une solution
prometteuse car elle met en ceuvre une cinétique rapide et réversible, dans des conditions de
température et de pression modérées.

Ainsi, le développement de procédés de stockage d’hydrogéne suffisamment performants et
acceptables d’un point de vue cofits et sécurité représente un défi actuel majeur. Cette thése a pour
objectif de proposer un procédé de stockage de I’hydrogeéne par adsorption qui soit extrapolable a
grande échelle. Cette méthode requiert 1’utilisation d’un matériau qui associe a la fois légéreté,
stabilité et grande capacité de stockage. Ce matériau doit aussi pouvoir étre produit en quantités
industrielles, a partir de substances chimiques disponibles et dont I’utilisation est autorisée par la
réglementation REACh (Registration, Evaluation, Autorisation of Chemical products). Aprés une
étude bibliographique préliminaire, un type de matériau a structure mésoporeuse, MIL-101(Cr)
faisant parti de la famille des réseaux organo-métalliques (‘‘Metal Organic Frameworks’’, MOF)
a été sélectionné, en considérant d’une part la possibilité d’adapter les conditions de synthése aux
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contraintes de production industrielle, et d’autre part la stabilité chimique ainsi que les grandes
surfaces spécifiques pouvant étre développées. Afin d’accroitre encore les capacités d’adsorption
en hydrogene de ce type d’adsorbant, 1’adjonction d’un agent dopant microporeux sous forme de
poudre de carbone activé a par ailleurs ét¢ envisagée.

Dans un premier temps, les synthéses des matériaux MIL-101(Cr) et MIL-101(Cr) dopés au
charbon actif ont été réalisées. La synthese, telle que décrite dans la littérature, fait appel a I’acide
fluorhydrique en tant qu’agent minéralisant. Or ce composé est fortement toxique et, pour des
raisons de sécurité, il n’est pas judicieux de I’utiliser a I’échelle industrielle. Ainsi différents agents
minéralisants tels I’acide acétique ou 1’acétate de sodium ont été mis en ceuvre pour tenter de
produire le MIL-101(Cr) par différentes voies de synthése, c’est-a-dire en utilisant différentes
méthodes de chauffage et solutions de lavage, et en faisant varier la concentration de charbon actif
introduit comme agent dopant. Les produits synthétisés bruts obtenus ont ensuite été lavés a
1’éthanol, au diméthylformamide (DMF) ou avec une solution de fluorure d’ammonium (NH4F)
afin d’éliminer les résidus tels que 1’acide benzenedicarboxylique restant dans les pores. Les
matériaux obtenus ont ensuite été dégazés sous vide afin d’¢liminer I’eau et le solvant résiduels.
Les matériaux synthétisés ont alors été caractérisés par diffraction de rayon X afin d’examiner
leurs structures cristallines, par microscopie électronique a balayage pour étudier les morphologies
de leurs cristaux et par thermogravimétrie pour évaluer la stabilité thermique. Les résultats
montrent que le MIL-101(Cr) synthétisé par utilisation de 1’acide acétique comme agent
minéralisant a une structure cristalline similaire a celle théorique. Le matériau produit présente une
taille moyenne de cristaux de 120 nm. Les MIL-101(Cr) dopés au charbon actif présentent des taux
de cristallinité inférieurs par rapport a leurs homologues non dopées, ce qui montre I’influence de
I’incorporation du charbon actif sur la germination et la croissance des cristaux. Ainsi la taille
moyenne d’un cristal de MIL-101(Cr) dopé avec 5 wt% de charbon actif diminue jusqu’a 80 nm.
Quant a la morphologie des cristaux, elle semble moins réguliere que celle observées pour le MIL-
101(Cr) pur. L’analyse thermogravimétrique montre que ces matériaux sont thermiquement stables
jusqu’a 200°C. Au-dela de 200°C, le cristal se décompose avec la disparition dans un premier
temps des molécules d’eau terminales de la structure, puis, dans un second temps, des composés
organiques liants les clusters métalliques du MOF.

La porosité des matériaux adsorbants a été étudiée a partir de la mesure des isothermes d’adsorption
d’azote a 77 K. Les surfaces spécifiques développées, ainsi que les distributions de tailles des
pores ont été évaluées. Les isothermes d’adsorption obtenues, décrivant des quantités adsorbées a
1I’équilibre en fonction de la pression relative d’azote, sont de type IV : une hystérése a la désorption
est observée pour une pression relative de I’ordre de p/p°=1 ce qui témoigne de la mésoporosité de
ces matériaux. Par ailleurs, la présence de deux échelons sur les isothermes pour une pression
relative p/p° de ordre de 0,15 et 0.25 peut étre associée aux ouvertures des deux catégories des
faces (pentagonales et hexagonales) qui délimitent les cages du matériau. Les surfaces spécifiques
de ces adsorbants ont été calculées en considérant le modele de Langmuir et la théorie BET. Le
modéle de Langmuir est basé sur la formation d’une phase adsorbée constituée d’une monocouche
moléculaire, alors que la théorie BET suppose une adsorption multicouche. Les résultats de ces
modélisations montrent que les matériaux synthétisés posseédent de grandes surfaces spécifiques.
Le MIL-101(Cr) pur synthétisé a partir d’acide acétique a une surface spécifique de Langmuir de
4668 m*.g"! et une surface BET de 3223 m?.g"'. Un dopage au charbon actif correspondant a une
concentration massique de 5 % augmente les surfaces spécifiques de Langmuir et BET, qui
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atteignent respectivement 4951 m2.g™! et 3542 m?.g!. Un maximum de la surface spécifique est
obtenu par 1’adjonction de charbon actif, et au-dela d’une certaine concentration en charbon actif,
une perte de porosité qui se traduit par une diminution de la surface spécifique est observée. Les
distributions de taille des pores ont été calculées suivant deux méthodes : a partir du modéle de
Barrett, Joyner et Halenda (BJH) et a partir de la théorie de la densité¢ fonctionnelle non locale
(Non Local Density Functional Theory NLDFT). La méthode BJH considére que seuls des
mésopores sont présents dans le matériau adsorbant et que I’équation de Kelvin décrivant la
condensation capillaire est applicable sur I’ensemble du domaine mésoporeux. Néanmoins, pour
des pores de taille inférieure a 7,5 nm, différentes corrections ont été considérées, ainsi que
différentes équations permettant de tenir compte de 1’épaisseur de la couche adsorbée. Les résultats
obtenus a partir des différents calculs des corrections ont été comparés et il a été montré que la
correction et I’équation de calcul de 1’épaisseur de la couche adsorbée proposée par Kruk-Jaroniec-
Sayari (KJS) aboutissent a une distribution de tailles de pores dont les valeurs centrées sur 26 et
31 A sont trés proches des tailles de pores théoriques. La méthode NLDFT tenant compte des
interactions fluide-fluide et fluide-solide nécessite de disposer d’un champ de force décrivant les
interactions atomiques des éléments présents dans le MIL-101(Cr). Cette méthode a été appliquée
en se basant sur un champ de potentiel chimique issu de la littérature. Elle a permis d’obtenir des
résultats similaires a ceux obtenus via la méthode BJH dans le domaine mésoporeux, et a étendu
la mesure de distribution de taille des pores dans le domaine microporeux, correspondant a des
tailles inférieures a 20 A. La présence de pores de I’ordre de 1 nm a été ainsi établie, supposés
formés par le super tétraédre de la structure de MIL-101(Cr). Les volumes des pores ont été déduits
soit a partir de I’intégration de la distribution de la taille de pores obtenue par la méthode BJH, soit
a partir des quantités adsorbées d’azote a la pression relative p/p°=0,98. Le volume de pore calculé
pour les adsorbants est de ’ordre de 2 cm?®.g™! ; le MIL-101(Cr) dopé a une concentration massique
de 5% de charbon actif développe un volume total de pore de 2,65 cm®.g™'.

Les performances de stockage de I’hydrogéne ont été évaluées sur le panel de matériaux adsorbants
synthétisés, incluant les échantillons MIL-101(Cr) purs obtenus par différentes voies de synthese
et dopés au charbon actif. Les capacités d’adsorption ont été¢ déterminées a partir de la mesure
d’isothermes d’équilibre sur deux appareillages différents, opérant d’une part par volumétrie et
d’autre part par gravimétrie. La méthode de mesure volumétrique implique la mesure directe de la
température et de la pression dans la chambre d’adsorption, remplie avec une quantité connue
d’hydrogene présent en phase adsorbée et en phase gazeuse. Les quantités adsorbées en exces sont
déduites a partir de I’équation de conservation de masse et de 1’équation d’état du gaz. Les mesures
ayant été effectuées jusqu’a 50 bar, a la température de 77 K, la méthode dite du « double volume
imaginaire » a été appliquée afin de rendre compte des gradients de température entre le réservoir
a I’ambiante et la chambre d’adsorption immergée dans 1’azote liquide. La méthode gravimétrique
repose sur la mesure du changement de la masse de d’échantillon exposé a la phase gazeuse. Pour
effectuer cette mesure, une microbalance a suspension magnétique est employée. La masse
d’hydrogene adsorbé en excés est calculée a partir d’un bilan de forces qui prend en compte 1’effet
de poussée d’ Archimede. Les mesures ont été réalisées suivant cette méthode jusqu’a 100 bar, aux
températures de 77 et 298 K. Les isothermes mesurées par les deux méthodes en conditions
cryogéniques ont été comparés entre elles, et un bon accord a été trouvé. Les capacités de stockage
des matériaux ont été déduites et exprimées par unité¢ de masse et de volume d’adsorbant. A 100
bar et 77 K, les capacités massiques rapportées aux quantités absolues d’hydrogéne adsorbé ont
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été évaluées au maximum a 14.8 % pour le MIL-101(Cr) pur et a 19.8 % pour les matériaux dopés
au charbon actif, correspondant a des capacités volumiques respectivement de 27.1 et 37.7 g.L"'.
Cette amélioration des capacités de stockage sur les matériaux dopés a été attribuée a
I’augmentation de la fraction de volume microporeux créé par la présence de charbon active dans
le réseau cristallin. Comparées aux capacités de stockage reportées dans la littérature pour d’autres
types d’adsorbants, notamment MOF ou MOF-composites, les valeurs obtenues avec les matériaux
MIL-101(Cr) dopés au charbon actif sont sensiblement supérieures.

L’étude des performances de stockage mesurées dans des conditions d’équilibre a été complétée
par une analyse cinétique du phénomene d’adsorption de 1’hydrogene. Celle-ci a été conduite a
partir de la mesure par la méthode volumétrique, de la variation temporelle des quantités
d’hydrogene adsorbées en exces, déduites de I’acquisition des données de pression et température
a chaque instant dans la chambre d’adsorption. Ces mesures ont été réalisées dans une gamme
pression basse, entre 0.2 et 5 bar, dans le but de déterminer les coefficients de diffusion intra-
particulaires a faible taux de recouvrement. Les courbes cinétiques obtenues pour les différents
matériaux testés MIL-101(Cr) purs et dopés, montrent des allures similaires. Ces courbes ont été
dans un premier temps modélisées a partir du modele de la force motrice linéaire (LinearDriving
Force LDF), en prenant en compte I’effet des variations de température induites par I’exothermicité
du phénoméne. Néanmoins, le modele LDF bien que couramment utilisé, a été développé pour
décrire des vitesses dans des conditions ou le systéme est proche de I’équilibre. Cette hypothese
n’est cependant pas vérifiée aux conditions de pression les plus élevées appliquées dans cette étude,
si bien que le modele ne permet pas de décrire convenablement les courbes cinétiques aux pressions
de 1 et 5 bar. Afin de mieux décrire les courbes cinétiques expérimentales, un modele prenant en
compte la variation radiale de la concentration adsorbée dans la particule assimilée a une sphére
homogene est considéré. Le transfert de matiére est alors supposé mettre en jeu une résistance
partielle externe, créée par le film entourant la particule, et une résistance diffusionnelle de surface
a I’intérieur de la particule. Afin de simplifier le probléme, le profil expérimental de température
est modélisé par une fonction gaussienne asymétrique. L’emploi de ce modele permet d’obtenir un
bon accord avec les courbes de prises de masses expérimentales mesurées sur toute la gamme de
pression considérée dans ce travail. Les diffusivités de surface a concentration quasi nulle sont
déduites par ajustement du modele avec les données expérimentales, moyennant la prise en compte
de la correction de Darken. Les valeurs de diffusivité de surface ainsi obtenues dans les conditions
de référence a la température de 77K pour le MIL-101(Cr) pur synthétisé d’acide acétique, et dopé
4 5 % de charbon actif apparaissent du méme ordre de grandeur, respectivement égales a 1.6. 1071
et 0.8.10' m’s!. Les coefficients de transfert externe k.. dans les conditions expérimentales
testées varient en fonction de la pression entre 0.3.10' m.s'a 0.2 bar, et 7.4.10"° m.s! 4 5 bar.
Les travaux réalisés ont ainsi permis de démontrer la possibilité de synthétiser des matériaux
organo-métalliques de type MIL-101(Cr) purs et dopés avec du charbon actif suivant un protocole
simple, ne nécessitant pas d’agent minéralisant toxique, donc aisément extrapolable a I’échelle
industrielle. Les résultats expérimentaux montrent un gain sensible des performances de stockage
a 77K d’hydrogéne sur les matériaux MIL-101(Cr) dopés par 1’adjonction de concentrations
modérées de charbon actif. Par rapport au matériau non dopé, le gain de capacité d’adsorption en
valeur absolue a été ici évalué a 37% en volume et 34% en masse. Les approches de modélisation
des courbes expérimentales de prise de masse ont permis la détermination de grandeurs
diffusionnelles intra-particulaires de référence, indépendante de la pression. Les diffusivités
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intraparticulaires apparaissent peu modifiées par le dopage mais diminuent avec 1’augmentation de
la fraction de microporosité. Ces données cinétiques couplées celles d’équilibres pourront étre
utilisées pour prédire par simulation le comportement d’un réservoir de stockage d’hydrogéne
opérant par modulation de pression dans des conditions cryogéniques. Les performances montrées
par les matériaux MIL-101(Cr) dopés au charbon actif encouragent a poursuivre les recherches
vers une meilleure compréhension de ces structures et le développement de nouveaux matériaux
hybrides comme candidats potentiels au stockage d’hydrogene pour les applications mobiles dans
le futur.
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General Introduction



La demande croissante en énergie ainsi que 1’aggravation de la pollution liée aux émissions de
dioxyde de carbone CO,, imposent a ce jour la mise en place de nouvelles sources d’énergie
renouvelables et surtout non polluantes. Dans ce contexte, les énergies photovoltaiques, éoliennes
ou géothermiques représentent des solutions alternatives. Sources d’énergie primaires, elles
permettent de produire de 1’¢lectricité et de la chaleur pouvant étre ensuite utilisées dans différentes
conditions, pour répondre aux besoins et a la demande. Pour des applications stationnaires, les
technologies qui doivent étre mises en ceuvre pour stocker et convertir 1’énergie produite par ces
sources intermittentes sur des installations stationnaires apparaissent aujourd’hui plus matures que
celles requises en vue d’une utilisation mobile. Pour pallier 1’épuisement des ressources
énergétiques fossiles et répondre aux problématiques environnementales qui leur sont associées,
I’hydrogéne apparait alors comme une solution alternative a une nouvelle économie de 1’énergie.
L’hydrogéne est un vecteur énergétique qui contient une énergie massique trois fois plus grande
que D’essence. Il peut étre produit a partir de sources renouvelables ou fossiles, et utilisé en
combustion directe ou dans des piles a combustibles. Le stockage d’hydrogéne demeure néanmoins
un verrou majeur de la filiére, qui s’avere encore plus difficile a résoudre dans le cas d’applications
embarquées. Les technologies actuelles permettent un stockage sous forme gazeuse a haute
pression, un stockage liquide a trés basse température et un stockage chimique ou physique. Ces
technologies sont envisageables sur des installations stationnaires opérant a plus ou moins grande
échelle, par contre, leurs performances technico-économiques sont a ce jour insuffisantes pour
servir des applications mobiles. Or, la levée de ce verrou s’avere incontournable dans le cadre du
développement d’une économie de 1’énergie incluant I’hydrogéne. Bien que les stockages gazeux
et liquide apparaissent comme les techniques les plus matures, ces derniéres font appel a des
conditions extrémes de température et de pression qui ne permettent pas de satisfaire aux
spécifications requises pour des applications mobiles, telles que fixées par le Department of Energy
(DOE) américain. Afin de répondre aux contraintes de poids, d’encombrement et de sireté du
procédé, le stockage physique par adsorption dans un matériau poreux semble €tre une solution
prometteuse car elle met en ceuvre une cinétique rapide et réversible, dans des conditions de
température et de pression modérées.

Ainsi, le développement de procédés de stockage d’hydrogene suffisamment performants et
acceptables d’un point de vue cofits et sécurité représente un défi actuel majeur. Cette these a pour
objectif de proposer un procédé de stockage de 1’hydrogeéne par adsorption qui soit extrapolable a
grande échelle. Cette méthode requiert I’utilisation d’un matériau qui associe a la fois légerete,
stabilité et grande capacité de stockage. Ce matériau doit aussi pouvoir étre produit en quantités
industrielles, a partir de substances chimiques disponibles et dont I’utilisation est autorisée par la
réglementation REACH. Aprés une étude bibliographique préliminaire, un type de matériau a
structure mésoporeuse, MIL-101(Cr) faisant parti de la famille des réseaux organo-métalliques
(““Metal Organic Frameworks’’, MOF) a été sélectionné, en considérant d’une part la possibilité
d’adapter les conditions de syntheése aux contraintes de production industrielle, et d’autre part la
stabilit¢ chimique ainsi que les grandes surfaces spécifiques pouvant étre développées. Afin
d’accroitre encore les capacités d’adsorption en hydrogene de ce type d’adsorbant, 1’adjonction
d’un agent dopant microporeux sous forme de poudre de carbone activé a par ailleurs €té envisagée.
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[.  Context and applications

The energy demand grows with global population and economic development because the
consumption is related to every domain of human activities such as residential, commercial,
industrial as well as transportation (IEA, 2015a).

Among all types of fuels for primary energy production, the fossil fuels take major part with a
percentage which is always above 80% for the past decades (The World Bank Databank, 2015).
While global population densities keep growing, the worldwide reserves of energy as a form of
fossil fuels are depleting. Therefore, it is crucial to develop alternative energy sources and carriers
in order to sustain the global demand.

Apart from the fossil fuel limitations and demand, another important issue related to our energy
supply is environmental pollution. Scientists have observed that carbon dioxide (CO>) or so-called
greenhouse gases (GHG) concentrations in the atmosphere have been increasing steadily over the
past century, compared to the pre-industrial era. The concentration of CO; in the air in 2013 was
about 40% higher than that in the mid-1800s (Stocker et al., 2013). The rise of CO; concentration
causes anthropogenic warming and sea level rise which can further induce polar ice melting,
permafrost defrosting and the increase of extreme weather phenomena.

The rise of global consumption of energy and the CO» emissions are presented by continent in
Figure I.1. Clearly, the global demand for energy has nearly doubled from the year 1980 to 2012
as well as the CO; emissions and this trend will not be changed by decency according to IEA (2014).
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Figure I.1: World energy consumption and CO; emissions from 1980 to 2012, presented by continent (IEA, 2015b).
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In this scope, all countries are responsible for minimizing their CO> emissions and improving the
share of clean energy consumption in total energy consumption. According to the United Nations
Framework convention on Climate Change (UNFCCC) and Kyoto Protocol (KP), it has set binding
obligations on the industrialized countries to reduce their emissions of CO,. According to 21*
Conference of Parties (COP 21), all countries are engaged to limit the climate warming by 2°C
compared to the pre-industrial era. Hence, the development of renewable energy generation meets
to global political targets.

Renewable energy such as the sunlight, the wind, the sea waves and the geothermal heat becomes
important in energy generation. The total global renewable power capacity exceeded 1470 GW in
2012, which represents an increase of 8.5 % compared to 2011. Wind power accounted for about
39 % of renewable power capacity added in 2012, followed by hydropower and solar photovoltaic
power, each accounting for approximately 26 % (Zervos, 2013). In Europe, the electricity
generation using renewable energy sources has been doubled from 2003 to 2013 (Eurostat, 2015).
In France, the renewable energy shares in total energy consumption accounted for 20.7 % in 2013
(RTE, 2013). However, these energy sources are intermittent and vary in season or day/night. The
produced energy could be stored in an intermediate carrier such that can be released during high
energy demand periods for end applications. Electricity, heat as well as solid and liquid fuels can
be used as an energy carrier in an energy storage system. The comparison of different types of
energy storage systems are presented in Table I.1.

Table I.1: Comparison of different energy storage system, according to Cau et al. (2014).

Cost/ Durability/ Power density/ Grav1metr1.c Enf.:rgy
Technology (S KWh') (year) (Wke!) energy density/ Efficiency/

(Wh.kg) (%)

Li-ion battery 600-2500 5-20 100-5000 75-250 85-90
Super-capacitor 300-2000 20+ 500-5000 0.05-30 97

Pumped-hydro 5-100 40-100 - 0.5-1.5 70-87

Hydrogen 2-20 30 - 400-1000 -
Flywheel 1000-5000 15-20 400-1600 5-130 80-99
Pressurized air 2-50 20-100 - 30-60 40-80

From Table 1.1, it can be observed that, compared to other energy storage system, hydrogen has a
low cost and a high gravimetric density. By using a fuel cell for energy conversion, the energy
conversion efficiency can reach 85 % which makes hydrogen a good candidate for energy storage
(Mekhilef et al., 2012).

In fact, since 1990s a strong interest of international scientific and industrial community has been
addressed for the possibility of developing a global ‘hydrogen economy’ (see Figure 1.2) based on
the hypothesis that hydrogen could be used as a future energy carrier (CEA, 2004; Deschamps et
al., 2015; Hetland and Mulder, 2007; McDowall and Eames, 2006).
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Figure 1.2: Hydrogen economy with production, distribution, storage and utilization of hydrogen, according to CEA
(2004).

In Europe, different stationary hydrogen projects have been developed, for instance, MYRTE,
GRHYD and Hybridkraftwerk projects: (i) The Mission hYdrogene Renouvelable pour
I’inTégration au réseau Electrique (MYRTE) platform consists of a solar photovoltaic (PV) array,
a Proton Exchanged Membrane (PEM) fuel cell rated at 210 kW, an electrolyser, several storage
tanks (hydrogen, oxygen, and water), a thermal management system, and an electricity conversion
associated with various subsystems for the purpose of stabilizing the electrical network of Corsia
(“MYRTE hydrogen energy storage test powers up in Corsica,” 2014). (i1) The Gestion des Réseau
par I’injection d’Hydrogéne pour Décarboner les énergies (GRHYD) project, led by GDF-Suez
(Engie) and different partners, aims to transform electricity from renewable energy produced
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outside peak periods into hydrogen and also to use this hydrogen in combination with natural gas
for heating, hot water production and as a fuel for buses (“GDF Suez, McPhy in French GRHYD
project on methane, hydrogen,” 2012). Two demonstration projects have been launched, one is an
industrial scale Hythane® fuel (hydrogen + methane) project where a natural gas vehicle fueling
station will be adapted to a hydrogen/natural gas mixture of 6% hydrogen at first then 20% to fill
natural gas-fuelled buses; the other project involves the injection of hydrogen into the natural gas
distribution network. A residential neighbourhood (in Dunkerque) of some 200 housing units will
be heated using a mixture of hydrogen and natural gas, with the hydrogen content varying up to a
maximum volume of 20 %. (iii) The Hybridkraftwerk project, which is led by Enertrag, a German
company specialized in energy production by renewable energy source and Total, combines grid-
connected wind turbines, two biogas plants and an electrolyzer (500 kW) which can produce and
store 1350 kg of hydrogen by using 5 storage tanks at 30 bar. The hydrogen will be mixed with
biogas for energy conversion, either to produce electricity or to produce heat for residential usage
(ENERTRAG, 2015).

The choice of hydrogen as one of the main future energy carrier has important advantages related
to its fundamental properties. Gaseous hydrogen is colorless, odorless, tasteless and nontoxic, and
it is a strong reducing agent even at room temperature. Its physical properties are listed in Table
[.2. Hydrogen is very energetic and contents a big amount of energy per unit of mass (gravimetric
energy density). Compared to gasoline, its energy density per unit of mass is three times higher.
This comparison is shown in Table 1.3.

Table 1.2: Physical properties of hydrogen, adapted from Gupta and Pant (2008).

Property Value
Molecular weight 2.01594 g.mol!
Density of gas (at 0°C and 1 atm) 0.308987 kg.m™
Density of solid at -259°C 85.8 kg.m™*
Density of liquid at -253°C 70.8 kg.m™
Melting point temperature (at 1 atm) -259 °C
Boiling point temperature (at 1 atm) -253 °C
Critical temperature -240 °C
Critical pressure 12.8 atm
Critical density 31.2 kg.m
Heat capacity of gaseous hydrogen (at 1 atm) 14.4 kJ kg K!
Flammability 4-75 vol%, with ignition energy 0.02 mJ
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Table 1.3: Gravimetric and volumetric energy density comparisons between hydrogen, methane, propane, gasoline

and diesel, calculated based on lower heating value (LHV), according to Gupta and Pant (2008).

. Energy d.ensity Energy d.ensity Energy d.ensity Energy density
Energy density per unit of per unit of per unit of .
. per unit of
Fuel per unit of mass/ | volume (gas)/ volume (gas)/ volume (gas)/ volume (liquid)/
(MJ kgt (MJ.m3 at 1 (MJ.m™ at 200 (MJ.m™ at 690 MJ mg)
atm, 15°C) atm, 15°C) atm, 15°C) '
Hydrogen 140.4 10 1825 4500 8491
Methane 43.6 32.6 6860 - 20920
Propane 28.3 86.7 - - 23488
Gasoline 48.6 - - - 31150
Diesel 33.8 - - - 31435

In our environment, hydrogen exists almost under the elemental form and is associated with oxygen
or carbon atoms. Therefore, pure hydrogen (Hz) which is an energetic vector has to be produced to
be used as an energy carrier.

I.1.  Hydrogen production

Hydrogen is the most abundant element in the universe, however, less than 1% of hydrogen on
earth exists in dihydrogen form but in compounds like water (H>0) or hydrocarbons.

The mature technologies for hydrogen production are steam reforming of natural gas, partial
oxidation of hydrocarbons or cracking of hydrocarbons, gasification of coal, electrolysis of water
(Board on Energy and Environmental Systems National Research Council et al., 2004). It is
reported that hydrocarbons (natural gas and petroleum) account for 78% of the world’s hydrogen
production (Gupta and Pant, 2008) which produce greenhouse gases. The energy requirement for
electrolysis of water can be supplied by renewable energy sources like wind or sunshine which are
carbon dioxide emission free. Besides, biological production of hydrogen from biomass is also an
option for hydrogen production.

Hydrogen can be produced from hydrocarbons by means of steam reforming of natural gas (steam
methane reforming-SMR) or partial oxidation (POx) (Muradov, 2008).

The steam reforming of natural gas or other light hydrocarbons for hydrogen production involves

two chemical reactions:
350 °C

CH4 + H,0 — 3H, + CO

CO + H,0 251, + Co,
This process is inexpensive and efficient, with an efficiency of about 70% based on the lower
heating value of hydrogen (Department of Energy, 2015). The steam reforming of such primary
fuels (water gas shift) releases CO; to atmosphere although the CO> can be removed through carbon
sequestration. Meanwhile, the natural gas is non-renewable and cannot hold for a sustainable
hydrogen economy. Hence, it can be a transitional solution only.
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Partial oxidation of natural gas is the process where hydrogen is produced through the partial
combustion of methane with oxygen to yield carbon monoxide and hydrogen.

Coal is the most plentiful fuel on earth and is expected to be an important energy source for the
next hundreds of years. The coal can be converted into syngas in a gasifier (e.g., fixed bed, fluidized
bed or entrained flow) (Lin, 2008). The gas-phase water-gas shift reaction is important which
controls the equilibrium of CO, H», CO> and H>O (Fisher-Tropsch process).

Water is extremely abundant on earth. The decomposition of water to produce hydrogen requires
energy input which can combine to a renewable energy source (Rozain and Millet, 2014). Different
types of water electrolysis cells have been developed, namely, alkaline water electrolyser, proton
exchange membrane (PEM) water electrolyser, high temperature water electrolyser based on solid
oxide fuel cell (Millet, 2012). Current low temperature hydrogen electrolysis can offer a conversion
efficiency about 62%, based on its lower heating value (Holladay et al., 2009).

Most of the biomass sources contain a large amount of hydrogen. The conversion of biomass to
hydrogen is similar to that of coal. Gasification of biomass results in a syngas which consists of
carbon monoxide, carbon dioxide and hydrogen. Compared to coal, biomass is a renewable energy
resource which has less impact on the environment. However, the Department of Energy (2015)
reported that the cost of direct gasification of lignocellulosic biomass is about 3 times larger than
using steam reforming of natural gas (Spath et al., 2000). A lower conversion efficiency (35%) was
also reported (Department of Energy, 2015). Other biological hydrogen productions involving, e.g.
fermentation and photosynthesis suffers also the drawback of low efficiency.

[.2.  Hydrogen distribution

Hydrogen distribution can be achieved over the road and the sea in cryogenic liquid tankers or via
gaseous tube trailers. Nevertheless, gas grids are considered to be the main option for distribution
of large amounts of hydrogen. Gaseous hydrogen can then be distributed to the point of use after
injection and transportation in pipelines. This mode of distribution dated back to 70 years ago and
several thousand kilometres of hydrogen pipelines have been constructed globally (IEA, 2007). In
France, Air Liquide constructed several hydrogen pipelines between the northern France and
Belgium (650 km) and in the region of Lyon (50 km).

Four major issues for gaseous hydrogen delivery via pipelines are analysed and they are listed as
following:

e High initial capital investment costs. Even though transporting gaseous hydrogen via the
existing pipelines is a low-cost option by mixing hydrogen with natural gas (hydrogen
volume percentage < 20 %). However, substantial modifications may be required for
delivering pure hydrogen (Department of Energy, 2015).

e Hydrogen embrittlement of steel pipelines and alternative. Current welding technology for
pipeline impacts the steel microstructure the can exacerbate hydrogen embrittlement issues.
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Eliminations or mitigation of hydrogen embrittlement is the key to ensuring the safe, cost-
effective and long-term reliability of hydrogen delivery pipeline infrastructure (Feng, 2006).

e Hydrogen leakage and integrity monitoring sensors. The hydrogen molecule is very small
and diffuses rapidly compared with other gases such as natural gas. Hence, low-cost leak
detection sensors are needed to protect against third-party damage-related and other
mechanical failures (Department of Energy, 2015).

e Hydrogen compression. Gaseous hydrogen contains only one-third of the energy of natural
gas by volume (see Table 1.2). The output of hydrogen needs to be under higher pressure to
make sure of energy content per volume. Current technologies of compressors need to be
enhanced for large-scale hydrogen delivery (Leighty et al., 2006).

[.3. Hydrogen conversion

Hydrogen is an energy vector that can be directly used as a fuel for internal combustion engines
(ICEs) or as a chemical carrier for electric power storage and generation in fuel cells.

Combustion of hydrogen in the presence of oxygen only forms water. However, in real combustion
conditions, the gaseous reactants are not pure and unwanted by-products such as carbon monoxide
(CO) or carbon dioxide (COy) as well as nitrous oxides (NOx) are produced. Hydrogen internal
combustion engine (HICE) has been developed for nearly 40 years. Tokyo City university
developed one of the first HICE for automotive usage (Furuhama et al., 1978). Nowadays, current
petrol engines can be converted to run on hydrogen by injecting hydrogen through a specialized
spark plug. In 2005, BMW has developed a bifueled HICE functioning with both hydrogen and
gasoline. However, the control of NOx emission requires being improved. Moreover, the energy
conversion efficiency of such engines is limited by the Carnot cycle efficiency (1carno=1-Te/Tr with
T. and T}, the temperature of the cold reservoir and the hot reservoir, respectively) (Schlapbach and
Ziittel, 2001). Finally, HICE is not deemed to be a sustainable solution due to the energy
efficiencies associated with the current petrol engines (Schlapbach, 2009).

Another alternative is fuel cell which combines hydrogen with oxygen from air with the only by-
product being water. In a fuel cell, positively charged hydrogen ions formed at the cathode react
with oxygen at the anode through an electrolyte. Different types of fuel cells have been developed
depending on the nature of electrolyte: potassium hydroxide, polymer membrane, immobilized
liquid molten carbonate, immobilized liquid phosphoric acid, ion exchange membrane or ceramic
(Hess et al., 1995). For on-board vehicular use, Proton Exchange Membrane (PEM) fuel cells have
undergone significant developments in recent years. The membrane then most often composed of
a polymeric membrane, such as Nafion®, whereas metal catalysts such as Platinum or Iridium, are
deposited on the electrodes. Both these two specificities make PEM fuel cells very costly today,
but improvements of their performances are expected to increase the current density so that better
capacities should be obtained with the same amount of material. An advantage of the PEM
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technology is its capacity, but PEM fuel cells are easily poisoned by impurities such as CO. Cost
reduction, reliability and poison resistance are still obstacles for their wide range applications.

A schematic representation of a PEM fuel cell is shown in Figure 1.3. PEMs have a relatively low
operating temperature ranging between 50 and 80 °C with an energy conversion efficiency about
60 % (Schlapbach, 2009). If some of the waste heat is reused, then the efficiency can reach 80 %
(Barbir, 2012).

Hydrogen  Electron Oxygen
molecule | 2 molecule

Water
molecule O
L=

Hydrogen ions

Anode Catalyst Polymer electrolyte  Cathode
membrane

Figure 1.3: Proton Exchange Membrane (PEM) fuel cell structure, according to Schlapbach (2009)

1.4. Hydrogen storage

The storage of hydrogen represents the crucial problem of the hydrogen network. Considering its
volumetric energy density (see Table 1.3), hydrogen appears by far less advantageous than other
fuels. Moreover, its high flammability implies additional constraints for its storage which can be
achieved only by 3 ways, including gas compression, liquefaction or storage within solid-state
materials. The latter technique involves the hydrogen storage by chemical or physical interactions
with a solid material.

Hydrogen storage is considered for both stationary and mobile applications. As shown previously,
it is not really difficult to implement hydrogen in stationary applications (MYRTE, GRHYD,
Hybridkraftwrekproject). However, the storage for mobile uses is associated with a lot of
constraints, i.e. the mass, the volume, the filling time, the security. Considering this challenge and
the constraints associated, the aim of this thesis concerns the study of hydrogen storage for mobile
applications. Moreover, a pre-study of a scaling up system combining hydrogen production, storage
and utilization will be performed. To reach these objectives it is then necessary to study the criteria,
the objectives and the different technologies associated with the onboard storage.
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II.  Scientific and strategic approaches

II.1. Hydrogen storage: criteria and objectives

The criteria need to assess and to compare different hydrogen storage solutions are the volume, the
weight, the cost of entire equipment, its safety, the energy requirements as well as the reversibility
and charging/release rate of hydrogen to and from the reservoir. However, the storage system
specifications vary and depend on hydrogen uses. In a stationary storage situation such as gas
station, the weight and the volume of the system becomes less important while for mobile storage,
the weight and the volume of storage system become more important issues.

Certain early markets of hydrogen usage which require stationary hydrogen storage are today
considered as mature. These include: (i) stationary power such as backup power for
telecommunications towers, emergency services, and basic infrastructure (e.g., water and sewage
pumps); (ii) portable power such as personal laptop battery chargers, portable generator sets (gen-
sets), or mobile lighting; (iii) material handling equipment such as forklift trucks, pallet jacks, and
airport baggage and pushback tractors, according to Department of Energy (2015).

Hydrogen storage systems for automotive applications mobilize a lot of research efforts. The
American Department of Energy (DOE) places this application as a priority and has set since 2005
some technical milestones to be achieved to develop a storage technology viable for onboard light-
duty fuel cells enabling vehicle transportation over 300 miles (483 km). These specified targets
have been recently modified, in May 2015, to match more realistically the current results of
worldwide scientific research (Table I1.1).

Table I1.1: Technical system targets for onboard hydrogen storage for light-duty vehicles (Department of Energy,
2015)

Target 2010 (new) = 2010 (old) = 2015 (new) = 2015 (old) Ultimate
System Gravimetric Density [4.5] [6] [5.5] [9] [7.5]
[wt%] or (kWh.kg™) (1.5) (2.0) (1.8) 3) (2.5)
System Volumetric Density [28] [45] [40] [81] [70]
[g.L'] or (kWh.L") (0.9) (1.5) (1.3) 2.7) (2.3)
System Fill Time of 5 kg hydrogen [4.2] [3] [3.3] [2.5] [2.5]
[min] or (kg.min™") (1.2) (1.67) (1.5) (2.0) (2.0)
Storage System Cost - [133] - [67] -
[$.kg! Ha] or ($.kWhye!) - 4 - 2 R

Delivery pressure (bar),
Fuel Cell/Internal Combustion Engine

(4/35) (4/35) (3/35) (3/35) (3/35)
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I1.2. Hydrogen storage: comparison of different methods

Hydrogen may be stored in physical form under high pressure at ambient or sub-ambient
temperatures, or as a cryogenic liquid near its normal boiling point of 20 K. However, these
traditional mechanical means of hydrogen storage (compression or liquefaction) are energetically
and financially expensive. An alternative storage method such as cryocompression of hydrogen has
been developed. Additionally, hydrogen may be stored as a solution in metals, bonded to other
elements as hydrogen compounds or adsorbed as a diatomic molecule in porous solid (Durbin and
Malardier-Jugroot, 2013; Harris et al., 2004; Ziittel, 2004).

I1.2.1. Mechanical storage of hydrogen
Hydrogen storage by compression

Typically, an efficient compressed hydrogen storage system requires a working pressure of 700 bar
and a volume of 220 L to store 5 kg hydrogen gas (Walker, 2008). The mass of the cylinder usually
made of steel represents an important constraint. To avoid this, composite cylinders have been
developed so that operating pressures and reservoir masses have been then considerably reduced
(Gao and Krishnamurthy, 2008). A type IV vessel which is a composite lightweight cylinder with
a polymer liner-like high density polyethylene HDPE, to prevent gas diffusion and load-bearing
composite overwrap was so designed, as illustrated in Figure II.1. This system reaches a
gravimetric hydrogen uptake capacity of 1.7 kWh.kg! and a volumetric hydrogen uptake capacity
of 0.9 kWh.L! (Department of Energy, 2015). This storage method is used in the forthcoming
Toyota Mihai hydrogen fuel cell vehicle (Bimbo et al., 2015). However, the volume of the storage
tank remains large for onboard use whilst the high pressure represents an important safety problem.

Figure II.1: GM HydroGen3 “Compressed 700" 10,000-psi (70 MPa) Hydrogen Fuel Storage System (Quantum
technologies)
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Hydrogen storage by liquefaction

In view of a vast hydrogen infrastructure, very large quantities of hydrogen may be distributed and
stored as a liquid at about 20 K (-253°C). Today hydrogen liquefiers are a mature technology for
capacities up to 30 ton.day ' and with energy requirements of 30 to 45 MJ per kilogram of liquefied
hydrogen while the world’s capacity today is around 350 ton.day™!, which is lower than the required
capacity for fuelling a mobility largely based on hydrogen (Valenti, 2016). Diverse investigations
indicate though that liquefier capacity as high as 900 ton.day' as well as energy requirements as
low as 18-25 MJ.kg! may be achieved (Valenti, 2016).

Liquid hydrogen has the advantage to offer high volumetric storage capacity. The volumetric
energy density of liquid hydrogen is far higher than compressed gas and reaches 70.8 g.L! at -
253 °C and 1 atm. However, the liquefaction of hydrogen consumes a lot of energy and is very
costly. The cost of hydrogen liquefaction was estimated to be 1-1.5 $.kg™!, compared to 0.15-0.6
$.kg™! for compressions at 700 bar (Ekins and Bellaby, 2008). Liquid hydrogen can be stored in a
cryostat, or a double walled container. However, the problem is the boil-off effect which causes
leakages. The boil-off effect happens because liquid hydrogen evaporates easily during delivery
and refuelling or when it adsorbs heat from the environment. The tank must be vented every 3-5
days during inactivity to prevent dangerous and costly boil-off lost. Meanwhile, the container
cannot be stored in a confined area during several days. For instance, a full 5 kg tank affected by a
1 W heat would lose all its hydrogen in approximately 3 weeks (Aceves et al., 2006).

Hydrogen storage by cryocompression

The newest hydrogen storage technologies combine compression and cryogenic storage of
hydrogen. Liquid hydrogen vessels can be pressurized and create a combination of liquid hydrogen
and high pressure hydrogen in the head space (Satyapal et al., 2007). The density of liquid hydrogen
increases from 70 g.L"! at 1 atm to 87 g.L™! at 237 atm (Ahluwalia et al., 2010). According to these
authors, cryocompressed vessels are able to withstand heat since hydrogen within the vessel can
be vented at a higher temperature. Venting stops when the tank reaches ambient temperature and
the pressure within the vessel is maintained so that the hydrogen density remains at 30% of the
initial liquid hydrogen density. This is better for storage and makes the tanks safer during dormant
periods. Moreover, pressurized hydrogen becomes a supercritical fluid at a pressure higher than 13
atm and this can eliminate unused space in the container which increases the volumetric energy
density.

Otherwise, cooling compressed hydrogen gas is another option to enhance hydrogen storage
performance. Compressed hydrogen gas tanks are often cooled to liquid nitrogen temperature
which can increase the volumetric capacity by three times when comparing to non-cooled hydrogen.
It has been found that 740 atm is required to store 4.1 kg of hydrogen in 100 L at room temperature
but only 148 atm is required to store the same volume at 77 K (Paggiaro et al., 2010).
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I1.2.2. Chemical storage of hydrogen
Hydrogen storage by chemical reaction with water

Hydrogen can be generated through a chemical reaction of water and other chemical compounds,
e.g. sodium metal, which can be produced by reducing NaOH in a solar furnace. By calculation,
the storage of hydrogen by using sodium has a gravimetric density of 3.0 wt% and if lithium is
used to replace of sodium, the gravimetric density increases to 6.3 wt% (Ziittel, 2004). This storage
method suffers different problems, especially the controlling of the reduction of the chemical
compounds to produce original metal (Ziittel, 2003) and is nowadays not adopted for on-board
hydrogen storage applications.

Hydrogen storage in Metal hydrides

Typical case of chemically bonded hydrogen is metal hydrides, where metals and metal alloys react
with hydrogen (Schlapbach and Ziittel, 2001) according to the following reaction:

reversible

M + H, &= MH;,
Molecular hydrogen is initially physisorbed onto the surface of the metal. The molecular hydrogen
splits into atomic hydrogen which migrates across the surface. The diffusion of atomic hydrogen
into local interstitial sites creates a solid-solution, which is called the a-phase. The a-phase where
hydrogen atoms locate randomly in the metal will transform into an energetically favorable B-phase
by concentrating locally hydrogen. This transformation is illustrated in Figure II. 2.
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Figure II. 2: Illustration of the interaction of hydrogen gas with a metal at different stages to form a metal hydride:
adsorbed on surface (top-left), o-phase (middle-left) and p-phase (bottom-left) and the pressure-composition-
temperature (PCT) phase diagram (Dornheim, 2011; Schlapbach, 2009)

For metal hydrides constituted of alloy, usually there exists one element (A) with high affinity for

hydrogen and one element (B) with low affinity of hydrogen. The latter, which is not used for
hydrogen storage, is helpful for the dissociation of hydrogen (Ziittel, 2003). Element A is typically
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a transition, rare earth or alkaline metal such as La, Ti, Zr and Mg with B element such as Ni, V,
Cr, Mn and Fe.

Mg>Ni is the first hydrogen storage material found in the 1960s, which can reversibly react with
H; to form MgxNiH4 which has a hydrogen uptake capacity of 3.6 wt% (Reilly and Wiswall, 1968).
Later, hydrogen storage in LaNis (Van Vucht et al., 1970) was discovered and have relatively large
volumetric storage capacity and other hydrogen storage alloys, such as FeTi (Reilly and Wiswall,
1974), ZrCrz and V based solid solution alloy (Wiswall and Reilly, 1972) were discovered. The
electrochemical performance of RENis (RE-Rare Earth metals) based metal hydrides promoted the
invention of Ni-MH battery in the 1980s (Cuevas et al., 2001). Recent research found that RE-Mg-
Ni based ABs type alloy (Young and Nei, 2013) can meet the demands of pursuing higher energy
density of Ni-MH battery. However, metal hydrides have low gravimetric capacities for the usage
of heavy metal elements which appears to not be suitable for mobile applications (vehicles) (Reilly
and Sandrock, 1980). Nevertheless, they can be used for stationary and marine applications such
as boats and submarines (Dantzer, 2002).

In general, light elements, namely Li, B, C, N, Na, Mg, Al and Si should be the components of
high capacity hydrogen storage materials because their hydrides have high gravimetric and
volumetric densities. However, the light-weight hydrides generally suffer from poor reversibility
under moderate temperature and pressure conditions due to over high thermodynamic stability
and/or slow kinetics (Wang et al., 2016). Mg shows a theoretical gravimetric storage capacity of
7.66 wt% and its hydride formation has a low plateau pressure around 1 bar (Sakintuna et al., 2007)
for MgH> metal hydride. Various Mg-based alloys have been investigated for reversible hydrogen
storage, and the alloying elements include rare earth metals RE (Darriet et al., 1980; Kamegawa et
al., 2006; Ouyang et al., 2007; Pezat et al., 1980), transition metals TM (Bobet et al., 2001; Liang
et al., 1999; Pozzo and Alfe, 2009) and other metals such as Al, Sn, In and Pd (Zaluski et al., 1995;
Zhong et al., 2011a, 2011b). The H in MgH> has partial ionic bonding with Mg and the formation
enthalpy of MgH> reaches 75 kJ.mol™! (Stampfer et al., 1960). This is the intrinsic reason which
explains that the alloying elements would be expelled from MgH> when Mg-based alloys are
hydrogenated, which makes the thermodynamic tuning of MgH:> difficult by alloying. The
development of novel Mg-based hydrides is intended to change the binding energy of Mg with H
by partial substitution with the elements having weak bond with H such as TMs (Fe, Co, Ni) (Bobet
et al., 2000; Cui et al., 2013; Didisheim et al., 1984; Dong et al., 2015) and non-TMs (Al, Ag, Cd,
In) (Si et al., 2013; Skripnyuk and Rabkin, 2012; Zhong et al., 2011a, 2011b). Recent studies also
focused on the kinetics of absorption in Mg-hydride. By introducing catalysts like V20s
(Khrussanova et al., 1989) or NbOs (Dornheim et al., 2007), the charging time can be less than two
minutes at 250 °C, which achieved the charging time target set by DOE (see Table II.1).

Complex hydrides use light-weight elements to form tetrahedral complex anions such as borates
—BH; and metal alanates —AIH; . Their formation and release of hydrogen consist of a series of
decomposition and recombination reactions. High volumetric and gravimetric hydrogen density
has been found for LiBH4 (18.5 wt%) (Eberle et al., 2009). However, during hydrogen regeneration,
only three-quarter of the hydrogen can be released upon melting temperature of 280°C (Harris et
al., 2004). Moreover, their formation requires high temperature (600°C) and high pressure (350
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bar) (Orimo et al., 2005)). In the past two decades, effective strategies such as adding a catalyst,
nanoscaling and destabilization have been successfully developed to improve hydrogen storage
properties of complex hydrides.

Hydrogen storage in covalent hydrides

Hydrides such as organic hydrocarbons and ammonia are also studied. Researchers have
concentrated on the development of organic chemical hydrides consisting of reversible catalysis
pairs such as decalin dehydrogenation/naphthalene hydrogenation, methylcyclohexane
dehydrogenation/toluene hydrogenation and tetralin dehydrogenation/naphthalene hydrogenation
(Hodoshima and Saito, 2008). The crucial point of non-metallic hydrides is the process of
dehydrogenation. For example, the dehydrogenation of cyclohexane requires a temperature of
300°C to form benzene (Biniwale et al., 2005) and ammonia requires more than 400°C to break
down and generate hydrogen with the presence of Ni or Ru catalysts (Li et al., 2005). Despite this
high temperature requirement for the formation and regeneration, the absorption/desorption
kinetics of hydrides is very slow (Sakintuna et al., 2007).

I1.2.3. Physical storage of hydrogen

The volumetric storage density of light gases such as hydrogen can be increased through attractive
interactions between hydrogen molecules and the surface of an adsorbent, resulting, at low pressure,
in significantly higher uptake over compression at the same thermodynamic conditions. However,
high capacity hydrogen storage in porous materials only achieves at very low temperature for
physisorption until now, because of the weak interaction between the hydrogen molecule and the
adsorbents. The binding energy is usually less than 10 kJ.mol™!, and the hydrogen storage capacity
is usually about 1 wt% at ambient temperature (Schlapbach and Ziittel, 2001).

Different porous materials such as carbons (carbon nanotubes (CNTs), activated carbons (ACs),
templated carbons), zeolites, and Metal Organic Frameworks (MOFs) have been investigated for
hydrogen storage. According to the most recent studies (Bimbo et al., 2015), high-surface area
materials tailored for hydrogen storage are a promising route for storage in mobile applications and
cryocharging is a promising strategy for hydrogen storage system since it increases volumetric
densities and avoids energy penalties of operating at high pressure and/or at low temperature.

Hydrogen storage in carbon based adsorbents

Carbon-based structures which have been investigated for hydrogen storage include carbon
nanotube-based structures, activated carbons and templated carbon.

Carbon nanotubes consist of rolled up graphite sheets into a cylindrical shape. Single-wall carbon
nanotubes (SWCNTs) concerns only one graphite sheet and have an inner diameter from 0.7 to
several nanometres. Multi-wall carbon nanotubes (MWCNTs) are made of concentric rolled-up
graphite sheets with adjacent distance around 0.3 nm and the number of sheets varies from 2 to
more than 100 (Popov, 2004).
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A brief summary of hydrogen uptake data reported for carbon nanotubes at 77 K is shown in Table
IL.2.

Table I1.2: Hydrogen uptake capacities reported in the literature, for both SWCNTs and MWCNTs

Specific surface area Condition Gravimetric capacity
(mg") (bar, K) (Wi%)
0.8
1
780 77 (Takagi et al., 2004)
1.8
1300 1,77
’ (Takagi et al., 2004)
SWCNT 8.25
285 80, 80
’ (Ye etal., 1999)
3.94
- 60, 77 (Karikkethu Prabhakaran et
al., 2011)
0.9
1220 1,77
’ (Jorda-Beneyto et al., 2007)
1.5
MWCNT 1220 10, 77
¢ ’ (Jorda-Beneyto et al., 2007)
- 1, 300 0.25

(Wu et al., 2000)

Activated carbons can be produced from a variety of natural or synthesized precursors, and develop
large specific surface up to 3000 m?.g!. The activation process can be either physical or chemical.
Physical activation consists in heating a carbonized material up to 700°C to 1000°C in the presence
of oxidizing gases such as carbon dioxide (CO2) or water steam. For chemical activation, the
carbonaceous precursor is directly heated from 500°C to 800°C in the presence of dehydrating
substances such as zinc chloride (ZnClz), phosphoric acid (H3POs) or potassium hydroxide (KOH).
On the opposite of carbon nanotubes, activated carbons are characterized by highly disordered
nanostructures, as illustrated in Figure I1.3.

Figure I1.3: Transmission electron microscopy (TEM) images of disordered nanostructures of activated carbon (Pré
etal., 2013a).

Norit produced a large range of activated carbons, some of them were reported to have a hydrogen
uptake as high as 2.14 wt% at 1 bar and 77 K (Nijkamp et al., 2001). Other activated carbon

47



materials with specific surface area of 2000 m2.g"' showed a maximum hydrogen uptake nearly 5
wt% at 30 bar and 77 K (Dumont et al., 2006).

Zeolite templated carbon with regular pore geometries can be produced by chemical vapour
deposition of carbon over a zeolite structure following by acid washing to remove the zeolite
template (Kyotani et al., 1997). Hydrogen storage capacities of 6.0 and 6.9 wt% were reported at
20 bar and 77 K for this type of material which have BET (Brunauer-Emmett-Teller) specific
surface area of 3189 and 3150 m>.g"!, respectively. A comparison of different hydrogen storage
capacities of activated carbons as well as templated carbons is given in Table II.3.

Table I1.3: Hydrogen uptake capacities of different activated carbons and templated carbons

Specific surface area Condition Gravimetric capacity
(m’.g") (bar, K) (Wt%)
1.5
AC Norit SX 1 22 1
¢ Norit § ? 77 (Nijkamp et al., 2001)
4
2421 1
0,77 (Texier-Mandoki et al., 2004)
AC (AX-21) S
2800 35,77 o
’ (Benard and Chahine, 2001)
2.9
Norit R0.8 1384 20, 77

ort ’ (Schmitz et al., 2008)

5.0

PICATIF 2

¢ SC 075 30,77 (Dumont et al., 2006)

3.0

CA800 2191 20, 77
’ (Yang et al., 2007)
CB850h 3150 20, 77 6.9

(Yang et al., 2007)

In carbon-based materials, the main limitation comes from the relatively small binding energy on
the graphene surface (4-6 kJ.mol!). For conventional porous carbons, the hydrogen uptake at
ambient temperature is proportional to their adsorbing surface. However, according to recent
theoretical studies, optimized graphene-based structures containing even infinite slit-shape pores
are not able to meet DOE goals, although their H> storage at low temperature is very promising
(Kuchta et al., 2010).

Hydrogen storage in zeolites

Zeolites can be formed by hydrothermal syntheses. They are largely used as molecular sieves,
adsorbents, drying agents, catalysts, ion exchanger and water softeners. They are aluminosilicate
materials and their structures are based on assemblies of SiO4 and AlOj tetrahedra. The anionic
skeleton of zeolites is penetrated by channels giving a honeycomb-like structure. Zeolites are
microporous crystalline aluminosilicates of general formula M"*,,,[(S10,),(AlO,).]-xH,O, where M
is a cation which neutralizes the negative charge on the aluminosilicate framework. Additional
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negative charges of aluminium in place of silicon are neutralized by the presence of cations in the
centre of the tetrahedral units. Water molecules are often present for coordination.

For hydrogen storage, zeolites are limited by their low specific surface area (~1000 m2.g"). For
instance, in NaX, the hydrogen adsorption capacity was reported to be 2.55wt% at 77 K under 40
bar (Du and Wu, 2006). Langmi et al. (2005) studied hydrogen storage in different ion-exchanged
zeolites and the best result was obtained in CaX, where the hydrogen adsorption capacity was
reported to be 2.19wt% at 77 K under 15 bar. The theoretical limit of hydrogen uptake capacity is
2.86 wt% calculated by classical atomistic simulations, which implies that zeolites are not qualified
candidates for hydrogen storage applications (Vitillo et al., 2005).

Hydrogen storage in Metal Organic Frameworks

Over the past decade, hydrogen storage in metal-organic frameworks (MOFs) received a
worldwide attention because they possess versatile structures, high surface areas, large free
volumes, high porosities and tunable pore geometries and functionalities. MOFs are porous solids
which are structurally similar to zeolites and they show great potential for applications such as
heterogeneous catalysis (Lee et al., 2009), gas purification and separation (Li et al., 2009) and gas
storage (Suh et al., 2012) . Several categories are often mentioned in literature: isoreticular metal
organic framework (IRMOF), metal organic framework (MOF), zeolitic imidazole frameworks
(ZIF), porous metal organic framework (PMOF), microporous metal organic framework (MMOF)
which are all MOFs (O’Keeffe, 2009). Coordination polymers (CPs) and porous coordination
polymers (PCPs) are sometimes used for naming a MOF material as well.

MOF:s are formed by coordinate bonds from multidentate linkers to metal or metal cluster centres.
Most commonly used metal nodes are transition elements where binding sites are linear, T-shape,
tetrahedral, square-planar, square-pyramidal, trigonal-bipyramidal, octahedral, cubic, trigonal-
prismatic or pentagonal-bipyramidal. The structure of MOFs are well studied and secondary
building units (SBUs) are used to describe both metal nodes and organic linkers (Eddaoudi et al.,
2001; O’Keefte et al., 2000). The coordination between the SBUs makes the framework.
Considering that MOFs are composed of metal nodes and organic linkers, a large variety of
materials can be synthesized depending on the nature of these two major components. Changing
organic linkers can further tune the pore size of the framework. For instance, the IRMOF series
shown in Figure I1.4 are based on [ZnsO]%" SBU with various organic linkers.
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Figure I1.4: Structures of IRMOF1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16 using [Zn,0]°" building blocks and different
organic linkers (Eddaoudi, 2002).

Organic linkers are often O-donor type carboxylates or N-heterocyclic based on pyridyl, imidazole
and tetrazole groups. Therefore, the MOFs can be divided into subcategories like carboxylate-based
MOFs, azolate-based MOFs and mix-linker MOFs (Suh et al., 2012).

e Carboxylate-based MOFs

Carboxylate-based MOFs form the majority of reported synthesized materials (Suh et al., 2012).
The advantage of the carboxylic acids is that they have high acidity (pKa about 4) which allows
facile in situ deprotonation for MOF formation (Murray et al., 2009).

The MOF-5 (IRMOF-1), based on the [ZnsO]®" tetrahedral metallic clusters connected by
terephthalic linkers (benzene dicarboxylic = BDC = CsH404%"), has undergone extensive research.
The structure of MOF-5 is illustrated in Figure IL.5. From the literature, its specific surface area
ranges from 572 to 3800 m2.g"! (Kaye et al., 2007; Panella et al., 2006; Sabo et al., 2007; Wong-
Foy et al., 2006). Such variations can be attributed to the sample preparation and handling as well
as to the partial decomposition of the framework after exposure to air and moisture and possibly to
the incomplete activation of the porous framework (Hafizovic et al., 2007). The hydrogen uptake
capacity of MOF-5 material rises to 7.1 wt% at 40 bar and 77 K. At room temperature, MOF-5
only holds 1,65 wt% of hydrogen at 48 bar (Pan et al., 2004). Bordiga et al. (2005) showed that the
adsorptive properties of MOF-5 were mainly related to the dispersive interactions with internal
pore walls. Other weak electrostatic interactions of energy of 7.4 kJ.mol™! were also attributed to
the cluster ZnsO1s.
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Figure I1.5: Structural representation of MOF-5: the [Zn,0]%" tetrahedral metallic clusters (bottom-left) connected
by terephthalic linkers (CsH,O7) (top-left). Figure adapted from Kaye et al. (2007).

Zn4O(BTB), (BTB = 4,4’,4’-benene-1,3,5-triyltribenzoate) or MOF-177 was found to have
exceptionally high specific surface area (4750 m?.g"! BET specific surface area) and its hydrogen
uptake capacity was measured at 7.5 wt% at 80 bar and 77 K (Furukawa et al., 2007). In MOF-
177, the tetrahedral Zn,Og SBU is linked via large triangular tricarboxylic linker, resulting in
particularly large pores which are not favourable for volumetric storage capacity. Hence, the
volumetric storage capacity only reached 32 g.L™! due to the large pore size.

Frameworks containing copper metal nodes were also synthesized and tested. The most famous
one, Cu3(BTC), (BTC = benzene-1,3,5-tricarboxylate) commonly named HKUST-1 (Hong Kong
University of Science and Technology) or Cu-BTC, consists of a Cuz(O2CR)4 paddle wheel
structure where R is an aromatic ring with dimeric supric tetracarboxylate units (Chui, 1999). Only
one coordination site of the Cu®" metal centre is occupied by a carboxylate oxygen atom, whereas
the other one is coordinated with a water molecule in axial position. This water molecule can be
removed by heating under vacuum so that an open metal site of Cu?" is exposed (Suh et al., 2012).
From measurements by variable-temperature infrared spectroscopy and neutron scattering, this
open metal site was reported as a hydrogen binding site (Bordiga et al., 2007; Peterson et al., 2006).
Hydrogen storage capacities of 2.5 wt% at 1 bar (Rowsell and Yaghi, 2006) and 3.6 wt% at 10 bar
and 77 K (Xiao et al., 2007) were measured for this material. Its hydrogen uptake is nevertheless
limited by its moderate specific surface area, which is about 1500 m?.g"! (Rowsell and Yaghi, 2006).
Higher hydrogen uptakes were attained with other Cu-based MOF materials, such as Cuz(qptc)
(qptc = quaterphenyl-3,3°"",5,5" -tetracarboxylate) or so-called NOTT-102 (NOTT = Nottingham).
This last material is characterized by a paddle wheel structure, with a BET surface area of 2930
m?.gl. At 20 bar and 77 K, it shows a gravimetric and volumetric hydrogen storage capacity of 6.1
wt% and 41.1 g.L"!, respectively (Lin et al., 2006). The hexacarboxylate linker based MOF, NOTT-
112, with a significantly larger specific surface area of 3800 m?.g"' demonstrates a hydrogen uptake
capacity of 7.07 wt% between 35-40 bar at 77 K (Yan et al., 2009).
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In order to increase the gravimetric hydrogen storage capacity, light metals such as Be, Mg and Al
were used as metal nodes in MOFs. Be12(OH)12(BTB)s was for instance synthesized and tested. It
showed a gravimetric capacity of 6.0 wt% at 20 bar , 77 K (Sumida et al., 2009). Mg>(dobdc)
(dobdc = 2,5-dioxido-1,4-benzenedicarboxylate) or MOF-74(Mg) with a BET surface area of only
1510 m?.g"!' shows a hydrogen uptake capacities varying from 2.2 wt% to 3.2 wt% at 1 bar (Sumida
etal., 2011). MIL-53(Al), which showed an uptake of 3.8 wt% at 16 bar and 77K, shares the same
structure with MIL-53(Cr), Cr(OH)(BDC), which showed an uptake of 3.1 wt% at 16 bar and 77
K (Férey et al., 2003).

The MIL (Material from Institute Lavoisier) series are more often composed of trimeric chromium
octahedral cluster. The Cr;OF(BDC)3; named MIL-101(Cr) is synthesized using chromium salt and
terephthalic acid in the presence of hydrofluoric acid as a mineralizing agent under hydrothermal
condition (Férey et al., 2005b). It exhibits a BET and Langmuir specific surface area of 4100 and
5900 m2.g’!, respectively. It shows a gravimetric hydrogen storage capacity of 6.1 wt% at 80 bar
and 77 K (Latroche et al., 2006) and due to the open chromium metal site, it is also reported to
have an isosteric enthalpy of hydrogen adsorption of 10 kJ.mol™! at low coverage.

e Azolate based MOFs
Azolate linkers such as tetrazolate, triazole, pyrazole and imidazole can be used to synthesize MOF
materials.
Tetrazolate is a five-membered heterocyclic ring and a functional analogue of the carboxylate
group for its acidity and planarity, the linker has a pKa value of 4.4. By replacing carboxylic acid,
Zn3(BDT); (BDT = 1,4-benzeneditetrazolate) and Cu[CusCl(ttpm)z]> (ttpm = tetrakis (4-
tetrazolyphenyl) methane), structurally equivalent to MOF-5 and Cd4(TCPM), (TCPM= tetrakis
(4-carboxyphenyl) methane) were produced (Dincd et al., 2006).
Mn3[(Mn4Cl)3(BTT)s(CH30H)10]2 (BTT = 1,3,5-benzenetristetrazolate) or Mn-BTT was also
synthesized and showed a hydrogen uptake of 5.1 wt% at 90 bar and 77K (Dinca et al., 2006).
There exist two types of triazole depending on the position of N on the ring, 1,2,3-triazole and
1,2,4-triazole. Demessence et al. (2009) reported the synthesis of H3[(CusCl)3(BTTri)s] (BTTri =
1,3,5-tris(1H-1,2,3-trizol-5-yl)benzene) with a BET surface area of 1770 m?.g™! and a hydrogen
uptake capacity of 1.2 wt% at 1.2 bar, 77 K.
Co(BDP) (BDP = 1,4-benzenedi(4’-pyrazolyl) has been synthesized using Co(Il) and BDP acid. It
shows a high Langmuir specific surface area (2670 m?.g"") and a hydrogen uptake capacity of 3.1
wt% at 30 bar and 77 K (Choi et al., 2008).
Imidazole molecule can be coordinated with a bond angle of 144°, close to the Si-O-Si bond
(Natarajan and Mahata, 2009). Therefore, the imidazole based MOFs are called zeolitic imidazolate
frameworks (ZIFs). This type of MOF is very stable up to 350°C (Park et al., 2006). The ZIF-8
(Zn(MeIM),) (MeIM = 1-methylimidazole) with a BET specific surface area of 1630 m%.g"! and
Langmuir specific surface area 1810 m?.g"!, showed a gravimetric hydrogen uptake of 1.27 wt% at
1 bar and 3.01 wt% at 55 bar and 77 K (Park et al., 2006). The ZIF-11 (Zn(PhIM)2) (PhIM =
benzylimidazole) showed a hydrogen uptake of 1.37 wt% at 1 bar and 77 K (Park et al., 2006).
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e Mixed-linker MOFs
Porous MOFs that contain two different organic linkers within the same framework can be
synthesized. Park and Suh (2008) reported the synthesis of SNU-6 with two types of linkers,
Cu(BPnDC)1(bpy) (BPnDC=4,4’-benzophenone dicarboxylate, 4,4’-bpy=4,4’-bipyridine). The
resulted framework showed a Langmuir specific surface area of 2910 m?.g”! and a BET specific
surface area of 2590 m?2.g’!. Its hydrogen uptake capacity is of 4.87 wt% gravimetrically or 15.4
g.L! volumetrically at 70 bar and 77 K. Dicarboxylate and tricarboxylate are used for the synthesis
of UMCM-1 (University of Michigan Crystalline Material) or ZnsO(BDC)(BTB)4; (Koh et al.,
2008). On the octahedral building unit of Zn4O, as illustrated in Figure I1.5, two BDC linkers are
adjacent and the other four positions are occupied by BTB linkers which construct an octahedral
cage. No hydrogen storage data is available for UMCM-1. However, UMCM-2,
Zn4(T?DC)(BTB)4s3 (T?DC=thieno[3,2-b]thiophene-2,5-dicarboxylate) synthesized using the same
principle shows a Langmuir specific surface area of 6060 m?.g"! and a BET specific surface area
of 5200 m?.g"! (Koh et al., 2009). This MOF can store up to 6.9 wt% hydrogen at 46 bar and 77 K.

e Hydrogen storage enhancement by increasing the specific surface area of MOF

Frost et al. (2006) performed Grand Canonical Monte Carlo (GCMC) simulations for hydrogen
adsorption in 10 IRMOF adsorbents. The effects of the specific surface area, of the free volume
and heat of adsorption on the hydrogen uptake were investigated. The results showed that at low
pressure, the hydrogen uptake is controlled by the heat of adsorption; at an intermediate pressure
(30 bar), it is correlated with the surface area; and at high pressure (120 bar), the free pore volume
is a more influencing factor. To reach the DOE requirements, pressure below 100 bar must be
operated, and increasing the specific surface area and the pore volume are then the most important
issues.

Figure 11.6 shows the correlation between the gravimetric hydrogen uptakes measured at 77 K and
the BET specific surface area of a variety of MOFs. The trend observed is linear, demonstrating
the interest to develop high surface area to enhance gravimetric hydrogen storage capacities.
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Figure I1.6: Gravimetric high pressure hydrogen uptake capacity at 77 K related to the BET specific surface area for
different MOF adsorbents, adapted from Suh et al. (2012).

Zn4sO(BTE)43(NDC) (BTE = 4,4°,4”’-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]-tribenzoate and
NDC = naphthalenedicarboxylate) or MOF-210 which shows the highest BET specific surface area
of 6240 m?.g! and also the highest Langmuir specific surface area of 10400 m?.g"!, has a maximal
excess gravimetric hydrogen uptake capacity of 8.6 wt% at 80 bar and 77 K, which corresponds a
absolute uptake of 17.6 wt% gravimetrically and 44 g.L volumetrically (Furukawa et al., 2010).
Cus(tte1) (ttei = 5,5°,5-(((benzene-1,3,5-triyltris(ethyne-2,1-diyl))tris(benzene-4,1-diyl))tris-
(ethyne-2,1-diyl))triisophthalate) or NU-100, with a specific surface area of 6143 m?.g"! can store
up to 9.95 wt% of hydrogen at 56 bar and 77 K in excess, and at 70 bar its absolute uptake reached
16.4 wt% gravimetrically (Farha et al., 2012).

e Hydrogen storage enhancement by MOF doping
Doping MOF by other material to form a composite has been explored for the purpose of improving
hydrogen uptake capacity (Zhu and Xu, 2014). Noble metals can be used as doping agents. MOF-
5 impregnated with Palladium nanoparticles (Pd NPs) led to an increase of reversible hydrogen
storage from 1.15 to 1.86 wt% at 1 bar and 77 K, according to Cheon and Suh (2009) and from
1.03 to 1.48 wt% under the same conditions, according to Sabo et al. (2007). The performance of
enhancement was attributed to the spillover effect of Pd NPs and the MOFs acting as a spillover
receptor (Sabo et al., 2007). MIL-100(Al) was modified with around 2 nm Pd NPs, resulting in a
significant change in gas sorption properties (Zlotea et al., 2010). At 77K, Pd doped MIL-100(Al)
adsorbed less hydrogen than no doped one (1.3 wt% and 3.1 wt%, respectively). However, at room
temperature, the hydrogen uptake capacity of Pd doped MIL-100(Al) can store nearly two times
more than no doped one (0.35 wt% and 0.19 wt%, respectively). A platinum doped MOF-177
(Pt@MOF-177) material was investigated (Proch et al., 2008). It showed a hydrogen storage
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capacity of almost 2.5 wt% in the first cycle at 25°C and 144 bar. This one sharply decreased down
to 0.5 wt% in consecutive cycles. The authors suggested that such a loss in hydrogen uptake could
be attributed to the formation of palladium hydrides that were not desorbed at room temperature.
Suh’s group doped Magnesium nanocrystals embedded in SNU-90’ structures (MgNC@SNU-90")
to form a hybrid hydrogen storage material (Lim et al., 2012). Although the hydrogen storage
capacity at 77 K was not significantly enhanced by Mg doping, this material performed
physisorption at low temperature but chemisorption at high temperature.

Carbon-MOF composites have been studied (Vilatela and Eder, 2012). CNTs have been considered
as useful composite fillers in H> storage research, the incorporation of CNTs into MOF was first
exploited by Yang et al. (2009). The CNT@MOF-5 composite was synthesized by adding acid-
treated MWCNTs dispersed in DMF to the MOF-5 synthesis mixture. The obtained composite had
the same crystal structure and morphology as those of pristine MOF-5, and the presence of
MWCNTs admixed with MOF-5 crystals was confirmed by TEM. Compared to the pristine MOF-
5, a higher Langmuir specific surface area was found, which increased from 2160 to 3550 m2.g.
The prepared sample showed an enhancement of the hydrogen storage capacity from 1.2 to 1.52
wt% at 77 K and 1 bar, and from 0.3 to 0.61 wt% at 298 K and 95 bar. Karikkethu Prabhakaran et
al. (2011) synthesized single-wall carbon nanotube doped MIL-101 (SWCNT@MIL-101).
Hydrogen storage capacities were observed increased from 6.37 to 9.18 wt% at 77 K up to 60 bar
and from 0.23 to 0.64 wt% at 298 K and 60 bar, which was ascribed to the decrease in the pore size
and enhancement of micropore volume of MIL-101 by nanotube incorporation. The same study
has been performed later at 298 K up to 100 bar (Karikkethu Prabhakaran and Deschamps, 2015a).
A gravimetric uptake of 1.04 wt% was measured for doped MIL-101(Cr) compared to 0.45 wt%
for the pristine one. By using Pt loaded MWCNT incorporating with MOF-5, S.J. Yang et al. (2010)
found that the hydrogen storage capacity was enhanced 4.2 times with respect MOF-5 and 2.3 times
with respect to Pt-MWCNTs. The authors indicated that in the Pt-MWCNT, the substrate, the
MWCNT plays a role as an efficient primary spillover receptor which enhanced the hydrogen
uptake capacity. MOF-5, which secured the porosity, acted as a secondary H» spillover receptor.
Hydrogen storage was improved from 1.2 to 1.89 wt% in the composite at 1 bar and 77 K (S. J.
Yang et al., 2010).

According to Rao et al. (2011), by enhancing electrostatic charge quadrupole and dipole interaction
between H> and Li coated fullerene doped IRMOF-10, achieved a gravimetric hydrogen uptake of
6.3 wt% and a volumetric uptake of 43 g.L"! at 243 K and 100 bar.

Activated carbon doped MIL-101(Cr) were synthesized (Karikkethu Prabhakaran and Deschamps,
2015b; Somayajulu Rallapalli et al., 2013) by hydrothermal method and adding activated carbon
into reactant solution. It was found that the hydrogen adsorption capacity was enhanced by 58 %
due to the reduction of pore size and improvement of pore volume additional micropore volume
were formed (Somayajulu Rallapalli et al., 2013).

55



I1.3. Conclusion and hydrogen storage method chosen for this work

A summary of different storage methods is presented in Table 1.4 to compare the different
hydrogen storage methods presented previously.

Table 11.4: Comparison of the gravimetric density, volumetric density, operating temperature and pressure for
hydrogen storage methods (Durbin and Malardier-Jugroot, 2013, Harris et al., 2004, Ziittel, 2004).

Gravimetric Volumetric T p .
Storage method fwt%) el /eC) J(bar) Advantage/disadvantage
Compressed 13 <40 15 350-700 Extreme pressure
hydrogen
.o . Extreme temperature
L Tank 1 ’
iquid ank materia 70.8 -252 1 very costly and boil-off
hydrogen dependent
problem
Compressed ) )
. Tank material Complicated and
liquid 47.8 25 1 .
dependent expensive
hydrogen
Compressed Complicated and less
cryogenic - ~40 -196 <200 effective than
hydrogen adsorption
Low gravimetric values
Metal hydrides <7 150 <300 1 due to heavy metals,
slow kinetics
Desorption needs
ComPlex <18 150 <650 1 (desorptl'on) elevatc?d temperat'ure.
hydrides 350 (sorption) Sorption needs high
pressures, slow kinetics
-196 or 15
A Full ibl 1
h d;:;b:j <8 20 depends on 100 s i:vmerzlrzterlf)em oW
yerog adsorbent peratu

It can be deduced from Table I1.4 that the physical adsorption method for hydrogen storage requires
moderate pressures and temperatures (77 K and about 100 bar) compared to other storage methods.
Meanwhile, hydrogen storage and regeneration by physisorption are fully reversible due to the low
interaction energy between hydrogen and adsorbents compared to some hydrides. Moreover, the
kinetics of adsorption/desorption of hydrogen from adsorbent is good enough to fulfil onboard
usage requirements.

Among all adsorbents for physisorption of hydrogen, doped MOF with high surface area and/or
with higher hydrogen adsorption heat can provide higher hydrogen uptake capacity which makes
it outstanding from other adsorbent materials.

Considering these arguments, the work proposed in this study will use a doped MOF for hydrogen
storage. However, economic aspect must be taken into consideration for well choosing the
adsorbent for scaling-up synthesis. Two indicators are used here to compare different MOF and
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doped MOF adsorbents: the primary ingredient price and the space-time yield (SPY) for their
productions.

The prices of primary ingredients required for the syntheses of MOF-5, HKUST-1, MOF-177 and
MIL-101(Cr) are specified in Table I1.5. These MOFs are the very first developed ones which only
require one pot synthesis for their productions. Recent developed MOFs like MOF-210 and NU-
100 which need extra complex syntheses of organic linkers are not taken into consideration.

Table I1.5: Price comparison for MOFs’ syntheses: MOF-5, MOF-177, Cu-BTC (HKUST-1) and MIL-101(Cr). All
prices are consulted from Sigma-Aldrich.

MOF-5 MOF-177 HKUST-1 MIL-101
Zinc nitrate Zinc nitrate Copper nitrate Chromium nitrate
Metal salt .
hexahydrate hexahydrate hemi(pentahydrate) nonahydrate
Metal salt cost
(Euros/500g at 38.2 38.2 102.5 161.0
98%)
Organic linker H,BDC H3;BTB H3;BTC H,BDC
Organic linker cost
Z(:({Euros/SOOg) 26.1 226.5(1g) 296.0 26.1
Solvent DEF" DEF” Ethanol/Water Water
50(1;1;:);0 st 99.8by 100 g | 99.8 by 100 g 32.6by 1 L/- -

“DEF=N,N-diethylformamide.

Another economic indicator for MOF synthesis is the space-time yield (STY), which shows the
yield of production by unit of time and by unit of space (reactor volume) for the synthesis reaction.
Stock and Biswas (2012) reviewed the STY of different MOFs and the results are shown in Table
IL.6.

Table I1.6: Comparison of different MOF syntheses’ Space-Time Yields (SPYs)

MOF STY/(kg.m>.day™") Ref
MIL-53(Al) or Basolite A100 160 (Czaja et al., 2009)
HKUST-1 or Basolite C300 225 (Czaja et al., 2009)
Fe-BTC or Basolite F300 20 (Czaja et al., 2009)
ZIF-8 100 (Czaja et al., 2009)
Mg(O,CH), or Basosiv M050 >300 (Czaja et al., 2009)
MIL-100(Fe) >120 (Seo et al., 2012)

Unfortunately, no experimental data of SPY of MIL-101 synthesis is available. However, the
reported synthesis method seems to be productive (Férey et al., 2005b) and the price of primary
reactants for MIL-101(Cr) synthesis is attractive. Moreover, it has a high hydrogen storage capacity
according to Latroche et al. (2006).

The prices of doping materials are consulted and only activated carbon shows a high price/quality
ratio for doping usage. It is also reported that activated carbon doping increases the hydrogen
adsorption capacity of MIL-101(Cr) (Karikkethu Prabhakaran and Deschamps, 2015b; Somayajulu
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Rallapalli et al., 2013). Considering all these issues presented, it is economical to use activated

carbon doped MIL-101(Cr) as an adsorbent for hydrogen storage.

I1.4. Methodology and structure of the thesis

The methodology and the scientific approach of this work are adopted and are presented in Figure

IL.7.
Heating
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MIL-101(Cr) and AC
doped MIL-101(Cr) AC amount
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Nitrog
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v |
] Gravimetry
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Figure I1.7: Methodology and scientific approach of this work.

For high hydrogen uptake capacity, a highly porous adsorbent (AC doped MIL-101(Cr)) needs to
be produced. The method of adsorbent synthesis is important and is directly correlated to the
porosity of synthesized products, which implies that with different ratio of reactants, mineralizing
agents, temperature or heating method, the products of syntheses can have very different properties,
especially the porosity (Biemmi et al., 2009; Guo and Chen, 2012). Therefore, the first step of the
work concerns the evaluation of several parameters of MIL-101(Cr) and AC doped MIL-101(Cr)
syntheses in order to find an appropriate synthesis method. The high porous products are chosen
according to their performances during nitrogen adsorption isotherms at 77 K. Other properties
such as crystallinity, morphology and thermal stability are also evaluated to further characterize
the samples.

After examinations of the properties of synthesized products, the high porous samples are chosen
and tested for their hydrogen adsorption performances. The hydrogen adsorption isotherm at room
temperature as well as at cryogenic temperature (77K) should be measured in order to evaluate the
obtained porous materials. The most appropriate product would be then selected for synthesis
scaling-up.
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Considering that adsorption isotherms can be measured either by volumetric method or gravimetric
method, it is expected to analyse the influences of measure techniques. The hydrogen adsorption
isotherms at 77 K then need to be measured on both apparatus and the results will be compared.
The adsorption kinetics needs to be well studied also and up to now, very few researchers are
concentrated on this issue (Bimbo et al., 2015; Saha et al., 2009, 2008). Experimentally, the kinetics
can be recorded and the data fitting can be made by using well-developed linear driving force
model (LDF) (Glueckauf, 1955a). Meanwhile, as the adsorption is an exothermic process, it is
interesting to study the effect of temperature during this process. Finally, numerical modelling of
hydrogen adsorption kinetics aims to develop models which consider more adsorption parameters
(temperature, pressure, inlet gas flow).

This manuscript is spitted up into 5 parts:

e The general introduction is divided into two parts. The first part presents the context and
the applications of hydrogen in the energetic mix, the state of the art of hydrogen production,
distribution and utilizations at the current stage. In the second part which leads to the
problematic of this study and adopted strategy: different hydrogen storage methods are
presented and compared.

e Chapter 1 describes the material syntheses and their upscaling, as well as their
characterization. MIL-101(Cr) and activated carbon doped MIL-101(Cr) samples are
produced by different ways, using different mineralizing agents and heating methods
(conventional or microwave). The structural properties of products are characterized by X-
Ray Diffraction (XRD). Obtained patterns are compared with theoretically simulated one
and their crystallinities are evaluated. The morphologies of products are characterized by
Scanning Electron Microscopy (SEM), and the mean crystal sizes of different samples are
calculated. Thermogravimetric Analysis (TGA) is used for characterizing the thermal
stabilities of samples. Pore volumes and distributions as well as the specific surface areas
are assessed by measurement and modelling of nitrogen (N2) adsorption isotherms at 77 K.

e Chapter 2 focuses on the experimental determination of hydrogen adsorption isotherms
measured at ambient and cryogenic temperature, in a large pressure range using both
volumetric and gravimetric methods and their comparisons for the different synthesized
adsorbents.

e Chapter 3 examines the kinetics of hydrogen adsorption in the produced materials. The
measurements of hydrogen adsorption kinetics are carried out by using the volumetric
method at different pressures range from 0.2 to 5 bar. Models based on Linear Driving
Force (LDF) assumption and numerical solving of the equation of diffusion are developed
to interpret the experimental kinetic data.

e Finally, a conclusion resumes the most important results obtained. The principal
achievements of this thesis and the perspectives of future works are also presented.
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Chapter 1
MOF’s syntheses, activations and

characterizations



Les syntheses des matériaux MIL-101(Cr) et MIL-101(Cr) dopés au charbon actif ont été réalisées.
La synthese, telle que décrite dans la littérature, fait appel a I’acide fluorhydrique en tant qu’agent
minéralisant. Or ce composé est fortement toxique et, pour des raisons de sécurité, il n’est pas
judicieux de l’utiliser a 1’échelle industrielle. Ainsi différents agents minéralisants tels 1’acide
acétique ou I’acétate de sodium ont ét€¢ mis en ceuvre pour tenter de produire le MIL-101(Cr) par
différentes voies de synthese, c’est-a-dire en utilisant différentes méthodes de chauffage et
solutions de lavage, et en faisant varier la concentration de charbon actif introduit comme agent
dopant. Les produits synthétisés bruts obtenus ont ensuite été lavés a 1’éthanol, au
diméthylformamide (DMF) ou avec une solution de fluorure d’ammonium (NH4F) afin d’éliminer
les résidus tels que I’acide benzenedicarboxylique restant dans les pores.

Les matériaux synthétisés ont ensuite ét€ caractérisées par diffraction de rayon X afin d’examiner
les structures cristallines obtenues, par microscopie ¢électronique a balayage pour étudier les
morphologies des cristaux et par thermogravimétrie pour en évaluer la stabilité thermique. Les
résultats montrent que le MIL-101(Cr) synthétisé par utilisation de ’acide acétique comme agent
minéralisant a une structure cristalline similaire a celle théorique et il présente une taille moyenne
de cristaux de 120 nm. Les MIL-101(Cr) dopés au charbon actif présentent des taux de cristallinité
inférieurs par rapport a leurs homologues non dopés, ce qui montre 1’influence de 1’incorporation
du charbon actif sur la germination et la croissance des cristaux. Ainsi la taille moyenne d’un cristal
de MIL-101(Cr) dopé avec 5 wt% de charbon actif diminue jusqu’a 60 nm. L’analyse
thermogravimétrique montre que ces matériaux sont thermiquement stables jusqu’a 200°C.

La porosité des matériaux adsorbants a été étudiée a partir de la mesure des isothermes d’adsorption
d’azote a 77 K. Les isothermes d’adsorption obtenues, décrivant des quantités adsorbées a
I’équilibre en fonction de la pression relative d’azote, sont de type IV : une hystérese a la désorption
est observée pour une pression relative de 1’ordre de p/p°=1 ce qui témoigne de la mésoporosité de
ces matériaux. Les surfaces spécifiques de ces adsorbants ont été calculées en considérant le modéele
de Langmuir et la théorie BET. Le MIL-101(Cr) pur synthétis¢ a partir d’acide acétique a une
surface spécifique de Langmuir de 4668 m>.g! et une surface BET de 3223 m?.g"!. Un dopage au
charbon actif correspondant a une concentration massique de 5 % augmente les surfaces
spécifiques de Langmuir et BET, qui atteignent respectivement 4951 m?.g"! et 3542 m’.g!. Un
maximum de la surface spécifique est obtenu par I’adjonction de charbon actif, et au-dela d’une
certaine concentration en charbon actif, une perte de porosité qui se traduit par une diminution de
la surface spécifique est observée. Les distributions de taille des pores ont été calculées suivant
deux méthodes : a partir du modele de Barrett, Joyner et Halenda (BJH) et a partir de la théorie de
la densité fonctionnelle non locale (Non Local Density Functional Theory NLDFT. Les résultats
obtenus a partir des différents calculs des corrections ont été comparés et il a ét¢ montré que la
correction et I’équation de calcul de 1’épaisseur de la couche adsorbée proposée par Kruk-Joraniec-
Sayari (KJS) aboutissent a une distribution de tailles de pores centrées sur 26 et 31 A, qui sont des
valeurs tres proches des tailles de pores théoriques. La méthode NLDFT a permis d’obtenir des
résultats similaires a ceux obtenus via la méthode BJH dans le domaine mésoporeux, et a étendu la
mesure de distribution de taille des pores dans le domaine microporeux, correspondant a des tailles
inférieures a 20 A. La présence de pores de I’ordre de 1 nm a été ainsi établie, supposés formés par
le super tétraedre de la structure de MIL-101(Cr). Les volumes des pores ont été¢ déduits soit a
partir de I’intégration de la distribution de la taille de pores obtenue par la méthode BJH, soit a
partir des quantités adsorbées d’azote a la pression relative p/p°=0,98. Le volume de pore calculé
pour les adsorbants est de I’ordre de 2 cm>.g™! ; le MIL-101(Cr) dopé a une concentration massique
de 5% de charbon actif développe un volume total de pore de 2,65 cm>.g"!.
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1. MOFs’ syntheses, activations and characterizations

1.1. Introduction: MIL-101(Cr) and Activated Carbon doped MIL-101(Cr)

MIL-101(Cr) where MIL stands for “Material Institute Lavoisier” was firstly produced by Férey et
al. (2005b). The chemical formula of the material is Cr;F(H,0),0[(0,C)C¢H,(CO,)]5 - nH,0
(where n ~ 25) according to original research.

Its building block, computationally designed as a Super Tetrahedron (ST) is made from the linkage
of 1, 4-benzene dicarboxylic anions (BDC) and inorganic trimers that consist of three chromium
atoms in an octahedral environment with four oxygen atoms of the bidentate dicarboxylates, one
us-oxocentered atom, and one oxygen atom from the terminal water or fluorine group. Octahedral
are related through the ps-oxocentered atom to form the trimeric building unit. The four vertices of
the ST are occupied by the trimers, and the organic linkers are located at the six edges of the ST.
This computational design is represented in Figure 1.1.

Figure 1.1: Chromium octahedral related by us-O atom (red dot) and the 1,4-BDC anions structure combined (blue
dots stand for carbon atoms and hydrogen atoms are omitted) to form the trimeric building unit (Figure adapted from
Férey et al. (2005b)). Chromium atoms are located in the centres of the octahedral (green).

The STs are microporous with a free aperture about 8.6 A and these building blocks were then
assembled and the connection between the ST was established through vertices to ensure a 3D
network of ‘corner-sharing’ super tetrahedral. The resulting framework delimits two types of
mesoporous cages which are present in a 2:1 ratio, with pore diameters of 29 A and 34 A,
respectively. The smaller cages show pentagonal windows with an opening of 12 A while the larger
cages possess both pentagonal and larger hexagonal windows with 14.5 and 16 A free apertures,
respectively (Férey et al., 2005a, 2005b; Mellot-Draznieks and Férey, 2005).
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Powder X-Ray Diffraction (PXRD) data reveal a face centre cubic (fcc) cell with edge length about
89 A (space group Fd-3m) (Lebedev et al., 2005) and it showed apparently a zeolite-type
architecture named Mobil Thirty-Nine (MTN) according to the Reticular Chemistry Structure
Resource (RSCR) database. This structure is illustrated by Figure 1.2.

Figure 1.2: The assembling of large cage (34 A in diameter) with pentagonal windows with 12 A aperture and
hexagonal windows with 14.5 and 16 A free apertures and small cage (29 A in diameter) with only pentagonal window
with 12 A aperture yields MIL-101(Cr)’s MTN type structure (Figure adapted from Férey et al. (2004))

MIL-101(Cr) has high thermal stability up to 275 °C in air and the guest molecules in pores can be
removed without framework collapsing. It is also very stable in a humid atmosphere unlike its
counterparts such as MOF-5 and MOF-177 (Férey et al., 2005b) and is then suitable for
applications in moisture (Akiyama et al., 2012; Huo and Yan, 2012). MIL-101(Cr) has a high
Langmuir specific surface area of 5900 m>.g!' and a BET (Brunauner Emmett and Teller) specific
surface area of 4100 m2.g"! (Férey et al., 2005b). The synthesis has been repeated according to the
same procedure described in the literature (Cao et al., 2014; Henschel et al., 2008; Khutia et al.,
2013; Kim et al., 2012; Li and Yang, 2008; Pires et al., 2014; Salomon et al., 2014; Senkovska and
Kaskel, 2008; Szilagyi et al., 2014; Wee et al., 2014) and the BET specific surface area measured
is about 3000 m?.g!.

The activated carbon doped MIL-101(Cr) was reported (Karikkethu Prabhakaran and Deschamps,
2015b; Somayajulu Rallapalli et al., 2013). Different concentrations of activated carbon were tested
to enhance the porosity and the hydrogen uptake capacity of the synthesized composites
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(Somayajulu Rallapalli et al., 2013). Among all doped samples with different amount of activated
carbon, 10 mg AC of type WS-480 (0.68 wt%) doped MIL-101(Cr) showed highest specific surface
area (BET specific surface area = 3556 m?.g’') and a 58% of increase in hydrogen uptake capacity
(10.1 wt%) at 77 K and 60 bar (Somayajulu Rallapalli et al., 2013). According to these authors, the
high surface area and high hydrogen uptake capacity are presumably due to the increase of the
micropores within the framework and the exposure of chromium (Cr) metal site by adding activated
carbon. The activated carbon incorporated in MIL-101(Cr) is also mentioned by Karikkethu
Prabhakaran and Deschamps (2015b), where a larger BET specific surface area was found, 3458
m?2.g"! compared to the pristine MIL-101(Cr) (3148 m?.g"). A higher hydrogen uptake capacity is
also reported for AC doped MIL-101(Cr) (11.7 wt%), compared to the pristine MIL-101(Cr) (7.3
wt%).

1.2. MIL-101(Cr) and AC doped MIL-101(Cr) syntheses

1.2.1. Hydrothermal syntheses of MIL-101(Cr)

The original synthesis of MIL-101 (Cr) (Férey et al., 2005b) consists of hydrothermal reaction of
terephthalic acid or so-called benzene dicarboxylic acid (H2BDC) with chromium nitrate
nonahydrate (Cr(NO3)3-9H>0), hydrofluoric acid (HF), and water (H2O) at 210°C with auto-
generated pressure, which yields a green powder like product (MIL-101(Cr)) according to the
following scheme:

250°C
Cr(NO3)s - 9H,0 + H,BDC + HF + H,0 — Cr3F(H,0),0[(0,C)C4H,(CO,)]5 - nH,0

with n~25 according to Férey et al. (2005b).

In this method, HF was used as a mineralizing agent and also it is part of the synthesized product.
However, it is not the only one mineralizing agent suitable for this synthesis. Besides, HF is a
chemical toxicant: it is highly corrosive and also contact poison. HF is able to penetrate tissue, life-
threatening poisoning can occur readily through exposure of skin or eyes, and more readily when
inhaled or even swallowed (Yamashita et al., 2001). Hence, HF must be handled using protective
equipment and safety precautions. Apart from HF, it is reported that acetic acid (CH3;COOH)
(Huang et al., 2011), alkaline acetates (CH3;COOLi, K, Na) (Guo and Chen, 2012; C. Zhou et al.,
2013), sodium hydroxide (NaOH) (Khan et al., 2011), tetramethyl ammonium hydroxide (TMAOH)
(J. Yang et al., 2010) as well as nitric acid (HNO3) (Zhao et al., 2015) can be used as mineralizing
agents for the syntheses and provide MIL-101(Cr) compound with good porous quality.

The hydrothermal syntheses of MIL-101(Cr) performed in this work always involve the mixture
of Cr(NO3)3-9H,0, H,BDC in distillate water. The molar ratio between the two reactants is always
1:1, and the molar ratio between chromium salt, benzene dicarboxylic acid and water has been kept
as about 1:1:278 (Khan et al., 2011). HF and two other different suitable mineralizing agents
(CH3;COOH and CH3COONa) have been tested. The amounts of the different reactants used for
the different syntheses are listed in Table 1.2.
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The experimental procedure is quite easy. Cr(NOs3)3-9H>0O, H,BDC, mineralizing agent (HF,
CH3COOH or CH3COONa) are mixed with water in a 75 mL Teflon-lined stainless steel autoclave
built in the laboratory and represented in Figure 1.3. The mixture is then ultrasonicated for 15
minutes to have a better mix of different reactants and the autoclave is placed in a preheated oven.
Since benzene dicarboxylic acid is not soluble in atmospheric conditions, the synthesis needs to be
performed at high temperature and thus in an autoclave to manage the auto-generated pressure. The
experimental conditions such as temperature and heating duration of the different syntheses are
listed in Table 1.2. It needs to point out that the Teflon container can’t suffer high temperature
(210 °C) and the highest temperature applied is 200 °C. After completion of the reaction, the
autoclave is removed from the oven and allowed to cool down to room temperature. The reaction
mass is then filtered using a glass filter with pore size 2 (pore size range from 40 to 100 um) to
remove the residual H2BDC present as white needle-like crystals in the crude product and again
filtered using a glass filter with pore size 5 (pore size range from 1 to 1.6 um) to separate product,
which is as-synthesized MIL-101(Cr). The filtered product is washed with hot water for several
times and dried at 80 °C in the oven.

Figure 1.3: Teflon-lined stainless steel autoclave built for MIL-101(Cr) synthesis

1.2.2. Microwave-assisted syntheses of MIL-101(Cr)

The hydrothermal synthesis is not the only one method used to get MIL-101(Cr) and this compound
can be obtained using different methods of heating such as microwave and ultrasound assisted
syntheses (Stock and Biswas, 2012). MIL-101(Cr) synthesized via microwave-assisted method was
reported (Khan et al., 2011). Compare to the conventional heating method by the oven, microwave
propagates through the solution and affords homogeneous heat. The faster rate of synthesis by
using microwave heating is due to the rapid dissolution of the terephthalic acid precursor (Jhung et
al., 2007), which is believed to be the effect of microwave irradiation, and this leads to a reduction
of the induction period for crystal nucleation (Hong et al., 2009).

Experimentally, three different syntheses of MIL-101 (Cr) using microwave-assisted method were
carried out. The experimental conditions of the different syntheses are described in Table 1.2.
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1.2.3. Activated carbon doped MIL-101(Cr) syntheses

Activated carbon NORIT- RB3 is particularly interesting for the doping of MOF materials. This
compound is ultra-microporous and shows a quite significant BET specific surface area of 900
m2.g"! (Rufford et al., 2013). Moreover, it is much cheaper and easily available compared with
other potential doping materials, such as standard single-walled carbon nanotubes (price about
5700 times lower according to Sigma Aldrich, where 1 g of SWCNT costs about several hundred
euros depending on the product quality).

Before the synthesis, NORIT-RB3 supplied by Sigma Aldrich is treated with nitric acid
(HNO3:H20=1:1 v/v) for purification and functionalization. Quantitative analysis of hydrogen,
oxygen and carbon content of carbon samples was performed by microcombustion analysis on a
Thermo Finnigan Flash EA1112 CHNS-O elemental analyser. The method involves the complete
and instantaneous oxidation of the sample by "flash combustion". The combustion products are
separated by a chromatographic column and detected by the thermal conductivity detector, which
gives an output signal proportional to the concentration of the individual components of the mixture.
The obtained results are given in Table 1.1.

Table 1.1: Elemental analysis results of activated carbon NORIT-RB3.

Experiment %N %C % H % S %0
1 0.26 78.06 0.39 - 13.94
2 0.28 78.42 0.91 - 13.96
3 0.28 78.07 0.49 - 13.42
Mean 0.27 78.18 0.60 - 13.77

After nitric acid treatment, it is grinded in a mortar to obtain a regular powder form which increases
the contact with the reactants during the synthesis. The size of grinded activated carbon was not
controlled during grinding and the size distribution is not evaluated.

The activated carbon doped MIL-101(Cr) (AC-MIL-101(Cr)) samples have been synthesised using
the hydrothermal method. Similar to the synthesis of the pristine MIL-101 (Cr), the Teflon-lined
stainless steel autoclave is charged with same reactants such as Cr(NO3)3-9H>0, H>BDC, distilled
water and mineralizing agent (CH3COOH). A specific amount of well grinded activated carbon,
corresponding to a mass ratio of activated carbon to final yielded product of about 2 to 10 wt%, is
then added. The mixture is ultrasonicated for 15 minutes for a better mixture of reactants before
being heated in the oven in the same conditions of temperature and time of the pristine sample
synthesis. The experimental conditions and the different syntheses are described in Table 1.2.
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Table 1.2: Reactants, mineralizing agents, doping materials, heating methods, heating duration for different MIL-

101(Cr) and activated carbon doped MIL-101(Cr) syntheses.

8 8 8 8 I I I 0T 8 8 (anoty) uonemp sIseyIuiS
00T 00T 002 00T 01¢ 012 012 081 002 002 (Do) drmyerodud) SISOYIUAS
[EUONUSATUOD | [RUOTJUIAUOD | [RUOIIUSAUOD | [BUOTJUIAUOD | ABMOIOIW | SABMOIOIW | SABMOIOIW |[RUOIIUSAUOD | [RBUOIIUSAUOD | [RUOIIUIAUOD poylow Sunesy
3010 3800 3600 3200 . ) ) . ) ) [euerew Sudoq
oV oV )% ov
ow 10°0 ow 10°0 ouwr 19" [ow g0 | [oWSI00 | 10WSI00 o 10°0 [ow 10°0 ow 10°0
TM0LS T 0LS T 0LS T oLS 371 BUNSY] - 380 M 0LS T g Judge SUIZI[BISUTIA
HOODHD | HOOOSHD | HOODSHD | HOODEHD | BNOODSHD | HOODSHD eNOODSHD | HOODEHD dH
fow 8.7 fow 8.7 fowr 8/.°7 fow 8.7 fow L1y fow /1y fow /1y fow 8.7 ow 8,7 ow 8.7 OH
Tw g Tw g Tw 0§ Tw g TG/ TG/ TG/ Tw g W 0§ W 0§
ow 10°0 ow 10°0 ouwr 19°Q [owgQ | Wi | WS | [OWSI0 | oW 00 [ow 10°0 ow 10°0 . ¢
1UR10BI
8991 8991 83991 8991 S6vC 36vC 36vC 5991 3991 8991 DagH d
fow 10°0 fow 10°0 ow 10" [owgQ | W00 | WS | [OWS[O0 | [OW [0 [ow 10°0 [ow 10°0
3y 3y 3y Sy 89 89 89 Sy 3y 3y O7H6 <(*ONI®D
01 6 3 L 9 S v € 4 I Joqunu dnoin

68



1.2.4. Activation of as-synthesized products

After synthesized reactions, impurities such as solvent or unreacted reactants stay inside the pores
and block them partially or totally (Férey et al., 2005b). Therefore, it is necessary to perform the
activation of the material which consists of eliminating these impurities and obtaining a porous
framework. Some specific precautions are required during the activation: some impurities can be
part of the porous structure and their elimination can cause the collapsing of the framework.
Different activation ways of as-synthesized MIL-101(Cr) have been mentioned in the literature
(Férey et al., 2005b; Hong et al., 2009; Hwang et al., 2008; Llewellyn et al., 2008). The essential
point of the activation process concerns the elimination of the unreacted benzene dicarboxylic acid
particles within the pores.

In the first reported activation of MIL-101(Cr), ethanol (CH3CH2OH) was used to wash as-
synthesized product (Férey et al., 2005b) for the purpose of removing unreacted residuals in pores.
Another method uses dimethylformamide (DMF) and ethanol as the solvent to wash as-synthesized
MIL-101(Cr) (at 70°C), since H2BDC is more soluble in DMF than in water. Then ethanol is used
to exchange with DMF solvent as it is easier to be removed (Hong et al., 2009).

The third method consists of washing as-synthesized product with ammonium fluoride solution
(NH4F) (30 mmol NH4F dissolved in 500 ml H>O) at 70°C, during 12 hours. The objective is also
to remove by dissolution the HBDC particles present within the pores. After this treatment the
product is filtered to remove the solution and the filtered material is then washed several times with
hot water (70°C) (Llewellyn et al., 2008).

The solvent-exchanged as-synthesized products are then heated to 130 °C in primary vacuum for
the purpose of removing guest molecules, especially the terminal water molecules connected to the

octahedral trinuclear Cr(III);O building units and creating potential Lewis acid sites (Hong et al.,
2009).

1.3. Characterizations of synthesized materials: Methods

The synthesized materials have been characterized to know their physical or chemical properties
such as the structure, the crystallinity, the morphology, the thermal stability and the porosity. The
characterizations of these properties were achieved using Powder X-Ray Diffraction (PXRD),
Scanning Electron Microscopy (SEM), Thermogravimetric Analysis (TGA) and nitrogen (N2)
adsorption at 77 K. The results of these analyses allow us to compare the different ways of
syntheses, the effect of the doping as well as the prediction of the hydrogen adsorption behaviours.

1.3.1. Powder X-Ray Diffraction analyses

Powder X-ray diffraction measurements have been performed at ambient temperature in a Bruker
AXS D8 Advance system in the 20 range 5° to 15° at a scan speed of 0.1° sec! using Cukq
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(A=1.54056 A) radiation to determine the framework crystallinity. The diffraction pattern is
expressed as intensity measured as a function of the scattering angle, multiplied by 2.
Diffraction occurs when Bragg’s law is satisfied:

2dsinf@ = nA (1.1
where @ is the scattering angle, » is an integer representing the order of the diffraction peak and 4
is the wavelength of the X-ray beam, d is the inter-planar distance between adjacent planes (4,k,/)

defined as:

a
d=——— (1.2)

Vh2 + k2% + [?
where (h,k,1) is the Miller indices defining the family of planes in a crystal structure and a is the
lattice constant.

1.3.2. Scanning Electron Microscopy analyses

The morphology and the crystal size of MIL-101(Cr) and AC doped MIL-101(Cr) samples can be
studied using Scanning Electron Microscope (Lin et al., 2014; Ren et al., 2014). In this technique
electrons are excited and accelerated to several keV (1 to 10 KeV) and then sent to the surface of
a sample. A part of the electrons passes through the sample without any interactions and others are
scattered by the atoms and they are then detected and monitored. The images could be created by
analysis of the secondary and backscattered electrons as the electron-sample interactions reveal
information regarding the morphology of the surface of the sample. Compared to light microscopes,
SEM allows a higher resolution (at 10-100 nm scale) which is of main interest for sample
morphology characterizations. In this work, the morphologies of samples are studied by using
JEOL 7600F Scanning Electron Microscope.

1.3.3. Thermogravimetric Analyses

Thermogravimetric analysis (TGA) characterises the mass change of a sample as a function of
temperature, under controlled atmosphere. It provides a quantitative measurement of the mass
changes of a material associated with both thermodynamic transitions and thermal degradation.
This technique can be used also to investigate the thermal stability and the decomposition products
of'a material. The measurements were performed using a Setaram LabSysevo TGA-DTA apparatus
at a heating rate of 5 K.min™! starting from 300 K to 1000 K.

1.3.4. Pore analyses of MIL-101(Cr) and activated carbon doped MIL-101(Cr)

1.3.4.1. Experimental method for pore analyses

The porosity is a crucial property of MIL-101(Cr) and its activated carbon doped counterparts. It
characterises the adsorption behaviour of the material and it is directly related to the hydrogen
adsorption capacity.
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Experimentally, a volumetric method is used to perform the measurements. In this method the
sample is outgassed under primary vacuum and is immersed into liquid nitrogen Dewar to maintain
the temperature at 77 K (nitrogen normal ebullition temperature). The probe nitrogen is then dosed
at several pressures; at each pressure, equilibrium of adsorption/desorption is reached and the
amount of adsorbed/desorbed gas is calculated using p-V-T (pressure, volume and temperature)
measurements performed before and after dosing. Nitrogen is an inert gas and its small size allows
to fill the pores. It is needed to mention that different gases at different pressure-temperature
conditions can also be used for measurements. Alternative probe gases can be krypton (at 77K) for
low specific surface area measurement), argon (at 87K) and carbon dioxide (at 273 K) for
ultramicropore analyses. In this case, nitrogen is a good probe gas for porosity analysis. Moreover,
under subcritical conditions, capillary condensation becomes important and the textural properties
of the porous sample such as pore-size can be highlighted. A supercritical phase of test gas can be
used to measure the nature of the surface and the adsorption potential of gases. As pore size
distribution represents an important information for this work, subcritical nitrogen at sub-
atmospheric pressure is used.

None of the gases cited above can explore exactly the porous structure. They have their proper
form and physical/chemical properties and they are not well adaptable for different shapes of pores
which are theoretically described to be well packed by layers of spherical atoms or even sometimes
described to have a flat surface. Similarly, the probe gases are also described to have a spherical
form because only the covolume is considered. Finally, the porosity measured by gas adsorption
isotherm can only provide some general information about the porous structure of the material.

1.3.4.2. Isotherm and hysteresis loop patterns

The measurement results in an isotherm of adsorption which is a set of point of adsorbed amount
versus the pressure applied. The shape of the isotherm curve and its hysteresis pattern (if exists)
provides information about the physisorption mechanism in pores, the solid and gas interactions
and can be used to qualitatively predict the types of pores present in the adsorbent.

IUPAC (Internationa Union of Pure and Applied Chemistry) (Sing, 1985) classified the adsorption
isotherms into six types (Type I to VI) with four hysteresis pattern types (H1 to H4). A recent and
more detailed classification of isotherm types and hysteresis loops is given (Thommes et al., 2015)
and graphically illustrated in Figure 1.4.
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Figure 1.4: Six types of isotherms and five types of hysteresis loops classified according to Thommes et al. (2015).
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Type I isotherm reflects an adsorption in a purely microporous adsorbent with very high adsorption
at low relative pressure (p/p® <0.2), followed by a linear region and finally a convex shape at higher
relative pressure. The lower relative pressure adsorption corresponds to the mechanism of the
enhanced adsorbent-adsorptive interactions in narrow micropores and monolayer coverage. Type
I(a) isotherms are measured when materials have mainly very narrow micropores (diameter< 1 nm)
and Type I(b) isotherms are measured when materials have a broader pore size distribution but
always in micropore region (diameter<2.5 nm).

Type II isotherm often refers to nonporous or macroporous adsorbents. Type III isotherm is also
observed for those nonporous or macroporous solid showing very weak adsorbent-adsorptive
interaction which explains the mere increase of adsorbed amount in the low relative pressure region.
Type IV isotherm characterizes a mesoporous adsorbent which shows a hysteresis loop associated
to capillary condensation and evaporation taking place in mesopores. Type IV(a) isotherms occur
when the pore width exceeds a certain critical width, depending on the adsorption system and
temperature. Type IV(b) isotherms are related to adsorbents which have smaller mesopores or
conical and cylindrical mesopores that are closed at the tapered end.

Type V isotherm is observed when adsorbent-adsorptive interactions are weak and adsorptive-
adsorptive interactions are strong. Type VI isotherm represents a layer-by-layer adsorption on a
highly uniform nonporous surface.

Concerning the hysteresis loops, the original IUPAC classification (Sing, 1985) identified four
types (H1 to H4) which are now extended to six (Thommes et al., 2015). The H1 hysteresis shows
a minimal and a steep, narrow loop which is due to the narrow range of uniform mesopores. Type
H2 are related to more complex pore structures where network effects are more accentuated (pore
blocking or percolation). The distinction between H2(a) and H2(b) relies on the distribution of pore
size and H2(b) hysteresis happens with a larger distribution of pore size. Type H3 loop is given by
non-rigid aggregates of plate-like particles and pore network consists of macropores which are not
completely filled by pore condensate. H4 loop is similar to Type I/II isotherm and is often found
with aggregated crystals of zeolites, mesoporous zeolites and micro-mesoporous carbons. Finally,
type H5 hysteresis can be associated to pore structures containing both open and partially blocked
mesopores.

1.3.4.3. Specific surface area calculations

Langmuir’s monolayer adsorption model (Langmuir, 1918) is used to calculate the specific surface
area created by the pore networks. In his theory of adsorption mechanism, several hypotheses are
made:
e All of the adsorption sites are energetically equivalent and each site can only accommodate
one molecule.
e The surface is energetically homogeneous and adsorbed molecules do not interact between
them.
e There are no phase transitions.
e At the maximum adsorption, only one monolayer is formed (see Figure 1.5)
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e The gas phase is perfect, the adsorbed phase is ideal

Gas Phase

_‘ 'ﬁ", Adsorbed Phase

Figure 1.5: Langmuir’s monolayer adsorption model

The function of fractionally occupied sites 8 can be expressed as:

o=l P
n, 1+bp
where the coefficient b (bar) is the affinity constant of Langmuir isotherm which depends on
temperature. n is the number of sites occupied and 7, the total number of sites which can be
occupied in the monolayer.

Equation 1.3 can be then written as:

(1.3)

Pl "

n n,b n,
where p/n is a function of 1/b with a slope of 1/n, and an intersection of p/n,. By applying this
method for a nitrogen adsorption isotherm, 7, can be deduced.
The Langmuir specific surface area (4) is then expressed as the following equation:

A= Nyn, Ay, (1.5)
where N, is the Avogadro number (6.02x10* mol™') and A4 N, 18 the cross section area of the probe
nitrogen molecule (0.162 nm?).

Brunauer, Emmett and Teller (BET) model can be applied for specific surface area calculation as
well (Brunauer et al., 1938). This model illustrated by Figure 1.6 uses a multiple layer adsorption
mechanism and the layer formed by adsorbate can be used as a new surface to adsorb other
adsorbates and finally the number of layers can be infinite.
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Adsorbed Phase

Figure 1.6: BET’s multilayer adsorption model

For specific surface area calculation in BET theory, an equation alike Equation 1.5 is used:
p 1 4 C—-1p
n(pO - p) nmC N pO
where p’ is the reference pressure (bar), normally atmospheric pressure and C a positive constant
which depends on the energy of adsorption. By applying this equation to fit experimental data, the
monolayer capacity n, can be calculated which can be further interpreted to the BET specific
surface area by multiplying the cross section area of probe nitrogen molecule (0.162 nm?).
Extreme caution is needed for application of BET method, especially with the presence of
micropores and main criteria of its application are given (Rouquerol et al., 2007):

(1.6)

e The fitted linear trend should have a positive intercept (quantity C). A negative intercept on
the ordinate of the BET plot indicates an inappropriate pressure range.
e The term n(I1-p/p”) should increase continuously as a function of p/p’.
e The relative pressure where monolayer completion is formed should be included in the
calculation.
Comparing the two models, it can be deduced that Langmuir specific surface area calculated should
be always higher than BET specific surface area calculated, which is caused by the differences in
their assumptions. During the adsorbing of the same amount of adsorptive, Langmuir theory
implies that all adsorbates are in a monolayer while BET theory suggests that there exist several
layers. Therefore, calculated Langmuir specific surface area is always larger.

1.3.4.4. Total pore volume calculations

The total specific pore volume measured by N> adsorption technique can be obtained by application
of Gurvich rule (Sing et al., 2014c). The specific pore volume is calculated by using liquid molar
volume adsorbed at the relative pressure (p/p”) of 0.980. This pressure corresponds to a pore size
of 129.1 nm and hence the total specific pore volume is evaluated including all pores smaller than
129.1 nm. Otherwise, this volume can be computed by integration of pore size distributions
represented as a function of pore radius.
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1.3.4.5. Pore size distribution analyses by BJH method

Pores are classified into three types according to IUPAC classification (Rouquerol et al., 1994):
micropore (pore of internal width less than 2 nm), mesopore (pore of internal width between 2 and
50 nm) and macropore (pore of an internal width greater than 50nm). As reported, MIL-101(Cr)
contains two types of pores with diameters larger than 2 nm which are in mesopore range (Férey
etal.,2005b). Hence, it is reasonable to apply mesopore size analysis for the synthesized adsorbents.
Nitrogen adsorption is accepted as a standard method for mesopore size analysis and the sorption
data can be interpreted to reveal the pore structure information. The pore size distribution (PSD) is
calculated using the BJH (Barret, Joyner and Halenda) method (Barrett et al., 1951). The core of
this method is based on the formation of capillary layer governed by Kelvin equation (Thomson,
1871) which describes the effect of surface curvature of the liquid-vapour meniscus on the vapour
pressure and relates the pore diameter with the relative pressure:
4 2y
IHF= _T'kRT (1.7)

where p/p? is the relative vapour pressure, y is the surface tension (N.m™"), 74 is the curvature of the
meniscus (m), R is the gas constant (8.314 J.K'!.mol!) and T is the temperature (K). This surface
curvature of the liquid-vapour meniscus is illustrated in Figure 1.7.

= — Pore
e surface

Figure 1.7: Relation between the Kelvin radius ry and the pore radius rpore in a cylindrical mesopore, figure adapted
from Sing et al. (2014c).

The radius calculated r« by Kelvin equation is the mean radius of curvature of the meniscus, which
is not equal to the pore radius, as illustrated in Figure 1.7. The capillary condensation does not
occur against directly with the pore surface but with several layers of adsorbates. The thickness of
adsorbed layer ¢ depends upon p/p’. The exact pore radius can be calculated by Equation 1.8:

Tpore = 1 COS O +t (1.8)
where 6 is the contact angle between the capillary condensate and the adsorbed layer. It is often
assumed to be zero for practical reasons.
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However, Kelvin equation fails to calculate the pore size distribution in the range of the narrow
mesopores (Foster, 1932), as it neglects the fluid-fluid and fluid-solid interactions. It can
underestimate the pore size and the pore size distribution is doubtful beyond 7.5 nm (Lastoskie et
al., 1993). Faas (1981) and Kruk ef al. (1997) used empirical relations to correct Equation 1.8 in
order to approach the real pore size distributions.

The thickness equation which quantifies the thickness of the adsorbed layer on the pore surface is
useful in the absence of experimental data concerning the thickness layer of adsorbed nitrogen in
MIL-101(Cr). Different thickness equations have been developed:

e Harkins and Jura thickness equation (Harkins and Jura, 1944)

05
13.99
t = —p (1.9)
0.034 —In—
p
e Halsey thickness equation (Halsey, 1948)
0.333
t =3.54| — (1.10)
In ﬁo
p
e Kruk-Jaroniec-Sayari (KJS) thickness equation (Kruk et al., 1997)
0.3968
60.65

t = (1.11)
0.0371 — In&;
p

e Broekhoff de Boer (BdB) thickness equation (De Boer et al., 1966)

p 16.11
DF = — t2

+ 0.1682exp(—0.1137¢) (1.12)

Different corrections, as well as original Kelvin equation, are applied to compute the pore size
distribution combining the different thickness calculation methods presented above.

It should be noted that the real pore structures are much more complex than the models taken and
the resulted pore size distribution should be interpreted as an equivalent cylindrical pore size
distribution.

Theoretically, the BJH theory is a desorptive method used (from high relative pressure to lower
relative pressure) for the purpose of emptying the condensed adsorptive. It can be also applied to
adsorption branch of the isotherm (Sing et al., 2014c). Meanwhile, in the case of a broad
distribution of pore size the desorption branch is particularly sensitive to the tensile strength effect
(TSE) phenomenon which limits the applicability of Kelvin equation beyond a critical diameter of
4 nm (Groen et al., 2003).

1.3.4.6. Pore size distribution analyses by NLDFT method

Another efficient method to evaluate the mesopores of an adsorbent is the non-localized density
functional theory (NLDFT) (Sing et al., 2014c), developed from the density functional theory
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(DFT). Macroscopic thermodynamic methods such as Dubinin-Raduskevich (DR) and related
method (Dubinin-Astakhov or DA), Horvath-Kawazoe (HK), Satio-Foley (SF) and BJH methods
assume that pores are filled with a liquid adsorptive with bulk-like properties. However, fluid
confined in narrow meso- or micropores changes the properties based on the principle of statistical
mechanics. Density functional methods are based on the idea that the free energy of an
inhomogeneous fluid can be expressed as a functional of p(r) which represents the density profile
in the function of spatial location (Seaton and Walton, 1989). Once this functional is known, all
the relevant thermodynamic functions can be calculated. In a DFT treatment, the statistical
mechanical Grand Canonical ensemble is considered. The appropriate free energy quantity is the
Helmholtz free energy, or grand potential functional Q[p(r)]. This free energy functional is
expressed in terms of the density profile, p(r). Therefore, by minimising the free energy at constant
chemical potential u, volume V and temperature 7, it is theoretically possible to deduce the
equilibrium density profile.

For a one-component fluid, which is under the influence of a spatially varying external potential,
the grand potential functional becomes:

o] = Flp@)] + j drp(P) Ve () — ] (113

where F[p(r)] is the intrinsic Helmholtz free energy functional, U, (r)is the external interaction
energy and the integration is performed over the pore volume, V.

The F[p(r)] functional can be separated into an ideal gas term and contributions from the repulsive
and attractive forces between the adsorbent molecules (i.e. the fluid-fluid interactions). Hard-
sphere repulsion and pairwise Lennard-Jones potential are usually considered, and a mean field
treatment is generally applied to the long-range attraction. However, the evaluation of the density
profile of an inhomogeneous hard sphere fluid near a solid surface presents a special problem for
localized density functional theory: the mean field approach provides an unrealistic picture of the
density profile in this region. This is because short-range correlations near such walls are not
allowed for the local density approximation. For this reason, a non-localized density functions have
been developed.

The NLDFT approach involves the incorporation of short-range smoothing approximation of the
fluid density and weighting functions. Various procedures such as the smoothed density (Tarazona,
1985) have been reported and are discussed by Ravikovitch and Neimark (2001a, 2001b). An
improved description is obtained for the uniform fluid over a wide range of densities in the confined
state. In this manner, it has been possible to obtain a good agreement with the density profiles
determined by Monte Carlo molecular simulation (Cracknell et al., 1995; Lastoskie et al., 1993;
Neimark et al., 2003).

NLDFT appears to give a satisfactory description of adsorption and phase transitions in slit-shaped
and cylindrical pores. However, this approach has limitations. It fails for very narrow pores and
also cannot predict the solid-liquid adsorbate transitions. The adsorbent surface is assumed to be
smooth but experimentally, this particularity is observed only for graphitic carbon or some types
of boron nitride. Moreover, if layering is also predicted for other systems, anomalies are obtained
in the derived pore size distribution.
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In practice, NLDFT can be used to generate a series of hypothetical individual pore isotherms for
a range of pore sizes and wall potentials. It is also possible to construct such kernel by another
theoretical approach or by molecular simulation (e.g. Grand Canonical Monte Carlo (GCMC)
simulation).
The pore size distribution is obtained by solving the generalised adsorption isotherm integral
equation expressed by Equation 1.14, which correlates the kernel of the theoretical isotherms with
the experimental isotherm:

p Wmax p

Nexp (—0) = f Ntneo <—0.W>f (w)dw (1.14)

p Wnin p
This equation is based on the assumption that the measured isotherm is composed of a number of
individual single pore isotherms and is dependent on their distribution, f(w) over a finite range of
pore size w.
During NLDFT application, firstly, the kernel which corresponds well to the adsorbent sample (i.e.
between pore shape, pore chemistry, temperature and probe molecule) should be chosen. The pore
size distribution can be extracted once the regression fit and the experimental isotherm are in good
agreement, as shown in Figure 1.8.
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Figure 1.8: Goodness of fit by NLDFT method using the model developed by Tarazona (1985) and Tarazona et al.
(1987) for nitrogen adsorption isotherm measured at 77 K for MIL-101(Cr) sample. Experimental data in black dots
and NLDFT curve in black solid lines. On the left the relative pressure is linear and on the right it is logarithmic.
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1.4. Results and discussion

1.4.1. Powder X-ray diffraction patterns of synthesized MIL-101(Cr) and AC doped
MIL-101(Cr) composites

The structure of activated carbon (AC) NORIT-RB3 is analysed by using powder X-ray diffraction
(PXRD) and the result is shown in Figure 1.9.
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Figure 1.9: PXRD pattern of AC NORIT-RB3.

The PXRD pattern shows very well that the AC is totally amorphous without any crystal structure
(Pré et al., 2013b).

The PXRD patterns of the samples synthesized according to the Table 1.2 are shown and compared
with literature data (Lebedev et al., 2005) in Figure 1.10. The scattering angle is limited to 5° with
the apparent peaks which correspond to the lattice plan (Miller indices: 4,k,/) showed in Table 1.3.
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Figure 1.10: PXRD patterns of samples synthesized according to Table 1.2 (see page 68), reference pattern generated
by the Mercury sofiware using the information given by Lebedev et al. (2005).

Table 1.3: Scattering angle (20) with d-space and the Miller index of the lattice plans (Férey et al., 2005b; Lebedev et

al., 2005; J. Yang et al., 2010).

20/(°) dI(A) (hk1)
5.16 17.103 1,1,5/3,3.3
5.88 15.022 13,5
8.44 10.473 2,28
9.06 9.755 1,1,9/3,5,7
10.34 8.551 2,2,10
11,26 7.855 0,3,8
16.53 5.359 59,13
16.92 5.237 44,16
17.27 5.131 10,10,10

The patterns of different samples are represented with the simulated XRD pattern of pristine MIL-
101(Cr) which was generated from the literature (Lebedev et al., 2005) using the program Mercury.
It was shown a good resolution of a centric fcc structure like MIL-101(Cr) with cell volume 706
000 A3 is not possible, even with the use of synchrotron radiation powder diffraction (Férey et al.,
2005b). This property explains well that the peaks can only have a high order of Miller indices.
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By comparing different patterns, the MIL-101(Cr) synthesized using acetic acid (CH3COOH) and
using hydrofluoric acid (HF) seem to have a better crystallinity (see pattern 1 and 2 in Figure 1.10),
since it has a better intensity height/width ratio. The MIL-101(Cr) synthesized using sodium acetate
(CH3COONa) (pattern 3) showed less crystallinity in this way. This phenomenon can be explained
by the effect of the addition of different modulating linkers (mineralizing agent) during MIL-
101(Cr) syntheses. It is reported that typical modulating linkers such as monocarboxylate
molecules can be used to control crystal size and shape (acetic, benzoic or formic acid) (Diring et
al., 2010; Tsuruoka et al., 2009; Umemura et al., 2011). The presence of modulating
monocarboxylate agents might influence the structure of the framework. In some case the
modulator is effectively incorporated into the network structure through replacement of the
framework linkers, which creates connectivity defects in the structure (Wu et al., 2013).

The MIL-101(Cr) prepared by using microwave assisted method showed significantly broader
peaks with identical peak positions. The results are in agreement with the literature (Bromberg et
al., 2012; Khan et al., 2011), in which it was explained that the broader peaks are due to the smaller
size of the synthesized particles.

The peak positions in the PXRD pattern of AC doped MIL-101(Cr) are not modified after carbon
incorporation and are in good agreement with pristine MIL-101(Cr), which implies that the doping
does not change the lattice structure of MIL-101(Cr). However, the doping affects the crystallinities
of the synthesized composites since AC is amorphous. This conclusion is confirmed by the broader
peaks localised in PXRD patterns of AC doped MIL-101(Cr) samples. Comparing patterns of
sample 6 and 10 (20 mg AC doped MIL-101(Cr) and 100 mg AC doped MIL-101(Cr)), it can be
observed that the peaks in pattern 10 seem to be broader. This observation can imply that the
loading of AC doesn’t affect the fcc structure of the MOF. However, a larger amount AC added
reduces the crystallinity of the product (Somayajulu Rallapalli et al., 2013).

1.4.2. Microscopic studies of synthesized MIL-101(Cr) and AC doped MIL-101(Cr)

Four samples, namely, MIL-101(Cr) synthesized using acetic acid (CH3COOH), MIL-101(Cr)

synthesized using sodium acetate (CH3COONa), 20 mg AC (2 wt%) doped MIL-101(Cr) and 50

mg (5 wt%) AC doped MIL-101(Cr) have been studied using Scanning Electron Microscopy (SEM)
analyses. The choice of these samples is based on their porosity and their potential hydrogen uptake

capacities which make them more interesting to be studied. In order to distinguish these samples

from others, MIL-101(Cr) synthesized using acetic acid will be denoted as MIL-101(Cr)-a; MIL-

101(Cr) synthesized using sodium acetate will be denoted as MIL-101(Cr)-b; 20 mg AC doped

MIL-101(Cr) will be denoted as AC-MIL-101(Cr)-a and 50 mg AC doped MIL-101(Cr) will be

denoted as AC-MIL-101(Cr)-b. The SEM images of these compounds are shown in Figure 1.11:
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Figure 1.11: Images of crystals of MIL-101(Cr) and AC doped MIL-101(Cr) samples observed by SEM. Top left: MIL-
101(Cr) synthesized using acetic acid (MIL-101(Cr)-a). Top right: MIL-101(Cr) synthesized using sodium acetate
(MIL-101(Cr)-b). Bottom left: 20 mg AC doped MIL-101(Cr) (AC-MIL-101(Cr)-a). Bottom right: 50 mg AC doped
MIL-101(Cr) (AC-MIL-101(Cr)-b)

The MIL-101(Cr)-b sample possess smaller crystals with an average size down to ca 50 nm
whereas the MIL-101(Cr)-a sample shows larger crystals with an average size up to ca 120 nm.
However, the distribution of crystal size is not very homogeneous and the smallest particles can be
down to 50 nm whereas the largest ones can reach to 200 nm. The heterogeneity of the acetic acid
assisted MIL-101(Cr) crystal size can be also observed in literature (Ren et al., 2014). It was
reported also that the synthesis of MIL-101(Cr) with HF resulted in heterogeneous crystal size of
the product (J. Yang et al., 2010). This heterogeneity of the crystal size can be related to the non-
uniform heat diffusion inside the reaction cell. The heating rate directly induces the quality of the
nucleation which influenced the size of the crystal. Basically an important heating rate allows a
faster nucleation which produces larger crystals size. This behaviour is confirmed by the results
obtained by Férey et al. (2005b). The smallest crystal size of MIL-101(Cr) synthesized using
sodium acetate could be explained by the effect of a higher pH value of the initial solution used for
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the synthesis. It is reported that higher pH promotes the dissolution of the BDC molecules (J. Yang
et al., 2010; J.-J. Zhou et al., 2013). It can be assumed then the nucleation rate may be accelerated
at a higher pH. Hence, the increased concentrations of both chromium trimers and
benzenedicarboxylate will lead to the decrease of the size of the synthesized product. This
phenomenon has also been observed for an aluminophosphate molecular sieve (Jhung et al., 2004)
and confirmed for MIL-101(Cr) synthesis (Bromberg et al., 2012; Khan et al., 2011). The crystal
sizes measured by SEM images are in good agreement with the PXRD patterns given previously
in Figure 1.10, which show broader peaks than simulated one due to the smaller size of the
synthesized crystals.

The AC incorporated MIL-101(Cr) crystals have less regular forms which might be caused by the
growth of MIL-101 on the surface of the AC, which leads to a polycrystalline MOF layer, as
confirmed by literature (Somayajulu Rallapalli et al., 2013). The size of 20 mg and 50 mg AC
doped MIL-101(Cr) (AC-MIL-101(Cr)-a and b) are about 80, 60 nm, respectively. The smaller
sizes of AC doped MIL-101(Cr) samples are also confirmed with their PXRD patterns with broader
peaks, as illustrated in Figure 1.10.

1.4.3. Thermal stabilities of synthesized MIL-101(Cr) and AC doped MIL-101(Cr)

The thermal stabilities of MIL-101(Cr) synthesized using acetic acid (MIL-101(Cr)-a), sodium
acetate (MIL-101(Cr)-b) and 50 mg AC doped MIL-101(Cr) (AC-MIL-101(Cr)-b) samples are
investigated from 300 K to 1000 K. During analyses the samples were kept under constant argon
flow. The results of thermal stabilities are shown in Figure 1.12.
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Figure 1.12: TGA plots of MIL-101(Cr) synthesized using acetic acid (green line), MIL-101(Cr) synthesized using
sodium acetate (light blue line) and 50 mg AC doped MIL-101(Cr) (dark blue line) samples.
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The weight loss of the different samples shows three weight loss steps. The first weight loss step
from 300 K to 473 K is attributed to the loss of guest water molecules from the large cages (d=34
A) (Férey et al., 2005b). The second weight loss step from 473 K to 623 K is attributed to the loss
of water molecules from the small cages (d=29 A) and the last weight loss step above 623 K is
attributed to the elimination of —OH and other coordinated groups (Férey et al., 2005b). The
framework is decomposed at a temperature above 623 K. MIL-101(Cr) doped with 50 mg AC
shows less weight loss because activated carbon has a higher thermal stability than MIL-101(Cr),
which is in good agreement with Karrikkethu Prabhakaran and Deschamps (2015b) and
Somayajulu Rallapalli et al. (2013).

1.4.4. Pore analyses of synthesized MIL-101(Cr) and AC doped MIL-101(Cr)

1.4.4.1. Nitrogen adsorption/desorption isotherms

Nitrogen adsorption/desorption isotherm of the AC NORIT-RB3 was measured at 77 K and is
presented in Figure 1.13.
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Figure 1.13: Nitrogen (N3) adsorption isotherm curve of AC NORIT-RB3. On the left the relative pressure is linear
and it is logarithmic on the right.

Nitrogen adsorption/desorption isotherm of AC shows well type I isotherm according to the [UPAC
classification (Sing, 1985) which proves its microporosity. It shows also a hysteresis loop which
can be classified as type H4, which confirms also its mesoporosity (Thommes et al., 2015).
Nitrogen adsorption/desorption isotherms of the different MIL-101(Cr) (pristine samples as well
as AC doped ones) were measured at 77 K and are represented in Figure 1.14.
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Figure 1.14: Nitrogen (N,) adsorption isotherms for pore characterizations of (1) MIL-101(Cr)-a in green, (2) MIL-
101(Cr)-b in light blue (3) AC-MIL-101(Cr)-a in yellow and (4) AC-MIL-101(Cr)-b in dark blue. On the left the scale
of the relative pressure is linear; it is logarithmic on the right.

According to the IUPAC classification (Sing, 1985) and recent classification proposed by
Thommes et al. (2015), these isotherms belong to a type IV with a type H1 hysteresis and are in
very good agreement with the literature (Férey et al., 2005b).

The MIL-101(Cr) material contains two types of cages limited by 12 pentagonal faces for the
smaller and by 16 faces (12 pentagonal and 4 hexagonal) for the larger. The smaller cage (29 A in
diameter) exhibit pentagonal windows with a free aperture of about 12 A, while the larger cages
(34 A in diameter) possess both pentagonal and hexagonal window with a ca 14.5 A by 16 A free
aperture (Férey et al., 2005b; Hong et al., 2009). Considering this, the N> adsorption/desorption
isotherm of the MIL-101(Cr) at 77 K exhibits two secondary uptakes near 0.15 and 0.25 p/p’
(Figure 1.14), indicating the presence of the two nanoporous windows in the framework (Férey et
al., 2005b). Compared to the pristine sample, the activated carbon doped MIL-101(Cr) shows a
more important adsorption of nitrogen at low relative pressure area, which can suggest that the
incorporation of carbon particles with MIL-101(Cr) facilitates the formation of micropores in the
framework (Sing et al., 2014a).

1.4.4.2. Langmuir and BET specific surface areas

The specific surface area (Langmuir and BET) of AC and the different MIL-101(Cr) materials as
well as AC incorporated counterparts synthesized are listed in Table 1.4.
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Table 1.4: Langmuir and BET specific surface area of AC and samples synthesized and activated listed in Table 1.2,

page 68.
Sample Langmuir ssa*/(m2.g™) BET ssa’/(m?.g™")

AC 1076 956

1 3699 2638

2 or MIL-101(Cr)-a 4668 3223
3 or MIL-101(Cr)-b 4549 3131

4 3411 2457
5 3676 2629

6 1026 749
7 or AC-MIL-101(Cr)-a 4905 3407
8 or AC-MIL-101(Cr)-b 4951 3542
9 4276 2968

10 4003 2785

“ssa stands for specific surface area.

From Table 1.4, it can be observed that the microwave-assisted syntheses yield low-quality porous
MIL-101(Cr) compared to conventional heating syntheses and the mineralizing agents affect the
porosity of synthesized products. Meanwhile, it can be clearly observed that AC incorporation
increases considerably the specific surface area of the MIL-101(Cr) material and this increase
depends on the concentration of AC. The evolution of the specific surface area as a function of the
amount of doping is illustrated in Figure 1.15.
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Figure 1.15: Effect of AC doping on the BET specific surface area of synthesized composites.

50 mg AC (5 wt%) doped MIL-101(Cr) material (AC-MIL-101(Cr)-b) shows the highest specific
surface area, which implies that this doping amount is optimized for high specific surface area
MIL-101(Cr) composite synthesis (Somayajulu Rallapalli et al., 2013).

Compared to the literature, the synthesized MIL-101(Cr) samples have relatively high specific
surface area. This comparison is shown in Table 1.5.
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Table 1.5: Summary of surface areas of reported MIL-101(Cr) and their synthesis conditions in order to compare with
this work.

Mineralizing agent Time/(h) Temperature/(°C) Sper/(m?.g™) Reference
HF 8 200 2638
CH3COOH 8 200 3223 This work
CH3COONa 18 180 3131
HF 8 220 4100 (Férey et al., 2005b)
HF 8 220 2231 (Szilagyi et al., 2014)
HF 8 220 2233 (Cao etal., 2014)
HF 8 220 2651 (Zhou et al., 2014)
HF 8 220 2846 (Pires et al., 2014)
HF 8 220 2931 (Li and Yang, 2008)
HF 8 220 2995 (Wee et al., 2014)
HF 8 220 3007 (Salomon et al., 2014)
NaOH 24 210 3200 (Khan et al., 2011)
- 18 218 3460 (Bromberg et al., 2012)
TMAOH 24 180 3197 (J. Yang et al., 2010)
HNO; 8 220 3450
CH3COOH 8 220 2660
H_F 2 ;;g ;Zig (Zhao et al., 2015)
HCI 8 220 1560
H>S04 8 220 1750
(Somayajulu Rallapalli et al.,
HF 8 220 2887 2013)
Karikkethu Prabhakaran and
CH3COOH 8 220 3148 ( Deschamps, 2015b)
HF g 220 2887 (Karikkethu Prabhakaran et al.,
2011)
HF 8 220 1270 (Anbia and Hoseini, 2012)
CH,COOLI 12 200 3401 (J.-J. Zhou et al., 2013)
CH3;COOK 12 200 3398 ’

The enhancements of specific surface area of doped MIL-101(Cr) composites are also compared
with other carbon adsorbent doped MOFs, as shown in Table 1.6.
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Table 1.6: Comparison between AC doped MIL-101(Cr) and other carbon adsorbent doped MOFss.

Enhancement in

MOF Doping agent Sper/(m2.g™) S Reference
BET
MIL-101(Cr) AC 3407 5.7%
MIL-101(Cr) AC 3542 9.8% .
Th k
MIL-101(Cr) AC 2968 7.9% 18 Wor
MIL-101(Cr) AC 2785 -13.6%
(Somayajulu Rallapalli et al.,
- 0
MIL-101(Cr) AC 3556 23.2% 2013)
(Karikkethu Prabhakaran and
- 3458 9.89
MIL-101(Cn) AC & Deschamps, 2015b)
MIL-101(Cr) SWCNT 2998 38% (Karikkethu Prabhakaran et al.,
' 2011)
MIL-101(Cr) MWCNT 1243 -2.1% (Anbia and Hoseini, 2012)
MIL-101(Cr) graphene oxide 2928 9.4% (Zhou et al., 2014)
Cu(BTC) MWCNT 1458 -8.1% (Xiang et al., 2011)
Cu(BTC) graphene oxide 1002 10.2% (Petit et al., 2011)
hierarchical porous
Cu(BTC) carbon monolith 516 -64.4% (Qian et al., 2012)
(HCM)
- alioncd
CU(BTC) vertically-aligne 767 -54.8% (Ge et al., 2013)
carbon nanotube
MOF-5 MWCNT 2900 60.2% (Yang et al., 2009)
MOF-5 graphite oxide 806 14.2% (Petit and Bandosz, 2009)
ZIF-8 carbon nanotube 1650 10.3% (Dumée et al., 2013)

The properties of resulted doping composite, especially the specific surface area vary according to
both doping agent and MOF, as can be observed from Table 1.6. This variation might be related to
the nature of MOF and the doping agent, the doping concentration as well as the
synthesis/activation method.

1.4.4.3. Total pore volumes of MIL-101(Cr) and AC doped MIL-101(Cr) composites

The total pore volume calculated by Gurvich rule and BJH adsorption data is presented in Table
1.7. The pore volume calculated by Gurvich rule depends on the relative pressure used (with
corresponding pore width) and here it is limited at p/p"=0.98 with pore width 129.1 nm. The pore
volume calculated by BJH adsorption data is an integral of pore volume with pore diameter larger
than 1.7 nm, which represents the lowest limit of BJH method (Barrett et al., 1951).
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Table 1.7: Pore volume of MIL-101(Cr)-a, MIL-101(Cr)-b, AC-MIL-101(Cr)-a and AC-MIL-101(Cr)-b calculated by

applying Gurvich rule of single point pore volume or BJH method using nitrogen adsorption data.

Pore volume/(cm?.g™)

Pore volume/(cm?.g™!)

Sample Single point BJH adsorption
MIL-101(Cr)-a 1.94 2.02
MIL-101(Cr)-b 1.92 1.94

AC-MIL-101(Cr)-a 2.02 2.50
AC-MIL-101(Cr)-b 2.04 2.65

Differences can be observed from pore volume calculations. It is also interesting to remark that AC

doped MIL-101(Cr)s show larger pore volume.

1.4.4.4. Pore size distributions of MIL-101(Cr) and AC doped MIL-101(Cr) composites

Different correction of Kelvin equation and thickness equations are used firstly in BJH method to
calculated the pore size distribution (PSD) according to the adsorption/desorption branches of N>
adsorption measurements of MIL-101(Cr) (MIL-101(Cr)-a) and AC doped MIL-101(Cr) (AC-
MIL-101(Cr)-b). The results are illustrated in Figure 1.16 and Figure 1.17 respectively.
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Figure 1.16: Pore size distribution of MIL-101(Cr) (MIL-101(Cr)-a) sample calculated by using original Kelvin
equation or with Faas/Kruk-Jaroniec-Sayari correction. The thickness equation applied are, namely, Harkins-Jura
thickness equation (top-left), Halsey equation (top-right), Broekhoff de Boer equation (bottom-left) and Kruk-Jaroniec-
Sayari equation (bottom-right). The pore size distribution calculated based on adsorption (solid lines) and desorption
(dashed lines) branches are both presented.
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Figure 1.17: Pore size distribution of AC doped MIL-101(Cr) (AC-MIL-101(Cr)-b) sample calculated by using
original Kelvin equation or with Faas/Kruk-Jaroniec-Sayari correction. The thickness equation applied are, namely,
Harkins-Jura thickness equation (top-left), Halsey equation (top-right), Broekhoff de Boer equation (bottom-left) and
Kruk-Jaroniec-Sayari equation (bottom-right). The pore size distribution calculated based on adsorption (solid lines)
and desorption (dashed lines) branches are both presented.

It can be observed from the results shown in Figure 1.16 and Figure 1.17 that the smallest pore
diameter measurable by BJH method is 1.7 nm. Generally, all methods show PSDs with two peaks
(for Faas correction, the other peak is in micropore region which cannot be calculated by BJH
method, see bottom-right of Figure 1.17) and the sharpness of the differential peak indicates that
the distribution is narrow.

It can be also observed from Figure 1.16 and Figure 1.17 that the influence of thickness equation
is less than the correction methods for Kelvin equation. The Faas correction gives a negative
translation of the PSD while the KJS correction gives a positive translation of the PSD.

In KJS method, the relation between the pore diameter and the relative equilibrium pressure was
empirically derived from adsorption data of ordered mesoporous materials such as MCM-41, which
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possessed open-ended cylindrical pores of controlled size (Kruk et al., 1997). It can be observed
from Figure 1.16 that the PSD calculated using Kruk-Jaroniec-Sayari (KJS) correction and KJS
thickness equation (26 and 31 A) shows the best agreement with the theoretical pore size of MIL-
101(Cr) (29 and 34 A) (Férey et al., 2005b). In the BJH method, it is supposed that the pores are
cylindrical which is geometrically different from the reality. Hence, the difference in pore size is
acceptable.

The PSDs of the adsorption branch and the desorption branch have the same peak which means no
tensile strength effect (TSE) has been shown during the measurements. Knowing that the TSE often
happens for the adsorbents showing a broad range of mesopores (Groen et al., 2003), it is
reasonable to admit that MIL-101(Cr) which only has two types of mesopores does not show this
effect. As the number of points in desorption branch is less than that of adsorption branch, the PSD
diagram represented using differential form (dV/dr) shows broader distribution.

NLDFT method is firstly applied to compute the PSD of the activated carbon Norit RB3. The kernel
chosen is the 2 dimensional NLDFT with carbon finite slit pores (pore diameter to width aspect
ratio of 6) (Jagiello and Olivier, 2009). The result is presented in Figure 1.18.
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Figure 1.18: Pore size distribution calculated for AC Norit RB3.

The PSD of the AC shows well its microporosity where all pore diameters range from 10 to 20 A.
NLDFT method is also used to evaluate the pore size distribution of MIL-101(Cr) in literature
(Sonnauer et al., 2009). It was said that compared to BJH method, microscopic methods based on
statistical mechanics such as NLDFT are more accurate. Conventional BJH method assumes only
bulk-fluid behaviour and neglects details concerning the fluid-wall interactions. Therefore, this
method could easily underestimate the pore size up to 25% for narrow mesopores (pore size smaller
than 100 A). On the contrary, with the application of adsorption potential (N2-oxidic/siliceous
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surface) and the geometry (cylindrical) simulated in NLDFT method, a more precise PSD with a
real adsorbent situation is observed.

In this work the NLDFT kernel chosen is based on Tarazona’s smoothed density approximation
with weighting function corresponding to a cylindrical geometry, developed by Tarazona (1985;
1987). The choice of this kernel is based on the good agreement of regression fit generated by
NLDFT and the experimental isotherm. A comparison between BJH method and NLDFT method
is illustrated in Figure 1.19.
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Figure 1.19: Pore size distribution calculated by BJH method (left) and NLDFT method (right) for MIL-101(Cr) and
AC doped MIL-101(Cr) composite samples: MIL-101(Cr) synthesized using acetic acid in green, MIL-101(Cr)
synthesized using sodium acetate in light blue, 2 wt% AC doped MIL-101(Cr) in yellow and 5wt% AC doped MIL-
101(Cr) in dark blue.

As illustrated in Figure 1.19, it can be observed that all samples have nearly the same distribution
of the pores and the values of 26 and 31 A pore diameters are very close to the theoretical results
of 29 and 34 A (Férey et al., 2005b). Moreover, AC doped MIL-101(Cr)s show higher porosity
than non-doped ones and these results are in good agreement with the data of (Somayajulu
Rallapalli et al., 2013). In PSD calculated by NLDFT method, a peak around 10 A appears and the
latter can be attributed to the 8.6 A aperture of the Super Tetrahedron (ST) formed by chromium
trimers.

Considering the applicability of NLDFT to the whole range of pores, it can be observed that results
given by NLDFT can be extended to micropore range, due to its applicability to the whole range
of pores. However, the calculated PSDs shows broader peaks compared to BJH method and the
pore volume is larger. This phenomenon can be a consequence of the choice of the kernel used for
the calculations (more appropriate for zeolites (Tarazona, 1985; Tarazona et al., 1987)).
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1.4.5. Effect of washing process

The as-synthesized products need to be washed in order to remove the residual molecules,
especially the unreacted BDC molecules trapped in the pores.

Washing solutions for as-synthesized MIL-101(Cr) purification mentioned in the literature include
ethanol (Férey et al., 2005b), DMF and ethanol (Chowdhury et al., 2009), NH4F solution
(Karikkethu Prabhakaran and Deschamps, 2015b), ethanol and NH4F solution (Jiang et al., 2011).
Three of these methods have been tested for washing the as synthesized products and the results
are shown in Table 1.8, since the effect of only ethanol wash is not good as ethanol and NH4F
solution wash.

Table 1.8: Comparison of different activation method for MIL-101(Cr) as-synthesized products.

As-synthesized product Wash method Ser /l();f;(');)w ash SBE; (if;e;_%/ash
MIL-101(Cr)-a NH4F 2597 3171
MIL-101(Cr)-a Ethanol and NH4F 2597 3223
MIL-101(Cr)-b NH4F 2608 3015
MIL-101(Cr)-b Ethanol and NH4F 2608 3131
MIL-101(Cr)-c* NH4F 1855 2069
MIL-101(Cr)-c”* DMF and ethanol 1855 2638

*MIL-101(Cr)-c refers to MIL-101(Cr) synthesized using HF.

The results show that the washing by using ethanol following by NH4F solution treatment gives a
final product more porous. Purification with DMF and ethanol can also easily remove the residuals
in pores and produce highly porous adsorbent. However, the manipulation of DMF is difficult and
costly, as this work is about to scale-up the synthesis, the purification using ethanol and NH4F
solution seems to be a good solution.

1.4.6. Effect of different synthesis parameters

Concerning the synthesis of MIL-101 using HF as the mineralizing agent, the risks associated with
the safety are very important and the obtained product is not highly porous as expected. Synthesis
of MIL-101(Cr) with acetic acid as mineralizing agent seems to provide better results than the
synthesis using HF and the obtained BET surface area value reaches more than 3000 m?.g™!.

The synthesis of MIL-101 consists essentially of the formation of chromium trimers and the
deprotonation of HoBDC. Therefore, adding CH3COONa instead of CH3COOH or HF increases
the pH value of the solution, and this rise is helpful to deprotonate H>BDC into
benzenedicarboxylate in water. Huang ef al. (2011) reported that Ho BDC molecules become
soluble in water when pH=6 and this phenomenon greatly enhances the formation of nuclei of MIL-
101(Cr). Moreover, the improvement of the solubility of HoBDC molecules is advantageous
because no extra activation process is needed and after the synthesis (J.-J. Zhou et al., 2013), no
white needle-like H,BDC molecules are observed in the autoclave.
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The solvent is crucial in MIL-101(Cr) synthesis. Solvent effects concerning MOF synthesis are
already well discussed in the literature. Diao et al. (2011) reported that the dimensional framework
of Cadmium-4,4'-oxybis(benzoic acid)-4,4"-bipyridine (Cd(OBA)(bipy)) depends on the solvent
used for the synthesis (dimethylformamide (DMF) or water). It was also reported that the addition
of acetone in the reaction mixture during the synthesis of MIL-100(Fe), produces the MIL-45(Fe)
material with smaller pores (Birsa Celi¢ et al., 2012). The HO/acetone molar ratio in the reaction
mixture reveals the controlling role of acetone in the formation of MIL-45(Fe) and MIL-100(Fe)
structures through oxidation-reduction and material-solvent interaction processes. Goesten et al.
(2013) investigated the formation of NH>-MIL-53(Al) and NH>-MIL-101(Al) using in-situ WAXS
and SAXS (Wide and Small-angle X-ray Scattering). It was suggested that NH>-MIL-53(Al) is
formed through hydrolysis of aluminium chloride hexahydrate (AlCl3-6H>0) and if DMF is added
the intermediate phase NH2-MOF-253 (Al) is then transformed into NH2-MIL-101(Al). Khan et al.
(2011) used only chromium metal salt and HoBDC for their synthesis and they concluded that
higher water concentration can prevent Cr(IlI) transformation into Cr(II) during the synthesis and
the formation of Cr trimers is preferred. Similarly, the synthesis of MIL-53 material is nearly
stopped at higher reactant:water molar ratio (1:500). However, with the presence of the
mineralizing agent, this ratio can be reduced to ca 1:260. Hence, the solvent used for MIL-101(Cr)
and AC doped MIL-101(Cr) syntheses is water with a fixed molar ratio at 1:268 in this work. The
results showed that the crystallinities and porosities of synthesized products are in good agreement
with literature (Férey et al., 2005b; Guo and Chen, 2012; Huang et al., 2011; Karikkethu
Prabhakaran and Deschamps, 2015b; Somayajulu Rallapalli et al., 2013; J.-J. Zhou et al., 2013)
and imply that this molar ratio (1:268) of solvent is proper for MIL-101(Cr) and AC doped MIL-
101(Cr) syntheses.

1.5. Conclusion

Pristine MIL-101(Cr) and AC incorporated MIL-101(Cr) were synthesized. Different synthesis
methods and parameters, such as mineralizing agents (hydrofluoric acid (HF), acetic acid
(CH3COOHR) and sodium acetate (CH3COONa)) and heating temperature (180 and 200°C) were
tested. Conventional heating and microwave-assisted heating methods were also applied. The
tested doping concentrations of AC varied between 20 mg and 100 mg, which correspond to a mass
ratio of yielded pristine MIL-101(Cr) between 2 and 10 wt%.

The as-synthesized products were washed by using different washing methods (ethanol
(CH3CH20H), dimethylformamide (DMF), ammonium fluoride (NH4F) solution) to remove guest
molecules trapped within the pores and the obtained compounds were characterized by using
conventional techniques.

It was shown that both crystal size and crystallinity influence the quality of powder X-ray
diffraction (PXRD) patterns. The crystal size and the crystallinity can be modified by the
mineralizing agent and doping during syntheses. Pristine MIL-101(Cr) synthesized using
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CH3COOH appears to have the best crystallinity as well as the pristine sample synthesized using
HEF.

Scanning electron microscopy (SEM) images were performed and the morphologies of different
samples were studied. The images showed that MIL-101(Cr) synthesized using CH3COOH
possesses the largest mean crystal size (120 nm) among all samples tested whereas MIL-101(Cr)
synthesized with CH3COONa has the smallest mean crystal size (50 nm). The smaller size of the
latter could be due to the mineralizing agent effect which increases the pH of the solution and
therefore accelerates the nucleation rate. The AC doped samples have smaller crystal sizes down
to 60 or 80 nm (for 2 or 5 wt% AC doped MIL-101(Cr)). The less regular crystal forms of AC
doped samples could be caused by the growth of MIL-101(Cr) on the surface of the AC and this
phenomenon leads to a polycrystalline MOF layer.

The TGA studies showed that MIL-101(Cr) as well as AC doped MIL-101(Cr) are stable up to
200°C (473 K) and they decompose at the temperature above.

The pore structures and specific surface area of samples were analysed by nitrogen (N2) adsorption
technique at 77 K. All samples show a type IV nitrogen adsorption isotherm with type H1 hysteresis
which confirms the mesoporosity of synthesized products. The specific surface areas of samples
were calculated using the Langmuir monolayer adsorption model and the BET (Brunauer-Emmett-
Teller) multilayer adsorption model. Apparently, AC doping at low concentration increases the
porosity of MIL-101(Cr) while exhaustive doping decreases the porosity of the framework. Highest
Langmuir specific surface area of 4951 m?.g”! and BET specific surface area of 3542 m?.g"! were
measured for the 5 wt% AC doped MIL-101(Cr) compound. The pristine MIL-101(Cr) synthesized
using HF shows a Langmuir specific surface area of 3699 m2.g™! and a BET specific surface area
of 2638 m%.g"!. The MIL-101(Cr) synthesized using CH3COOH and CH3COONa show enhanced
specific surface area and MIL-101(Cr) synthesized using CH3COOH reaches a Langmuir specific
surface area of 4668 m”.g"! and a BET specific surface area of 3223 m*.g™.

Pore size distributions were calculated using both BJH (Barret-Joyner-Halenda) and non-localized
density functional theory (NLDFT) methods. In BJH method, Faas and KJS (Kruk-Jaroniec-Sayari)
corrections are applied to correct the original Kelvin equation used for the calculation of the
capillary condensation. Different equations were used to calculate the thickness of adsorbed
nitrogen layer. The results showed that the KJS correction and the thickness equation seems to
correctly compute the pore size distribution of the samples and the values of the calculated pore
diameters are 26 and 31 A, which are very close to the theoretical ones. NLDFT using kernel
developed by Tarazona can also achieve this pore size distribution. Moreover, with this method,
micropores formed by the super tetrahedrons (STs) can be evaluated (aperture of 8.6 A).
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Chapter 2
Hydrogen Adsorption Isotherms



Les performances de stockage de I’hydrogene ont été évaluées sur le panel de matériaux adsorbants
synthétisés, incluant les échantillons MIL-101(Cr) purs obtenus par différentes voies de synthése
et dopés au charbon activé. Les capacités d’adsorption ont été¢ déterminées a partir de la mesure
d’isothermes d’équilibre sur deux appareillages différents, opérant d’une part par volumétrie et
d’autre part par gravimétrie. La méthode de mesure volumétrique implique la mesure directe de la
température et de la pression dans la chambre d’adsorption, remplie avec une quantité connue
d’hydrogene présent en phase adsorbée et en phase gazeuse. Les quantités adsorbées en exces sont
déduites a partir de I’équation de conservation de masse et de I’équation d’état du gaz. Les mesures
ayant été effectuées jusqu’a 50 bar, a la température de 77 K, la méthode dite du « double volume
imaginaire » a été appliquée afin de rendre compte des gradients de température entre le réservoir
a ’ambiante et la chambre d’adsorption immergée dans 1’azote liquide. La méthode gravimétrique
repose sur la mesure du changement de la masse de d’échantillon exposé a la phase gazeuse. Pour
effectuer cette mesure, une microbalance a suspension magnétique est employée. La masse
d’hydrogene adsorbé en exces est calculée a partir d’un bilan de forces qui prend en compte 1’effet
de poussée d’ Archimede. Les mesures ont été réalisées suivant cette méthode jusqu’a 100 bar, aux
températures de 77 et 298 K. Les isothermes mesurées par les deux méthodes en conditions
cryogéniques ont été comparés entre elles, et un bon accord a été trouvé. Les capacités de stockage
des matériaux ont été déduites et exprimées par unité de masse et de volume d’adsorbant. A 100
bar et 77 K, les capacités massiques rapportées aux quantités absolues d’hydrogene adsorbé ont été
¢valuées au maximum a 14.8 % pour le MIL-101(Cr) pur et a 19.8 % pour les matériaux dopés au
charbon actif, correspondant a des capacités volumiques respectivement de 27.1 et 37.7 g.L'!. Cette
amélioration des capacités de stockage sur les matériaux dopés a été attribuée a 1’augmentation de
la fraction de volume microporeux créé par la présence de charbon active dans le réseau cristallin.
Comparées aux capacités de stockage reportées dans la littérature pour d’autres types d’adsorbants,
notamment MOF ou MOF-composites, les valeurs obtenues avec les matériaux MIL-101(Cr)
dopés au charbon actif sont sensiblement supérieures.
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2. Hydrogen adsorption isotherms

2.1. Physical adsorption: theory

2.1.1. Description of the process

To discuss the adsorption process, three terms have to be preliminarily defined:

e Adsorbent: solid with surface available for binding molecules.

e Adsorptive: fluid (gas or liquid) molecules in both adsorbed and bulk phases.

e Adsorbate: molecules adsorbed on solid surface
The physical adsorption or so-called physisorption phenomenon describes an increase of density
of an adsorbate at the surface of an adsorbent.
In physisorption, the interactions between molecules are governed by van der Waals forces
(dispersion-repulsion) and electrostatic interactions.
The van der Waals forces arise from instantaneous induced dipoles (London Dispersion Force)
(London, 1937), induced dipole-induced quadrupole and induced quadrupole-induced quadrupole
interactions (Ruthven, 1984). The calculation of such potential is difficult, but this potential is
usually approximated by using the Lennard-Jones potential function graphically represented in
Figure 2.1. This potential function is usually used to approximately represent the dispersion-
repulsion interaction (Jones, 1924):

= 4& — —|\— .
rij rij

where ¢ and o are characteristics of the molecules: ¢ represents energetically the depth of potential
well and o is the finite distance where the inter-particle potential is zero; 73 is the distance between

two atoms.

Lennard-Jones potential
— — - attractive potential

- T@pUlsive potential

/ .
sTy Where potential @

// reaches its minimum

r

Figure 2.1: Lennard-Jones potential as a function of distance rij separating the adsorptive molecule from the adsorbent
surface.
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The r;7'? term represents the repulsive part of the potential and describes the Pauli repulsion at short
ranges due to the overlapping electron orbitals. The 7;7° term characterises the attractive part and
describes attractions at long ranges (dispersion force).

Because of strong repulsive interactions, the Lenard-Jones potential increases rapidly when the
distance r;; is close to zero. It increases after reaching a minimum at r;=r9, when the attractive
interaction becomes larger than the repulsive contribution. 7 is the equilibrium position of the two
molecules, for instance, the distance between two hydrogen atoms in a dihydrogen molecule is 0.74
A (DeKock and Gray, 1989). At large distance, the contribution of the attractive forces becomes
less and less intense until being nil.

The electrostatic force is important while there is a significant electric field in the region of the
surface and additional adsorption energy arises from polarization, field-dipole and field gradient-
quadrupole interactions (Ruthven, 1984). Thus, for adsorbents such as zeolites (Auerbach et al.,
2003) or MOFs with open metal sites (He and Chen, 2014), the electrostatic contribution for
adsorption energy cannot be neglected.

The surface of the solid contains a lot of adsorbent atoms or molecules which have their potential
overlaid and superimposed. A potential energy landscape is then formed and a low potential
position corresponds to a binding site for adsorbate. This phenomenon is illustrated in Figure 2.2.

adsorbate

<
<

surface potential of adsorbent

-
adsorption site

Figure 2.2: Surface potential of adsorbent and the binding sites formed for adsorbate.

If one adsorptive molecule is close enough to the surface of the adsorbent, it can drop into the
surface potential well and fall into adsorbed phase (Figure 2.2). Otherwise, a local thermal agitation
can cause a jumping out of the adsorbed molecule from the potential, inducing desorption from the
surface of the adsorbent.

2.1.2. Gas-solid interface: adsorption in excess

The total amount of adsorbable compound in the system is divided into two parts, the adsorbed
phase and the gas phase. The exact evaluation of the adsorbed amount (i.e., the adsorbed phase)
requires a good knowledge of either the exact volume of gas or the variation of the local
concentration of gas. In practice, it is impossible to reach these requirements. To overcome this
problem, Gibbs (1878) proposed an alternative approach which uses the concept of “surface excess”
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to quantify the adsorbed amount. According to this concept, the total volume of gas adsorbed is
divided into two parts by an imaginary line called “the Gibbs dividing surface” (GDS) and placed
parallel to the surface of the adsorbent. One of these two parts is filled with the gaseous adsorptive
at a density equal to the bulk gas density, whereas the other fraction is occupied by the amount of
gas condensed in excess, with a density larger than the bulk gas. This description is illustrated in
Figure 2.3.

density

A

limit of adsorbed phase

gas density

A, : As
*

distance from
surface

Figure 2.3: Gibbs representation of adsorbed phase: density of fluid phase as a function of the distance from the
adsorbent. The y-axis is the density and the x-axis is the distance from the surface. Section A, represents the amount
adsorbed in excess. Section A; represents the equivalent amount of gas occupying the volume of the condensed phase.
Section As represents the amount of the gas phase adsorptive in the pores.

In Figure 2.3, three zones are distinguished: adsorbent, adsorbate (adsorbed layer) and the
adsorptive in the gas phase. The amount adsorbed in excess at the pore surface represented by
section A1 which is defined as the difference between the total amount of adsorptive (A1+A2+Aj3)
and the amount which would be present in the gas volume assuming a constant gas density up to
GDS (A2t+A3). The absolute adsorbed amount corresponds to the sum of sections A and A»
(Rouquerol et al., 2014).

It is impossible to experimentally determine the volume of the adsorbed phase V,. However V, can
be evaluated using methods like the theory of the functional density (Murata et al., 2002). The
potential theory developed by Polanyi (1932, 1916, 1914) and micropore filling theory developed
by Dubinin (1967) can also be applied to evaluate the volume of adsorbed phase (Hamon et al.,
2014). The correlation between the energetic distribution function and the pore size distribution
function, the theory of integral heat of adsorption were applied for adsorbed phase determination
as well (De Weireld, 2000; Jagiello et al., 1994; Jagiello and Schwarz, 1993).

Alternative simplified method can also be implemented to calculated the absolute adsorbed amount:
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The density of the adsorbed phase p.s can be considered as constant (Lewis et al., 1950; Reich et
al., 1980). It can be then assimilated to the value of the liquid density of hydrogen (70.85 kg.m™ at
20.37 K) (Lemmon et al., 2010). The mass of the adsorbed phase is then expressed as:

a

m
m® = mgg + py,(p, T) " 22)
a

where m is the absolute adsorbed mass and m¢y the mass adsorbed in excess, py, is the hydrogen
gas density and paq the density of the adsorbed phase.
Otherwise, it can be assumed that the volume of the adsorbed phase is considered as constant
(Payne et al., 1968; Quirke and Tennison, 1996). It can then be assimilated, either to the monolayer
volume (V,=oS, where o is the diameter of the adsorptive molecule (m) and S is the specific surface
area (m%.g!)) or to the total pore volume Vpore (cm>.g!). The absolute mass of the adsorbed phase
can then be expressed as:

m® =mgg + py, (P, T)Vaa (23)
where Vaa=Va or Viyore.

2.1.3. Adsorption isotherms modelling

According to Gibbs phase law, three variables are needed to characterize the system which consists
of gas-adsorbed phase: the temperature (7), the pressure (p) and the adsorbed quantity (¢). The
relationship between the adsorbed amount and the equilibrium pressure at a given temperature is
called the adsorption isotherm (Sing et al., 2014b). Usually, an adsorption isotherm of a gas in an
adsorbent is expressed in the following form:

q=f(®) (2.4)
where ¢ is the adsorbed amount per unit of mass of adsorbent and p 1s the applied pressure.
Different adsorption isotherm equations have been developed, based on either theoretical or
empirical considerations. A brief review of the most conventional isotherm equations applicable
for the computation of the equilibrium adsorbed quantities is given below:

2.1.3.1. Henry’s model: linear adsorption relationship
For an ideal surface at infinite dilution (low surface coverage), where every adsorbed molecule is
well isolated, the relationship between the adsorbed amount and the applied pressure is linear. By
analogy with the gases dissolved in solutions, this relationship is referred as Henry’s law (Henry,
1803) and it is expressed as following:

q = kyp (2.5)
where ¢ is the amount adsorbed (mol.kg!), ku the Henry’s constant (mol.kg™!.bar!) and p the
pressure applied (bar). Henry’s law only applies at a very low coverage of the adsorbent surface.

2.1.3.2. Langmuir’s model: monolayer adsorption

Langmuir (1918) proposed one adsorption mechanism based on several hypotheses:
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(1) all adsorption sites are energetically equivalent and no interaction exists between adsorbed
molecules, (i1) each adsorption site can only hold one adsorbate, (iii) only one layer of adsorbate
can be formed. The relationship between the quantity of adsorbate and the pressure is then:

bp
1+ bp
where gy is the monolayer adsorption capacity (mol.kg") and b is the Langmuir adsorption affinity
(bar™).
At low pressure, Equation 2.6 reduces to Henry’s law and at high pressure g approaches to go which
implies the formation of the monolayer.

q =40 (2.6)

2.1.3.3. Brunauer-Emmett-Teller’s model: multilayer adsorption

Brunauer et al. (1938) extended the Langmuir’s monolayer adsorption model to multilayer
adsorption with certain assumptions: (i) each molecule in the first adsorbed layer serves as one site
for the second and subsequent layer, (ii) the molecules in the second and subsequent layers are
considered to behave as the saturated liquid while the equilibrium constant for the first layer of
molecules in contact with the surface of the adsorbent is different, and the adsorption isotherm

derived is:
wt ()

_ (1 - %) (1 ~Lte (%)) @.7)

with p° the saturation vapour pressure (bar) and C a constant which depends on the heat of
adsorption (Lamb and Coolidge, 1920).

2.1.3.4. Dubinin’s model: micropore filling

Polanyi (1932, 1916, 1914) assumed that the molecules near a surface move according to a potential
and the change in this potential can be expressed as a difference of chemical potential between the

adsorbed phase and the bulk phase:
0
E = RTIn (%) (2.8)

The equation above implies that large variations of the chemical potential should be obtained in
the high pressure range and therefore adsorptive molecules should be located closer to the surface.
Based on the theory of Polanyi, Dubinin used the idea of micropore filling instead of layer by layer
deposition of adsorbate. In this theory, the ratio of adsorption potentials, § = E/Ej, is constant if
they fill the same volume in pores for a given adsorbent. f is defined as the affinity coefficient and
E, is a reference adsorption potential.

Dubinin and Raduchkevich (1947) used this approach and by assuming that the micropore size
distribution is Gaussian, the characteristic curve of adsorption is obtained and can be then
expressed as:

105



RT  p°\*
— B—Ell’l? (2.9)

The Dubinin-Radushkevich (DR) model have three major disadvantages according to Ruthven
(1984): (i) the equation doesn’t reduce to Henry’s law at low coverage, (ii) the estimation of q,
gives uncertainty, (iii) the assumption of temperature-independent characteristic curve is not
suitable for many systems. However, it was very useful to interpret adsorption data in activated
carbon (Chen and Yang, 1994).

2.1.3.5. Empirical isotherm equations

In order to fit the experimental adsorption isotherm data, empirical isotherm equations have also
been derived. Some of these empirical equations are given in Table 2.1.

Table 2.1: Examples of empirical isotherm equations.

Name of isotherm Equation
Freundlich q = kp*/™
3 kpl/m
e 1= DTy fpirm
_ p
Toth a=4o b + pmym
N
Dubinin-Astakhov = g.exp | — ﬂlnp_o
q = qo€Xp BE " p

where ¢ stands for the quantity adsorbed, g¢ is the maximum quantity that can be adsorbed by the
material at a certain temperature, p is the pressure and b, k, m and N are empirical parameters.
The Freundlich equation is the earliest empirical isotherm equation. Meanwhile, it can be also
obtained by assuming that the surface is heterogeneous in the sense that the adsorption energy is
distributed following an exponential decay function. By integrating local isotherm equation which
follows Langmuir isotherm equation and with further approximation, Zeldowitsch (1935) found
the Freundlich equation can be derived. In the same way, the Sips equation can also be derived by
just changing the energy distribution function (Sips, 1948). Moreover, the Sips equation is also
called Langmuir-Freundlich equation since it’s a combination of the two equations.

The Freundlich equation and the Sips equation both suffer from the disadvantage that they don’t
reduce to Henry’s law at low pressure range. Moreover, the Freundlich equation is not valid at high
pressure range since it diverges when applied pressure increases.

The Toth isotherm equation reduces to Henry’s law at low pressure and it converges at high
pressure. Moreover, it reduces to Langmuir isotherm when the empirical parameter m=1, and when
m 1s different from 1, it describes the heterogeneous adsorption.
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2.1.4. Adsorption thermodynamics

Adsorption is an exothermal process and it can be characterized by a decrease of the total free
energy of the system, G, for a system with constant temperature and pressure. This decrease is
described in Equation 2.10:

AGS = AHS — TASS < 0 (2.10)
The chemical potentials of the gas phase and the adsorbed phase are defined separately as:

wds G ads
K = anads
Tp

aaga5> 2.11)
T'p

gas —
e = (G

If the adsorption system is at equilibrium, then the chemical potentials of the two phases are equal:

‘uads — 'ugas (212)
By deriving the two sides of Equation 2.12, the classic Clausius-Clapeyron relation is obtained:
—s%4SqT + p*Sdp = —s995dT + v9%dp (2.13)

dp Sads _ ggas
d_T ~ pads _ pgas
asi i

. i (95 i _ OL) .
with st = ( ani)T,p and vt = ( oni )y respectively.

(2.14)

By admitting that the specific volume of the gas is much greater than that of the adsorbed phase,
Equation 2.14 becomes:

dp Sads — ggas

Y — —gas — _(Sads _ SgaS)pgas (2.15)
The change in entropy upon adsorption is then:
ads _— 1 dp
AS?9s = — P <d_T)nads (2.16)
At equilibrium, the change of enthalpy can be calculated by combining Equation 2.10 and 2.16:
ads — r dp
AH%S = — S <ﬁ>nads (2.17)

This important physical quantity in called the isosteric heat, which characterizes the ratio between
the infinitesimal in the adsorbate enthalpy and the infinitesimal change in the adsorbed amount (Do,
1998).
By using equation of state for ideal gas, Equation 2.17 can be further written as van’t Hoff equation:
ads _— 2 dlnp
AH = —RT (d—T)nads (2.18)
In practice, the calculation of isosteric enthalpy of adsorption is to plot Inp for a given adsorbed

amount as a function of 1/7 from different series of adsorption isotherm. However, the application
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of this method relies on the principle that AH*?S doesn’t vary with the temperature and the pressure.
Therefore, a temperature difference of 10 K between two isotherms is often considered to be a good
compromise to calculate the isosteric heat of adsorption (Rouquerol et al., 2014).

2.2. Experimental methods for isotherm measurements

The techniques such as volumetry, gravimetry, inverse chromatography, oscillometry, impedance
spectroscopy (Keller and Staudt, 2005; Rouquerol and Rouquerol, 2014) can be used to perform
adsorption isotherms measurements.

The volumetry, or the volumetric method or the Sieverts method (a reference to Sieverts’ law)
(Sieverts, 1929) is the very earliest way to investigate gas sorption (Gregg and Sing, 1982).
According to this method, the adsorptive in the gas phase expands into a vessel where the adsorbent
is placed, and the pressure and the temperature are measured throughout the time of the experiment
performed in this calibrated, constant volume (Rouquerol and Rouquerol, 2014). By a mass balance
equation which involves the equation of state of the gas, the adsorbed amount can be computed.
The advantages of using volumetry are: (i) it doesn’t require sophisticated high tech equipment, (ii)
only temperature and pressure needs to be measured. Meanwhile, the drawbacks of this method
are: (i) amount of adsorbent needs to make significant pressure changes for measurements, (ii)
difficulty in equilibrium judgements, (iii) adsorptive gas might be adsorbed by vessel instead of
adsorbent, (iv) accumulative uncertainties in a step-by-step adsorption isotherm measurement, (v)
the measurement of mass-loss during in-situ activation.

The gravimetry, or gravimetric method was first applied for adsorption measurement by McBain
and Bakr (1926) who used a spring balance during the measurement. In this method, the weight
changes of adsorbent in the sample cell during the adsorption are directly monitored and this value
can be easily interpreted for adsorption isotherms. However, this technique requires high resolution
of the balance (1 pg) and until recent years, the development of electromagnetically compensated
beam microbalance and the magnetic suspension balance make this method feasible for most gas
adsorption measurements (Keller and Staudt, 2005). The principal advantages of gravimetry are:
(1) the accuracy of measurement, (i1) for highly sensitive balances, the amount of sorbent material
required is small, (iii) equilibrium of adsorption directly monitored by the balance, (iv) walls of
tubes and vessels’ adsorption do not interfere the results, (v) extreme pressure can be applied, (vi)
the sample mass can be weighed after in-sifu activation. The disadvantages of gravimetry are: (i)
the complexity of the system, compared to volumetric equipment, (ii) preparative measurements
required in order to correct the mass measured including the buoyancy, (iii) test gas purity is
important. For instance, if a same amount of water is adsorbed instead of hydrogen, the mass
accounted is nine times more than that of hydrogen.

The inverse gas chromatography uses a chromatographic equipment to measure adsorption
isotherms, however, the adsorbent’s nature is unknown instead of the gas mixture (Rouquerol and
Rouquerol, 2014). It can be operated in two ways: (1) by injecting continuously the adsorptive gas
and recording the breakthrough curve, or (ii) by pulse chromatography, by injecting a minute
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amount of adsorptive, which still allows determining the retention time. It is used especially for
studying catalyst support adsorbents such as silica, alumina or activated carbon (Kiselev and
Yashin, 1969).

Oscillometry is another technique for adsorption isotherm measurements. During gas adsorption
measurement, the mass as well as the moment of inertia of the sample will be changed due to the
adsorption/desorption of gas molecules, and the viscosity of the gas changes when the applied
pressure changes. The two elements will cause the damping of the sample’s motion and by
recording these motions, the adsorbed amount can be finally computed (Keller and Staudt, 2005).
In the impedance spectroscopy, an electric field is introduced on the adsorbent/adsorbate system
and as a result, the polarization of the system is changed due to the electric field. By measuring the
physical quantities like the capacitance of a capacitor filled with adsorbent/adsorbate or the
permittivity, the adsorbed amount can be deduced (Keller and Staudt, 2005).

Despite all these methods mentioned above, the volumetry and the gravimetry are the mostly used
because of the robustness of the system and the simple calculations for interpreting the results
(Keller and Staudt, 2005). These two methods were chosen to perform hydrogen adsorption in
MIL-101(Cr) and its doped counterparts in this work.

2.3. Volumetric method for adsorption isotherm measurements

2.3.1. Volumetric method: theory

As presented in Section 2.2, in the volumetric method, the temperature and the pressure are the two
physical quantities to be measured to calculate the adsorbed amount. A simplified system is
illustrated in Figure 2.4.

Reservoir Sample Cell

|~ adsorbent

Figure 2.4: Simplified system. The left part is the reservoir where the test gas is firstly dosed. The right part if the
sample cell where the adsorbent is filled. The two parts are separated by a valve controlled by the monitoring system.

To determine the absolute mass (m%) adsorbed during volumetric experiment, the mass balance
equation of sorptive gas is considered:
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m*=m9 +m? (2.19)

Here m* = m*(p, T,, V,) is the mass of the gas initially prepared in the reservoir, m9 is the mass
of the sorptive gas contained in the adsorption equilibrium state considered, in both the reservoir
and the dead volume of the adsorption chamber (sample cell), The dead volume in the sample cell
includes the granular sample external voidage as well as the internal particular porosity which is
not filled with adsorbate (Keller and Staudt, 2005). The determination of this dead volume is
particularly difficult as the reservoir and the sample cell may work at different temperatures during
the experiment.

2.3.1.1. Calibration of the volumes

The determination of the dead volume requires the use of a direct calibration method accounting
for the temperature gradient between the reservoir maintained at a reference temperature 7, and the
sample cell immersed in liquid nitrogen (7,=77 K). Helium is used to perform the calibration
measurements as it is considered to be a non-adsorbable gas at ambient temperature (Rouquerol
and Rouquerol, 2014). The experimental procedure is described in three phases as following:

1. Determination of the volume V. of helium gas contained at temperature 7 in the system
composed of the reservoir connected to the empty adsorption chamber.

ii.  Determination of the volume V7 of helium gas contained at temperature 7, in the system
composed of the reservoir connected to the adsorption chamber containing the sample.
Helium is then assumed to not adsorb in the material.

iii.  Determination of the apparent volume ¥, of helium gas which at ambient temperature and
under the same pressure would enclose the same amount of helium as the one contained in
the system composed of the reservoir at temperature 7, and of the empty adsorption
chamber at temperature 7.

Using the thermal equation of state, the initial mass of gas i (helium or hydrogen) prepared in the
reservoir can be computed from the measurements of the initial pressure and temperature (P, 77),
knowing the volume V. of the reservoir:
mr — prVrMi
RTrZi (pr' Tr)
The total volume of the empty system V. is deduced from the measurement of the mass of gas
required to achieve pressure p after gas expansion in experiment phase 1:
mH,e RT,Zy.(p, T;)
©7 My, p
The volume occupied by the solid phase in the adsorption chamber Vi is derived from the
determination of the volume V7 in experiment phase ii:
mHe RT, Zpe(p, Tr)
a MHe p

(2.20)

(2.21)

(2.22)

Vsk = Ve = Vs (2.23)
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From the determination of V, in experiment phase iii (Equation 2.24), two imaginary volumes can
be obtained, V., and Viown making up Ve, as illustrated in Figure 2.5. It can be seen V,, as a volume
totally at reference temperature 7-and Vyown as a volume totally immersed in liquid nitrogen. In this
representation, there is no transition volume with temperature gradients, but V,, (at 7,) and Viown
(at Ty) are such to accommodate exactly the same amount of gas as the empty system with the
adsorption chamber immersed in liquid nitrogen, so inducing a reproducible temperature gradient.
Vup does not depend on the presence or the absence of the sample, but Viow, is modified with the
presence of the adsorbent.

_ Mo R Zye (0, T7)

e
(2.24)
“ MHe 4
Va — Vup + Vdown
TT‘ZHZ (p; Tr) TTZHZ (p; TT) TSZH2 (p' TS) (225)
Ve = Vup + Vaown

Figure 2.5: Volume calibrated by dividing the sample cell into two parts, namely, V., and Viown makes up the volume
Ve.

2.3.1.2. Determination of the Gibbs surface excess mass of hydrogen adsorbed

The Gibbs surface excess mass of hydrogen adsorbed m¢; does not account for the demarcation

between the gas and the adsorbed phases filling the internal porosity of the adsorbent particles. It

can be determined from the measurement of the mass of hydrogen mp, required to fill the system

when the adsorption chamber contains the sample and is immerged in liquid nitrogen and is

containing the sample:

pMHz V;lp (Vdown - Vsk)
R TrZHZ (p' Tr) TSZHZ (p' Ts)

mgg = my, — (2.26)
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2.3.1.3. Estimation of the absolute mass of hydrogen adsorbed

The absolute mass of hydrogen adsorbed m“ accounts for the reduction of ¥, caused by the partial

filling of the adsorbent porosity with the adsorbed phase can be calculated by using the method
presented in Section 2.1.2.

2.3.2. Apparatus and experimental procedure presentation

The measurements have been performed using a Setaram PCTPro apparatus schematically
represented in Figure 2.6.

Large Reservoir

Vacuum Pump«— ;L |
Test Gas —_— ; I l Sample Holder

Inert Gas ——

7 Small Reservoir

Figure 2.6: Representation of Setaram PCTPro for hydrogen adsorption isotherm measurements. The valves are
numerated from 1 to 9. Transducers and thermocouples are marked as LP/HP and T, respectively. LP stands for low
pressure transducer and HP stands for the high pressure transducer.

The system is equipped with pneumatic valves and their opening and closing are commanded either
automatically or manually by software. The tubing system allows the inlet and the outlet of the gas
from the system. The volumes of different parts of tubing, valves, transducers, reservoirs and
sample cell are calibrated and given by the producer.

In order to adjust the temperature of the sample cell, it can be either heated by using a heating
element equipped with a thermocouple and a PID controller or cooled by immersing in nitrogen
liquid.

The samples placed in sample cell for its hydrogen adsorption capacity measurement are previously
outgassed for 72 hours at 120 °C in order to eliminate impurities in pores.
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The calibration of the volumes was done before the adsorption isotherm measurements, following
the procedure presented in Section 3.3.1. The precision of the calibrated volumes was estimated by
repeating ten times the calibration procedure (with less than 2% uncertainty).

The experimental procedure that was run for an adsorption isotherm measurement can be described
as following:

e The reservoir and the sample cell are firstly pumped under primary vacuum. The reservoir
is at reference temperature while the sample cell is at the experimental temperature (here
immersed in liquid nitrogen and kept at 77 K).

e The reservoir and the sample cell are then filled with test gas to a given pressure as defined
separately as the valve 1, 3, 4, 5 are partially closed in order to isolate the two bulbs.

e The valves between the sample cell and the reservoir are opened (the valves 1, 3, 4, 5
depending on the reservoir) and the test gas (hydrogen here) fills the sample cell and
adsorption/desorption takes place.

e After equilibrium is reached, when the pressure and temperature are stable, the valves are
closed and the equilibrium temperature and pressure are recorded. Then the reservoir is
filled with gas at another given pressure with the increment of pressure pre-defined.

e The adsorption measurement stops once the pressure reaches the upper limit pre-defined
and then the desorption measurement will be performed by applying a negative increment
of pressure.

The reservoir served during the experiment can be either the larger reservoir, the small reservoir,
the tubing system or the combinations of them.

The result of such measurements is supposed to be a set of data with the initial pressures and
temperatures of gas prepared in the reservoir, the equilibrium pressure and temperatures. The
calculations of adsorbed amount will involve the method previously presented in Section 2.3.1.
The final results will show the amounts of adsorbed gas (mol.kg™!) as a function of the equilibrium
pressures (bar).

2.4. Gravimetric method for adsorption isotherm measurements

2.4.1. Gravimetric method: theory

During the experiment, adsorptive gas is inserted into the adsorption chamber where is placed the
adsorbent in a crucible. During this procedure, the mass is monitored by a magnetic suspension
balance (MSB). The mass weighed by MSB can be schematically presented in Figure 2.7.
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Figure 2.7: Forces applied on the crucible for placing adsorbent: F.y, is the force measured experimentally, F) is the
buoyancy force and F,, the weight. Green dots represent the adsorbent while orange dots represent the adsorbate.

meas a

The mass measured by the balance denoted as m™“*, accounts for the absolute adsorbed mass m
and for the mass of the gas displaced due to the Archimedes’ principle, also known as the buoyancy
effect. Thus, the measured mass can be written as:
mmeas — ma — VSyStpgas,Hz (227)

The volume of the system VS¥St is composed of the volumes of the solid phase (adsorbent skeleton),
of the adsorbed phase and of the apparatus parts measurable (the crucible which contains the
adsorbent, the permanent magnet and the rod between the crucible and the permanent magnet).
VSYst can be then separated into two parts: V™ which contains the volume of the adsorbent
skeleton and the volume of the crucible, the permanent magnet and the rod, V% 245 the volume of

adsorbed phase:

ysyst — ynv 4 ¢ ads (2.28)
The surface excess amount adsorbed is then:
mgg = m™ + V™Wpion, (2.29)

To determine V™, the simplest way is to measure the mass variation as a function of the gas density
when the system is submitted in the presence of a non-adsorbable fluid.

Assuming that Helium cannot be adsorbed at ambient temperature, the plot of the mass measured
as a function of Helium density variations is a line with a slope proportional to V™":

Ammeas
yw=———— (2.30)
ApH e

The absolute adsorbed amount can be derived by using methods presented in Section 2.1.2.

2.4.2. Apparatus features

The apparatus used for our hydrogen adsorption studies, schematically illustrated in Figure 2.8, is
a Gravimetric sorption Analyzer (Rubotherm IsoSORP GmbH, Germany) equipped with a
magnetic suspension balance (MSB).

114



Zero point Sorption Density

position measurement measurement
To balance
connection
Electromagnet :I: - = = —
P B
" — 18
if [ ol Ji i
1 s
Sy = ]
Sinker —ITl
— L — e — [

Sample _J_ | -

(a) (b) (c)
Figure 2.8: Description of the Rubotherm Gravimetric sorption Analyzer—IsoSORP with the successive weighing of (a)
tare along, (b) tare+sample and (c) tare+sample+sinker, according to Dreisbach et al. (1996).

The MSB is equipped with an electromagnet in order to transmit the force applied in the sample
tube which is connected to a permanent magnetic. Three different positions for the MSB operate
on the system which is illustrated in Figure 2.8: tare, tare + sample cell, tare + sample cell + sinker.
Firstly, the mass is tared, in the second step MSB records the mass changes and the third
measurement position is about to measure the in situ density of the high pressure gas.

The solid sample (adsorbent) is placed in a crucible which can be connected to the permanent
magnetic by adjustment of its height. The height adjustment is monitored by a position sensor
located in the upper part of the sample tube. Furthermore, a ‘sinker’ is used here in order to measure
the buoyancy effect due to the test gas. The sinker can be connected to the permanent magnetic as
well as the sample cell by adjusting the position.

The temperature is directly measured in the cell using a PT-100 sensor. The pressure is measured
with two pressure transducers PIRC-1 and PIRC-2 depending on the pressure inside the system. In
a pressure range higher than 34 bar the pressure transducer PIRC-1 is used and for pressure below
34 bar a more sensitive PIRC-2 is used to visualize the pressure inside the system.

The temperature of the system can be kept at 77 K which was performed by immersing the
measuring cell in a liquid nitrogen bath equipped with an automatic level controller which
constantly maintains the level of liquid nitrogen. For ambient temperature (298 K), it is achieved
by using a Julabo CF-41 temperature controller.

The mass is given with a precision of £ 1pg. The temperature is directly measured in the cell using
a PT-100 sensor with a precision of + 0.1 °C. The cryogenic temperature is well defined by boiling
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temperature of the liquid nitrogen. The room temperature is regulated using the Julabo cryostat
with a precision better than 1 °C.

2.4.3. Experimental procedure in gravimetry

Ultrahigh pure hydrogen (99.9999% vol) supplied by Air Liquide was used for the high pressure
adsorption measurements in gravimetry. Hydrogen adsorption/desorption isotherms were
performed at 77 and 298 K up to 100 bar.
In a typical hydrogen adsorption measurement, a blank measurement was initially performed with
Helium without the sample to measure the empty weight and volume of the crucible.
During the blank measurement, the weight read by the balance can be expressed as following:
mmeE = m€ — pyas pe (P, TIVE (2.31)
Assuming that the volume of the crucible does not change with applied pressure, the mass measured
during such a blank experiment is presented by a straight line as a function of the helium density.
The mass of the sample cell corresponds then to the y-intercept and the volume to the crucible is
the slope of the line. The graphical representation of the measured mass variation during the blank
measurements with respect to Helium density is illustrated in Figure 2.9.
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Figure 2.9: Linear relationship between mass measurements and helium density used for measurement of crucible’s

mass.

The adsorbent was afterwards loaded into the crucible and outgassed at 423 K under vacuum for
72 hours to remove any pre-adsorbed gases and solvents.

A buoyancy measurement was performed at 298 K using helium gas to measure the volume of the
skeleton of adsorbent sample loaded for hydrogen adsorption (Murata et al., 2000). An example of
buoyancy measurement is illustrated in Figure 2.10. The linearity of the measured points shows
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that there is no adsorption during the measurement. Similarly, the y-intercept of the line is the total

mass of the crucible containing the sample whereas the slope represents its total volume.
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Figure 2.10: Example of Helium adsorption isotherm for buoyancy correction, which shows a linear relationship.

During hydrogen sorption measurements, hydrogen gas at elevated pressure was added
incrementally and data points were recorded when the mass stability was reached.

2.5. Samples studied

The different samples studied have been selected as a function of their porosity (BET specific
surface area). MOF-5 compound, synthesized according to the method given by Biemmi et al.
(2009) was considered also to validate the experimental method used with MOF and to make
comparisons with MIL-101(Cr) type samples. Activated carbon for doping was also tested for its
hydrogen adsorption performance.

The samples presented are:

MIL-101(Cr) synthesized using CH3;COOH or MIL-101(Cr)-a

MIL-101(Cr) synthesized using CH;COONa or MIL-101(Cr)-b

2% activated carbon doped MIL-101(Cr) synthesized using CH3COOH or AC-MIL-
101(Cr)-a

5% activated carbon doped MIL-101(Cr) synthesized using CH3COOH or AC-MIL-
101(Cr)-b

MOF-5

Activated carbon or AC type Norit RB3
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The characterizations of the compounds studied expressed in terms of specific surface area (BET),
pore volume and bulk density are presented in Table 3.2. The specific surface area and pore volume
of MOF-5 and AC are calculated based on the same principle presented in Section 1.3.4.3 and
1.3.4.4.

Table 2.2: BET specific surface areas, pore volume and bulk densities of different compounds studied.

BET specific Pore volume Pore volume .
. Bulk density
Samples surface area (BJH) (Gurvich) Hg.cm?)
/(m?.g") /(em®.g™") /(em?.gh) &
MIL-101(Cr)-a 3223 2.02 1.94 0.20
MIL-101(Cr)-b 3131 1.94 1.92 0.19
AC-MIL-101(Cr)-a 3407 2.50 2.02 0.19
AC-MIL-101(Cr)-b 3542 2.65 2.04 0.19
MOF-5 2473 1.40 1.03 -
AC 956 - 0.41 -

2.6. Results and discussion

2.6.1. The effect of using different reservoirs in volumetric method

The hydrogen adsorption isotherms measurements using volumetric technique entail the use of the
double imaginary volume method. It is then essential to evaluate the influence of using different
reservoir sizes for the adsorption measurement to ensure that the results are not affected.
Considering this, three hydrogen adsorption isotherm measurements at 77 K using the three types
of reservoirs mentioned in Section 2.3.2 were performed (large reservoir, small reservoir and
tubing).

This test has been done with the MIL-101(Cr)-b sample. The result obtained are represented and
compared in Figure 2.11. The good accordance among these three results indicates clearly that the
volume of reservoirs used for measurements does not influence the results of hydrogen adsorption
isotherms.
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Figure 2.11: Hydrogen excess adsorption measured for MIL-101(Cr) synthesized using CH3COONa (MIL-101(Cr)-
b), the effect of using different reservoir is tested: tubing system served as the reservoir, small reservoir and large
reservoir are presented respectively. The volume of tubing system served as the reservoir is 12.39 cm?, the volume of
the small reservoir is 162.89 cm® and the volume of the large reservoir is 1051.26 cm?.

2.6.2. Hydrogen adsorption isotherm measured by volumetric method at cryogenic
temperature

In terms of performed experiments, the excess uptake capacities of the compounds listed in Section
2.5 were measured at 77 K up to 50 bar.

The excess adsorption capacities of the different samples at 77 K up to 50 bar are listed in Table
2.3. Both adsorption and desorption isotherm were measured to understand the behaviour of
materials under such conditions. The results are presented in Figure 2.12 and indicate that the 5 wt%
AC doped MIL-101(Cr) sample can store more hydrogen than the other samples at 77 K. Its
capacity reaches 46.1 mol.kg! at 77 K under 51.2 bar. The results show that at 77 K and 50 bar,
the hydrogen uptake is positively correlated to the BET specific surface area and the porosity of
the materials.
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Figure 2.12: Hydrogen adsorption isotherm measured at 77 K up to 50 bar using the volumetric method.

Table 2.3: Hydrogen excess adsorption capacities of the different samples at 77 K measured by volumetry.

H H
ydrogen ydrogen Pressure applied

Samples uptake uptake J(bar)

/(mol.kg™") /(Wt%)
MIL-101(Cr)-a 31.5 6.3 51.3
MIL-101(Cr)-b 30.6 6.1 51.5
AC-MIL-101(Cr)-a 433 8.7 51.7
AC-MIL-101(Cr)-b 46.1 9.2 51.2
MOF-5 19.3 3.7 48.7

As it can be observed, the MIL-101(Cr)-a and MIL-101(Cr)-b samples have nearly the same
performance in terms of hydrogen adsorption and the AC doped MIL-101(Cr) compounds show
higher hydrogen uptake capacity than non-doped MIL-101(Cr) samples.
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2.6.3. Hydrogen adsorption isotherm measured using gravimetric method at cryogenic
temperature

The hydrogen adsorption isotherms of the same compounds listed in Section 2.5 have been
measured at 77 up to 100 bar, using the gravimetric technique. Activated carbon for MIL-101(Cr)
doping was also tested for comparison. These isotherms are presented in Figure 2.13.

The hydrogen adsorption capacities of the different materials at 77 K up to 100 bar are listed in
Table 2.4. The absolute adsorption capacities are calculated by using Equation 2.3 with the pore
volume listed in Table 2.2 calculated by Gurvich rule. The volumetric adsorption capacities are
calculated based on the bulk densities presented in Table 2.2.

B MIL-101(Cr)-a adsorption 0O MIL-101(Cr)-a desorption

® MIL-101(Cr)-b adsorption 0 MIL-101(Cr)-b desorption
AC-MIL-101(Cr)-a adsorption 0 AC-MIL-101(Cr)-a desorption

® AC-MIL-101(Cr)-b adsorption 0 AC-MIL-101(Cr)-b desorption
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Figure 2.13: Hydrogen adsorption isotherms measured at 77 K up to 100 bar using the gravimetric method.
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Table 2.4: Hydrogen excess and absolute adsorption capacities of the different samples at 77 K measured by

gravimetry.
Excess Excess Absolute Absolute Pressure
hydrogen hydrogen hydrogen hydrogen .
Samples applied
uptake uptake uptake uptake J(bar)
/(mol.kg™") /(wt%) /(mol.kg™) /(Wt%)
MIL-101(Cr)-a 41.1 8.2 71.4 14.8 100
MIL-101(Cr)-b 39.1 7.8 69.1 13.8 100
AC-MIL-101(Cr)-a 61.9 12.3 93.5 18.7 100
AC-MIL-101(Cr)-b 67.4 13.5 99.2 19.8 100
AC 19.6 3.9 26.1 52 100

In Figure 2.13, the isotherms of adsorption measured represent the data of excess adsorption which
increases continuously when the pressure increases. No hysteresis phenomenon is observed during
desorption measurements which means that hydrogen adsorption is fully reversible in all these
adsorbents. Among all the samples considered in this study, activated carbon has the lowest
hydrogen adsorption uptake since it has the lowest specific surface area and pore volume as well.
The amount adsorbed shows a rapid increase at low pressure region, which corresponds to the
microporosity of the material (Sing et al., 2014b).

2.6.4. Hydrogen adsorption isotherm measurement using gravimetric method at room
temperature

The precision and the resolution of the micro balance (MSB) make it then possible to measure the
hydrogen adsorption in MOF materials at room temperature (25 °C, 298 K). Therefore, the
hydrogen adsorption isotherms of the five compounds studied previously have been measured at
298 K up to 100 bar. The results obtained are represented in Figure 2.14.
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Figure 2.14: Hydrogen adsorption isotherms measured at 298K up to 100 bar using the gravimetric method.

At room temperature, the hydrogen uptake capacities measured are weak (around 0.4 wt%).
The obtained results for MIL-101(Cr) and its doped counterparts are comparable with those in
literature (Karikkethu Prabhakaran and Deschamps, 2015b; Latroche et al., 2006).

2.6.5. Comparison of results: volumetric method and gravimetric method at cryogenic
temperature (77 K)

The hydrogen adsorption performances measured by the volumetric and the gravimetric method at
77 K are compared and illustrated in Figure 2.15.
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Good agreements are found between results measured using the volumetric method and those
measured using the gravimetric method for all samples. Meanwhile, the small differences shown

in Figure 2.15 can be attributed to:

e qactivation duration/method:

the

and Staudt, 2005).

e adsorbent mass measurement: the mass of adsorbent is difficult to be weighed after in situ

samples presented for the gravimetric method
measurement can be previously outgassed in Micromeritics VacPrep for its small amount
adsorbent requirement (about 0.1 g) compared to the volumetric method (about 1 g) (Keller

outgassing in the volumetry (Keller and Staudt, 2005).

e volume calibration: both double imaginary volume method for volumetry and buoyancy
correction for gravimetry require volume calibration using Helium as probe gas which may
introduce inaccuracies in final results (Furukawa et al., 2007; Rouquerol and Rouquerol,

2014).
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2.6.6. Adsorption isotherm approached by theoretical modelling

The results of adsorption isotherms show well the hydrogen molecules form a monolayer on the
surface of adsorbents which can be described as a type I isotherm according to the IUPAC
classification or Langmuir isotherms. Hence, the isotherms of adsorption measured have been fitted
using the Langmuir model. The obtained results are shown in Figure 2.16. The fitting parameters

of the model (b and ¢o) are listed in Table 2.5.

® MIL-101(Cr)-a experiment ——MIL-101(Cr)-a Langmuir fitting

® MIL-101(Cr)-b experiment —— MIL-101(Cr)-b Langmuir fitting
AC-MIL-101(Cr)-a experiment AC-MIL-101(Cr)-a Langmuir fitting

® AC-MIL-101(Cr)-b experiment —— AC-MIL-101(Cr)-b Langmuir fitting

m AC experiment —— AC Langmuir fitting
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Figure 2.16: Gravimetric adsorption isotherm measurement results fitted by Langmuir model: AC, MIL-101(Cr)-q,

MIL-101(Cr)-b, AC-MIL-101(Cr)-a and AC-MIL-101(Cr)-b.

Table 2.5: Coefficients of Langmuir model fitted for each sample studied using the gravimetric method and fitting

goodness represented by R.

70 80

90

100

adsorbent b/(bar™) qo/(mol.kg™") Fitting lf.i{(z)odness
AC 0.183 18.6 0.923
MIL-101(Cr)-a 0.096 43.1 0.981
MIL-101(Cr)-b 0.107 41.0 0.974
AC-MIL-101(Cr)-a 0.039 72.4 0.976
AC-MIL-101(Cr)-b 0.028 85.6 0.979
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According to literature, the heat of adsorption of hydrogen in MIL-101(Cr) varies from 10 kJ.mol
!at low coverage (Latroche et al., 2006) to 4.3 kJ.mol™' (Schmitz et al., 2008), this great variation
is also proved by Berdonosova et al. (2015). This fact implies that the hydrogen adsorption in
MIL-101(Cr) is heterogeneous. Hence, Freundlich adsorption model (see Section 2.1.3.5) is
proposed to fit the experimental data and the results are shown in Figure 2.17. The parameters (k
and m) of Freundlich adsorption model are listed in Table 2.6.

® MIL-101(Cr)-a experiment ——MIL-101(Cr)-a Freundlich fitting

® MIL-101(Cr)-b experiment —— MIL-101(Cr)-b Freundlich fitting
AC-MIL-101(Cr)-a experiment AC-MIL-101(Cr)-a Freundlich fitting

® AC-MIL-101(Cr)-b experiment —— AC-MIL-101(Cr)-b Freundlich fitting
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Figure 2.17: Gravimetric adsorption isotherm measurement results fitted by Freundlich model:MIL-101(Cr)-a, MIL-
101(Cr)-b, AC-MIL-101(Cr)-a and AC-MIL-101(Cr)-b.

Table 2.6: Coefficients of Freundlich model fitted for each sample studied using the gravimetric method and fitting
goodness represented by R’.

adsorbent m K Fitting Ig{g)odness
MIL-101(Cr)-a 3.20 9.95 0.996
MIL-101(Cr)-b 3.20 9.61 0.989

AC-MIL-101(Cr)-a 2.21 7.58 0.999

AC-MIL-101(Cr)-b 2.10 7.39 0.998
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It can be noticed that the adsorption isotherms at room temperature (298 K) follow a Henry’s law,
which describes an ideal surface (flat, rigid, perfectly smooth, chemically homogeneous, and zero
contact angle hysteresis) within an infinitely diluted adsorptive (Do, 1998).

The adsorption isotherms measured for activated carbon and in MIL-101(Cr) samples at 298 K are
fitted by using Henry’s linear relationship and it is graphically presented in Figure 2.18. The
Henry’s constant calculated at 298 K are repertories in Table 2.7.
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Hydrogen excess adsorption uptake/(mol.kg™)
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0 10 20 30 40 50 60 70 80 90 100
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Figure 2.18: : Gravimetric adsorption isotherm measurement results fitted by Henry’s model: AC (purple),MIL-
101(Cr)-a (green), MIL-101(Cr)-b (light blue), AC-MIL-101(Cr)-a (yellow) and AC-MIL-101(Cr)-b (dark blue).

Table 2.7: Henry’s constant calculated at 298K for hydrogen adsorption in AC, MIL-101(Cr)-a, MIL-101(Cr)-b, AC-
MIL-101(Cr)-a and AC-MIL-101(Cr)-b.

AC-MIL- AC-MIL-
A MIL-101 - MIL-101 -
¢ 01(Cn-a 01(Cn-b 101(Cr)-a 101(Cr)-b
kn
0.22 0.25 0.22 0.22 0.26
/(mol.kg!.bar")
Fitting goodness
R? 0.944 0.978 0.994 0.980 0.986

2.6.7. Hydrogen uptake at cryogenic temperature (77 K)

The hydrogen adsorption isotherm measured in MIL-101(Cr) using volumetric method has a good
agreement with results reported by Latroche et al. (2006). This comparison is illustrated in Figure
2.19.
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Figure 2.19: Hydrogen adsorption isotherm of MIL-101(Cr)-a (pure MIL-101(Cr) sample) compared with literature
(Latroche et al., 2006).

Meanwhile, the results given are higher than those given by Bimbo et al. (2015). This difference
can be explained by the differences between the methods of syntheses and activations.

Hydrogen adsorption isotherms measured in activated carbon doped MIL-101(Cr) using volumetry
were reported by Somalyjulu Rallapalli et al. (2013). Their results showed that AC (WS-480)
doped MIL-101(Cr) reached 10.1 wt% hydrogen uptake at 77 K under 60 bar (50.1 mol.kg™!) which
is comparable to results showed in Figure 2.12. This comparison is illustrated in Figure 2.20.
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Figure 2.20: Hydrogen adsorption isotherm of AC-MIL-101(Cr)-a (2 wt% AC doped MIL-101(Cr)), AC-MIL-101(Cr)-
b (5 wt% AC doped MIL-101(Cr)) compared with results given in literature (Somayajulu Rallapalli et al., 2013)

Hydrogen adsorption isotherms measured with gravimetry are also compared with literature and
this comparison is illustrated in Figure 2.21. It is reported by Karikkethu Prabhakaran and
Deschamps (2015b) that pristine MIL-101(Cr) can adsorb up to 36.3 mol.kg™! hydrogen at 100 bar
and activated carbon doped MIL-101(Cr) can reach to 58.4 mol.kg! at 100 bar and 77 K. The
obtained result for pristine MIL-101(Cr) is also very approached to the simulated one (Ghoufi et
al., 2012) where an uptake about 9 wt% (45 mol.kg™!) is obtained.
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Figure 2.21: Hydrogen adsorption isotherms of MIL-101(Cr)-a and AC-MIL-101(Cr)-b (5% activated carbon doped
MIL-101(Cr) sample) compared with literature (Karikkethu Prabhakaran and Deschamps, 2015b)

Hydrogen molecules at 77 K, above its critical temperature (33 K), are only able to form a
monolayer on the surface of adsorbent during adsorption. Therefore, the hydrogen uptake capacity
is positively correlated to the specific surface area of the adsorbent. Meanwhile, the pore size as
well as the existence of open metal sites in adsorbents can affect the hydrogen adsorption capacities
(Suh et al., 2012). The results from this study are compared with other MOF or MOF composite
adsorbents in Table 2.8.
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Table 2.8: Hydrogen adsorption uptake at 77 K and the specific surface area for different adsorbents (MOFs and

doped MOFs).
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Among all these adsorbents, AC-MIL-101(Cr)-b sample has the highest gravimetric hydrogen
uptake capacity since it has a high specific surface area value as well as a large pore volume.

For MIL-101(Cr), it is reported that the microporous super-tetrahedron (ST) and unsaturated metal
sites are generally responsible for hydrogen adsorption (Latroche et al., 2006). However, for
pristine MIL-101(Cr) samples, the open chromium metal sites are often contaminated by
unremoved benzene dicarboxylic acid (H,BDC) particles which prevent hydrogen adsorption. The
doping of AC which remains in the MIL-101(Cr) framework prevents the coordination of unreacted
H>BDC with the chromium metal sites.

Moreover, the AC introduces more micropores in synthesized AC doped MIL-101(Cr) composite
samples (Somayajulu Rallapalli et al., 2013). Micropore filling of supercritical H> depends on the
interaction of hydrogen with the adsorbent pore walls. The interactions will be maximum if the
pore diameter is slightly higher than the kinetic diameter of hydrogen, which is 0.289 nm. The
formation of micropores increases the interaction between MOF surface and hydrogen molecules.
Generally, it is recognized that ultramicropores of 0.6-0.7 nm in diameter are more effective in
high level of hydrogen uptake than the pores having other diameters (Yushin et al., 2006), for
instance, the SWCNT created ultramicropores helps hydrogen adsorption in SWCNT doped MIL-
101(Cr) sample (Karikkethu Prabhakaran et al., 2011; Karikkethu Prabhakaran and Deschamps,
2015a).

The combined effect of both the formation of additional micropores and the activation of
unsaturated metal sites by carbon incorporation was responsible for the higher hydrogen uptake
capacity in the AC doped MIL-101(Cr) samples (Somayajulu Rallapalli et al., 2013).

For volumetric storage capacity, AC incorporated MIL-101(Cr) seems to be less advantageous,
compared to MOF-5 or MOF-177 (see Table 2.8). This is due to the low bulk density of the
adsorbent caused by the large pores present in the framework.

The results from this study are compared with other hydrogen storage methods, which are shown
in Table 2.9.
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Table 2.9: Hydrogen gravimetric and volumetric uptake capacities, compared with storage by compression,
liquefaction and storage in hydrides.

Gravimetric Volumetric
Storage method Compounds capacity capacity Reference
/(wt%) N(g.Lh
AC-MIL-101(Cr)-b 13.5 37.7
. AC-MIL-101(Cr)-a 12.3 353 .
Ph 1 Th k
ysiea MIL-101(Cr)-a 82 27.1 15 wor
MIL-101(Cr)-b 7.8 26.3
Compression
H - 39.2 L t al., 2010
(700 bar) 2 (Lemmon et a )
Liquefacti
lq(lfo iz;on Ha - 70.8 (Lemmon et al., 2010)
La; sCap2Mg14N13 5 - (Gao et al., 2005)
LiBH4 18.5 121 (Souli¢ et al., 2002)
LiBH4-0.5MgH>- .
- t al., 2005
2 mol% TiCly 10 (Vajo et al., 2005)
Chemical Na,LiAlHe 2.5 - (Genma et al., 2006)
NaAlH4 5.0 - (Zaluska et al., 2000)
a-Mg(BHa4) 14.9 117 (Filinchuk et al., 2009)
B-Mg(BHa), 14.9 113 (Her et al., 2007)
v-Mg(BH4),-0.8H> 17.4 98 (Filinchuk et al., 2011)

Better performances are shown for hydrides concerning gravimetric and volumetric hydrogen
uptake capacities, as shown in Table 2.9. However, as mentioned previously, the formation of
hydrides requires high temperature and a long time for its high binding energy and slow kinetics.

2.6.8. Hydrogen uptake at room temperature (298 K)

Hydrogen uptakes at room temperature in MIL-101(Cr) and AC doped Mil-101(Cr) are moderate
because of the low isosteric heat of adsorption. The results are slightly larger than reported value
for MOF-5 and Cu-BTC (HKUST-1) (Panella et al., 2006), which are 0.28 and 0.35 wt%,
respectively.

In order to enhance hydrogen uptake at ambient temperature, strong adsorption sites should be
incorporated into the pores. In addition, the pore surface/curvatures should be optimized for
efficient Hz packing (Suh et al., 2012). It is reported that although big pore volume and high surface
area is the most important factor to achieve high hydrogen adsorption capacity at high pressure,
however, this capacity can be significantly increased at room temperature if the MOF has a high
isosteric heat of H» adsorption (Frost and Snurr, 2007). The thermodynamic studies showed that
requirement for an adsorbent capable of storing hydrogen at ambient temperature is that the heat
of adsorption of hydrogen is above 15.1 kJ.mol™! (Bhatia and Myers, 2006). Meanwhile, for most
MOFs, this isosteric heat is in the range of 4-9 kJ.mol! (Suh et al., 2012) and for MIL-101(Cr),
this value at low coverage is about 10 kl.mol™! (Latroche et al., 2006) and then drops to an average
of 4.3 kJ.mol! (Schmitz et al., 2008).
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Knowing that the doping of AC cannot increase the heat of adsorption of hydrogen in MIL-101(Cr)
(Karikkethu Prabhakaran and Deschamps, 2015b), it is reasonable that at room temperature the
hydrogen uptake capacities in all these samples are not high. Experimentally, the high hydrogen
uptake at room temperature can be achieved by doping metal or metal clusters in MOF adsorbent.

2.7. Conclusion

Hydrogen adsorption isotherms of the synthesised materials were measured using both volumetric
and gravimetric methods at 77 and 298 K up to 100 bar.

The volumetric method involves an adsorption measurement in a calibrated volume. The adsorbed
quantity can be computed by using the mass balance before and after adsorption by measuring the
pressure and the temperature of the system. At 77 K, a double imaginary method is applied in order
to compensate the effect of temperature gradient produced between the reservoir immersed in
liquid nitrogen and the sample cell kept at room temperature.

In the gravimetric method, the mass is directly measured by using a Magnetic Suspension Balance
(MSB) with high accuracy. The buoyancy effect produced by hydrogen gas is not negligible and is
corrected by applying the Archimedes’ principle after measuring the net volume of the adsorbent.
Both measurements give the adsorption excess uptake, which is the part of the mass of adsorbed
phase compensated by the buoyancy effect of the bulk phase on the adsorbed phase. An absolute
adsorption is then calculated by considering the volume of the adsorbed phase to the excess uptake
mass.

The results of hydrogen adsorption measured at 77 K showed a Type I isotherm according to
IUPAC classification and the results measured for the same adsorbents using the two different
methods were in good agreement. The difference in measured result by these two methods can be
related to the activation process, adsorbent mass measurement or volume calibrations in the
volumetric method. The most important uptake result was remarked for the 5 wt% AC doped MIL-
101(Cr) material which can store up to 13.5 wt% excess hydrogen at 100 bar and 77 K,
corresponding to an absolute uptake of about 20 wt% and a volumetric capacity of 37.7 g.L'. A
pristine MIL-101(Cr) synthesized using acetic acid showed a hydrogen excess uptake of 8.2 wt%
at 100 bar and 77 K, while MIL-101(Cr) synthesized using sodium acetate showed a hydrogen
excess uptake of 7.8 wt% under the same conditions. Moreover, these results showed that the
hydrogen uptakes at 77 K are positively correlated to the specific surface area of the adsorbents.
The measured isotherms were fitted using Langmuir adsorption model and Freundlich adsorption
model, good fittings were obtained.

Hydrogen adsorption isotherms were measured at 298 K using the gravimetric method. All
isotherms presented nearly linear forms which can be described by Henry’s law. An uptake of about
0.4 wt% in average was found for all adsorbents tested. This low hydrogen uptake capacity is due
to the weak hydrogen bonding energy which can be hardly enhanced by activated carbon doping.
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Chapter 3
Kinetic studies of hydrogen adsorption
on MOF and Carbon-MOF materials



L’¢étude des performances de stockage mesurées en conditions d’équilibre a été complétée par une
analyse cinétique du phénomeéne d’adsorption de I’hydrogéne. Celle-ci a été conduite a partir de la
mesure par la méthode volumétrique et de la variation temporelle des quantités d’hydrogene
adsorbées en exces, déduites de 1’acquisition des données de pression et température. Ces mesures
ont été réalisées dans une gamme pression basse, entre 0.2 et 5 bar, dans le but de déterminer les
coefficients de diffusion intra-particulaires a faible taux de recouvrement. Les courbes cinétiques
obtenues pour les différents matériaux testés MIL-101(Cr) purs et dopés, montrent des allures
similaires. Ces courbes ont ét¢ dans un premier temps modélisées au moyen du modele de la force
motrice linéaire (Linear Driving Force LDF), en prenant en compte I’effet des variations de
température induites par 1’exothermicité du phénomene. Néanmoins, le modele LDF bien que
couramment utilisé, a ét¢ développé pour décrire des vitesses dans des conditions ou le systéme est
proche de I’équilibre. Cette hypothése n’est cependant pas vérifiée aux conditions de pression les
plus élevées appliquées dans cette €tude, si bien que le modele ne permet pas de décrire
convenablement les courbes cinétiques aux pressions de 1 et 5 bar. Afin de mieux décrire les
courbes cinétiques expérimentales, un modeéle prenant en compte la variation radiale de la
concentration adsorbée dans la particule assimilée a une sphére homogéne est considéré. Le
transfert de matiere est alors suppos¢ mettre en jeu une résistance partielle externe, créée par le
film entourant la particule, et une résistance diffusionnelle de surface a I’intérieur de la particule.
Afin de simplifier le probléme, le profil expérimental de température est modélisé par une fonction
gaussienne a-symétrique. L’emploi de ce modele permet d’obtenir un bon accord avec les courbes
de prises de masses expérimentales mesurées sur toute la gamme de pression considérée dans ce
travail. Les diffusivités de surface a concentration quasi nulle sont déduites par ajustement du
modele avec les données expérimentales, moyennant la prise en compte de la correction de Darken.
Les valeurs de diffusivité de surface ainsi obtenues dans les conditions de référence a la température
de 77K pour le MIL-101(Cr) pur synthétisé au moyen d’acide acétique, et dopé a 5 % de charbon
actif apparaissent du méme ordre de grandeur, et sont respectivement égales a 1.6. 1071% et 0.8.10-
16 m?.s7!. Les coefficients de transfert externe k.. dans les conditions expérimentales testées varient
en fonction de la pression entre 0.3.101 m.s!'2 0.2 bar, et 7.4.10° m.s'a 5 bar.
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3. Kinetic studies of hydrogen adsorption on MOF and Carbon-MOF

materials

3.1. Objective of the study

Kinetics of hydrogen adsorption is as important as its uptake capacity for storage in mobile

applications. According to American Department of Energy (2015), the time required to fill 5 kg

hydrogen into storage system needs to be less than 2.5 minutes (Table II.1). This criterion implies

that adsorption kinetics need to be studied for adsorbent material presented in this work. The

diffusion of sorptive fluids in porous materials is well studied for different gases, such as CH4, CO»,

H>O and VOCs in MOFs, both computationally and experimentally (Babarao and Jiang, 2008;

Canepa et al., 2013; Rosenbach et al., 2008). However, the kinetics properties of MOF material for

hydrogen storage are rarely studied (Bimbo et al., 2015; Saha et al., 2009, 2008). Hence, the

hydrogen adsorption kinetics properties of pristine MIL-101(Cr) samples and activated carbon (AC)
doped MIL-101(Cr) samples need to be studied to test the fulfilment of DOE targets.

3.2. Mass transfer phenomena during gas adsorption in a porous adsorbent

The transport of gas molecules in porous materials is governed by diffusion. The diffusion can be
generated with or without a gradient of concentration (diffusive transport and self-diffusion,
respectively). Apparently diffusive transport is the key factor playing a role in hydrogen adsorption
kinetics measurement and the objective of this study.

In a porous material, the diffusion can be further divided into two steps: external diffusion and
internal diffusion, as illustrated in Figure 3.1.

uoISNUIP jeulalXe

porous diffusion/
surface diffusion Knudsen diffusion

l_Y_)

internal diffusion

Figure 3.1: Diffusion mechanisms in porous material.
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3.2.1. External diffusion

External diffusion takes place outside the adsorbent particle, in the vicinity of its external surface.
It is mainly driven by the characteristics of the gas flow surrounding the adsorbent, and most often
is dependent on the transport by convection. Each particle is surrounded by a laminar sublayer,
through which mass transfer occurs by molecular diffusion. The thickness of the laminar sublayer,
and hence the mass transfer coefficient, is determined by the hydrodynamic conditions (Geankoplis,
1983; Perry and Green, 2008; Petrovic and Thodos, 1968; Ruthven, 1984). It can be described
according to the film theory with a general transfer coefficient, kex (m.s™).

The mass transfer rate is then expressed by:

where:
e { is the mean adsorbed quantity in adsorbent particle (mol.m™)
e ¢is the time (s)
e d, is the diameter of the adsorbent particle (m)
e ¢ is the bulk concentration (mol.m™)
e g, is the concentration of adsorbed phase at the surface of the adsorbent particle(mol.m™)

Since the transfer is generated by hydrodynamics, the external mass transfer coefficient k.. can be
related to dimensionless numbers, such as Reynold, Schmidt and Sherwood numbers (Geankoplis,
1983; Perry and Green, 2008; Petrovic and Thodos, 1968).

d
Re = = (32)
v
v
Sc=— (3.3)
Dy,
kexd,
= 4
Sh D (3.4)

with
e u the surface velocity (m.s™)
e v the kinematics viscosity of gas (m%.s™)
e D, the molecular diffusivity of gas (m?.s™)

Several empirical relationships have been developed to calculate the external transfer coefficient
kex, which are presented in Table 3.1.
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Table 3.1: Semi-empirical relations proposed for the estimation of the external transfer coefficients.

Relation Range of application Reference
0.357 _ cic 033DPm )
ke = Re®**Sc™ R 3<Re<2000 (Petrovic and Thodos, 1968)
1
Sh =2+ 0.65c'/3Re/? - (Ranz and Marshall, 1952)
Sh = 0.755¢%37Re%* - (Sandall, 1977)
Sh =72+ 1.1Sc3Re06 3<Re<10000 (Wakao and Funazkri, 1978)
Re 0.5
Sh =1.15 <_) Sc033 Re>1 (Perry and Green, 2008)
€
1.09
Sh = ——Re%335c033 0.0015<Re<55
5 3 £ (Wilson and Geankoplis, 1966)
Sh = ——Re%695¢0-33 55<Re<1050
€

It is important to mention that the last two relationships describe the mass transfer from liquid to
porous solids which is not the case for this study. Meanwhile, it can be observed that the relation
given by Ranz and Marshall (1952) and the relation given by Wakao and Funazkri (1978) imply a
minimum Sh=2 which is the lowest mass transfer rate in a quasi-stagnant situation whereas
according to other relationships the external mass transfer coefficient is null under such condition.

3.2.2. Internal diffusion

Diffusive transport in pores within adsorbents involves different mechanisms: Poiseuille flow,
molecular diffusion, Knudsen diffusion, and surface diffusion (Ruthven, 1984). The resulting
diffusion rate is a combination of these different diffusion models and the limiting mechanisms are
dependent on the pore structure.

The pore structure parameters which are usually considered are the pore width and the ‘tortuosity
factor’ 7, defined as the ratio of the actual distance between two points and the shortest distance
between these two points along the pore (Fogler, 2006).

3.2.2.1. Poiseuille flow

The Poiseuille flow describes a steady laminar flow of incompressible and Newtonian fluid. It is
deduced from the Navier-Stokes equations, considering an average velocity u. in a capillary
expressed by:
2
U = — ;_M;_Z (3.5)

with

e . the average velocity in the capillary of Poiseuille flow (m.s™)

e rthe diameter of the capillary (m)

e u the dynamic viscosity of gas (kg.m™.s™)

e p the pressure (Pa)
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e zthe capillary length (m)
The velocity is governed by a pressure drop and the interstitial velocity in pores can be calculated
accounting to the pore tortuosity (Do, 1998):

_ rporez dp 36
" 8ur? dz G0
with 70 the pore radius (m).
The diffusivity is then expressed by:
. prporez 37
Dpoiseuille - 8MT2 (3.7)

3.2.2.2. Knudsen diffusion

Knudsen diffusion describes the diffusion in pores where collisions between gas molecules and
pore walls are frequent (Bird et al., 1960). This means that the mean free path of gas molecules is
shorter than the pore diameter, and is characterized by Knudsen constant which is the ratio of mean
free path of gas molecule A (m) and the diameter of pore dyore (M):

1= kpT (3.8)
7poorezp\/E
K A
n= 39
dpore G2

where
e ky is the Boltzmann constant, equals to 1.38x10* m? kg.s> K!
e T'is the temperature (K)
e pis the pressure (Pa)

In Knudsen diffusion, it is obviously that Kn>1.

The following correlation was proposed by Kennard (1938) to estimate the Knudsen diffusivity
0.5

T
D4 = 3.068 — (3.10)
kd Tpore ( M)
e Dy is the Knudsen diffusivity (m2.s™)

®  7pore 1s the mean pore radius (m)

e M is the molar weight of gas (kg.mol ™)

e Tis the temperature (K)

3.2.2.3. Molecular diffusion

Molecular diffusion characterizes generally the diffusion mode in large size pores. The probability
of collisions between gas molecules and pores is very small (Kn<1) and the collisions between gas
molecules are significant.
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According to Bird et al. (1960), the molecular diffusion D, in irregular pore geometries can be

expressed as a function of the tortuosity factor.

D
D :Tm (3.11)

where D,, is the molecular diffusivity in gaseous systems (m2.s™).

3.2.2.4. Surface diffusion

The surface diffusion is the most complex transport mechanism occurring in porous materials, as
shown in Figure 3.2. Its contribution is especially significant for high surface area adsorbents and
at large extents of surface coverage by the adsorbate molecules. Surface diffusion corresponds to
the motion of adsorbed molecules jumping from one adsorption site to another vacant site.
Therefore, surface diffusion is positively correlated to the surface concentration of adsorbate. As
the motion of adsorbed molecules requires thermal agitation, surface diffusion is enhanced by
temperature increase. The temperature influence can be described by the Arrhenius law and is
represented by an exponential factor depending on the temperature reverse and on the activation
energy exp(-E4/RT) (Do, 1998) where E, (J.mol™!) is the activation energy.
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Figure 3.2: Surface diffusion by hopping or jumping to a vacant site, adapted from Tromp (2003).

Darken (1948) studied the diffusion of ions in metallic systems and proposed that the driving force
controlling surface diffusion is the gradient of the Gibbs chemical potential du/dx where u is the
chemical potential of the adsorbed phase. If the adsorbed phase and gas phase are in equilibrium,
the chemical potentials of these two phases are the same. Assuming the gas as ideal, the gradient
of chemical potential can then be expressed as:
du dinp
de  ~ dx
where R is the ideal gas constant (8.31 J.mol'.K™!), T is the temperature (K) and p is the pressure
(bar).
The surface diffusivity is so derived:

(3.12)
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B dlnp
s — Ys0 alnq

where Dy, is the diffusivity at zero coverage (m?.s™).

D (3.13)

For instance, if the adsorption isotherm follows the Langmuir relationship, Equation 3.13 becomes

1
Ds = Dso —3 (3.14)

do
Higashi et al. (1963) used a hopping or the Higashi Ito Oishi (HIO) model, to explain the surface

diffusion in which adsorbed molecules migrates from one site to another by hopping movements.
According to this model, the number of jumps of adsorbed molecules is proportional to 1/1-6,
where 6 is the surface coverage and the diffusivity is derived:

DsO
1-86
which is equivalent to Equation 3.13 if Langmuir model is assumed.

D, = (3.15)

However, the HIO model predicts an infinite surface diffusion at full coverage which is not the
reality. The working range of HIO model or Darken model using Langmuir adsorption isotherm
relation is that monolayer is not formed. Yang et al. (1973) modified the HIO model by applying
a consolidating second-layer adsorption. In their theory, the average jumps are no longer calculated
and the diffusivity Dy (m?%.s™!) is calculated:

DsO

D. =
s (1-6)+86 [:_18—(AE1—AE2)/RT]
2

(3.16)

where v; and v, are the vibration frequency of the vacant site and occupied site respectively, and
AE, — AE, represents the difference in the heats of adsorption between the first and the second
layer.

Suzuki and Fujii suggested a surface diffusion model considering the influence of the surface
concentration (Suzuki and Fujii, 1982):

Ds = Dgo(agq)™ (3.17)
Qs = —Qoln(aq) (3.18)
1
=71 1 (3.19)
KC T kcim

where a (kg.mol!) is an experimentally fitted parameter for the isosteric heat of adsorption Qs
(J.mol™), ¢ is the adsorbed quantity (mol.kg™'). The value of k, K and n are determined by
experimental equilibrium data fitting. C is gas phase concentration (mol.m™).

Chen and Yang (1991) proposed a surface diffusion model in which the diffusivity is also
dependent on the surface coverage. Rate constants related to the process of adsorption site blockage
and to forward migration of the adsorbed molecules were introduced so that the surface diffusivity
could be expressed as:
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p, 1-0+(5e@-0)+mHa-nia-n(5)e
Dy (1-6+16/2)2
Where the parameter A is the ratio of the rate constants for blockage and for forward migration, and
H(1-4) is the Heaviside step function.
In addition to surface diffusion, diffusion in the pores results from two other phenomena, molecular
diffusion and Knudsen diffusion. In order to measure the surface diffusivity, the mass transfer
mechanisms need to be decoupled. In an attempt to measure the pore diffusivity without the
contribution of the surface diffusion, kinetics can be investigated at high temperature, in conditions
such that the surface coverage is very low thus the surface diffusion can be neglected. However,

the temperature influence on the diffusion coefficients need to be taken into account (Butt and Reed,
1971; Ruthven, 1984; Schneider and Smith, 1968).

(3.20)

3.2.2.5. Constitutive flux in pores

The constitutive flux in the pores of the adsorbent material should account for a pore diffusion
contribution due to molecular and Knudsen mechanisms, and for the surface diffusion contribution
in the adsorbed phase, as illustrated in Figure 3.3. This constitutive flux is calculated by

——ep, % (1 - o)pp. 21 (3.21)
J = —eDy ar EP%s oy '
where J is the diffusion flux (mol.m2.s), ¢ is internal particle porosity, D, is the pore diffusivity
(m?.s") and D is the surface diffusivity (m?.s™), p is the bulk density of the adsorbent (kg.m™), C

is the bulk gas concentration (mol.m™) and ¢ is the adsorbate concentration (mol.kg™).

— Gas phase diffusion

+ ¥ Mass exchange between two phases
— Surface diffusion

Figure 3.3: Scheme of the gas phase and surface diffusion in pores.

3.2.3. Linear Driving Force model

The different mechanisms of diffusion with different parameters which are difficult to be measured
experimentally make it nearly impossible to construct a mathematical model to describe the
diffusion. Therefore, the linear driving force (LDF) model was developed by Glueckauf (1955a)
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which describes the mass transfer at the adsorbent particle scale by a linear relationship in order to
simplify the calculations.
The LDF model was firstly used to model the adsorbed quantity of one adsorbent particle in
chromatographic studies (Glueckauf and Coates, 1947) and the proposed relationship is as
following:
0q _ Dsf
at 2
where ©>1 and depends on the shape of the particle. This linear relationship implies that the
temporal variation of mean adsorbed concentration is proportional to the difference of the bulk
concentration and the mean adsorbed concentration in the particle. ©=14 has been first
recommended for Equation 3.22 by Glueckauf (1955b).
Glueckauf (1955a) demonstrated that this relation can be theoretically deduced from the equation

(-9 (3.22)

of diffusion for a spherical adsorbent particle surrounded by a continuously increasing pressure
environment. The equation of diffusion, according to the second law of Fick, is expressed as:

a—qzli<r2Da—q) 0<r<rm (3.23)

ot r2or or - p '
where D (m?.s) is the diffusivity, g is the quantity of adsorbed gas (mol.kg™), # (s) is the time,
(m) is the distance from the centre of the adsorbent, and 7, the radius of the adsorbent particle.
An analytical solution can be given for a steady-state external condition where the following initial
and boundary conditions are used:

q(0,7) = 0;q(t, ) = g% q(t,0) = qo; (3.24)

where ¢qo is the constant bulk gas concentration. The solution is given in the following form
(Carslaw and Jaeger, 1959):

_ . 6 1 , Dt
q=0qo+(q" —qo) 1—;2;&;1 —(nm) =2 (3.25)

p
n=1

Instead of a constant external condition, Glueckauf (1955a) supposed a succession of pressure steps
to simulate a discrete pressure increase. The boundary condition becomes: g =g; for #.1<t<t; with

i>0. If dimensionless time variable e#=Dt/r,* is considered, Equation 3.24 develops to:

6~ 1
q=q0+(q1—q0) {1 - Fz ﬁexp[—(nﬂ)zdt - 0)]}

n=1

6 v 1
+(q2 — q1) {1 - ;Z ;exp[—(mr)ze(t - tl)]} (3.26)

n=1

6 1
+(q3 — q2) {1 - FZ ﬁexp[—(mr)ze(t - tz)]} +

n=1
If the pressure varies not in step but continuously, Equation 3.26 becomes

6 [Tfrdgy o 1 ,
4=q" —= (d—) Z—Zexp[—(nn) e(t —1)]dr (3.27)
w2 Jomg \dt/z Lum
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By deriving Equation 3.27 by time, then

dg =t dq\

2 _ 6f (_q) z exp[—(nm)%e(t — 1)]dt (3.28)

det r=o \dt vl
If conditions remain near equilibrium, which implies that e is large, integration by parts of
Equation 3.27 and 3.28 gives:

qogq-ofd , _da 3.29
1= 97 12\ 2 det 2 m4d(et)?” 3 (3.29)
dg dq d*q
— =6{—A - — 3.30
det 6 {nzdet A m4d(et)? Az + (3.30)

where

< = exp(—n?m2et)
Z—Z—z T (3.31)
i=1 i=1

From Equation 3.29 and 3.30, it can be derived that:

dg , 6 dg 6 d%qg
— = —A S
det " @ -0+ 2 det 2) = m* d(et)?

If the dimensionless time ¢£>0.1, the value of 4; —Al+ 1 closely approaches

o1
A — A‘“_anl zm (3.33)
i=1
Then Equation 3.32 can be written in the followmg form:
dg ) w2\ dgq 1 2m?\ d?%q
— = e+ 1l =) —— = —+ - 3.34
dgec @D < 15) det  \15 315 d(er)? (339

By neglecting high order terms and replacing dg/det by dg/det for thermodynamic equilibrium,
Equation 3.34 can be simplified as

(A, — A3) + - (3.32)

dg
—=1 *—a 3.35
il Clia') (3.35)
which gives the solution
q =1 15D t 3.36
P exp 2 (3.36)

It can be observed that Equation 3.36 is similar to Equation 3.22 with Q=15. The coefficient 15D/R?
is otherwise called global transfer coefficient k; in LDF model.

It should be noticed that for LDF derivation, assumptions such as quasi-equilibrium system and
dimensionless time ¢£>0.1 have been set. Therefore, the applicability of Equation 3.36 requires
these two conditions which is not always the case in reality.
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3.3. Adsorption kinetics measurement

3.3.1. Transport diffusivity measurement techniques

The classical method of measuring internal or macropore diffusivities is Wicke-Kallenbach method
(Wicke and Kallenbach, 1941), as illustrated in Figure 3.4.

1“"8’ T(A-B)

-

Well Mixed Porous
Gas Pelle!

Ta ja-s
Figure 3.4: The principle of Wicke-Kallenbach apparatus for internal diffusivity measurement (Ruthven, 1984).

By knowing the thickness of the pellet and the concentrations and flow rate of both streams, the
fluxes in both directions and hence the effective diffusivity can be calculated. The advantage of
using this method is that it depends on a steady-state measurement and it is not affected by finite
heat transfer (Ruthven, 1984). However, for micropore diffusivity calculation, this method requires
a single crystal with a regular large size which is not applicable in this study.

Inverse chromatography is an alternative way to study sorption kinetics from the dynamic response
of a packed column to a change in adsorbate concentration. It can be applied for both macropore
and micropore diffusivity measurements. However, it is difficult to separate the effect of diffusion
and axial dispersion by involving one experiment (Ruthven, 1984).

Zero length column (ZLC) is introduced by Eic and Ruthven (1988) to measure diffusivities of
hydrocarbons in zeolites. This method uses an inert gas purge flow passing through a thin layer of
adsorbent already charged with adsorbate. By changing effluent flow concentration, the diffusivity
can be computed using the solution of diffusion equation (Equation 3.25).

Otherwise, with uptake rate measurement, the diffusivities of adsorbate in porous solids can be
determined. The fractional uptake curve can be approached by the solution of the diffusion equation.
However, it is sometimes difficult to find experimental conditions such that the uptake rate is
controlled by internal diffusion rather than by heat transfer or other external resistances to mass
transfer (Ruthven, 1984).

In this work, the hydrogen diffusivity in MOF and carbon-MOF composite adsorbents is measured
by applying uptake rate measurement with the PCT Pro volumetric apparatus (see Section 2.3.2).
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3.3.2. Experiment description and calculation method

Hydrogen adsorption kinetics were investigated on the panel of materials synthesized in this study,
by using volumetric measurement apparatus described in Section 2.3.2. Three MIL-101(Cr) and
doped MIL-101(Cr) samples were chosen to perform the kinetics analyses, namely:
e MIL-101(Cr) synthesized using acetic acid, noted as MIL-101(Cr)-a
e MIL-101(Cr) synthesized using sodium acetate, noted as MIL-101(Cr)-b
e 5 wt% activated carbon doped MIL-101(Cr) synthesized using acetic acid, noted as AC-
MIL-101(Cr)-b
MOF-5 was also taken as a reference material to be tested for comparison with kinetics data
reported in the literature (Saha et al., 2009).
The adsorption kinetics were measured for a pressure variation between a primary vacuum up to
0.2, 0.5, 1 and 5 bar respectively. The reasons of choosing this panel of pressure are: (i) the low
pressure transducer can be used for pressure measurements, which have a higher resolution than
the high pressure transducer; (ii) the kinetic studies are for the purpose of measuring uptakes under
a constant pressure and temperature. Hence, the volume of the reservoir should be large compared
to sample cell and be able to store a big amount of hydrogen for experiments (>> hydrogen
adsorbed). Therefore, if high pressure experiments are carried out, which means that a large
quantity of hydrogen at room temperature will be inserted into the sample cell and will cause a
significant temperature rise and produce difficulties for data interpretations.
The adsorbents were loaded into the sample cell and outgassed at 393 K under vacuum for 72 hours
to remove any pre-adsorbed gases and solvents.
After preliminary determination of the dead volumes according to the methods described in Section
2.3.1.1, the procedure applied to carry out the kinetic experiments is as following:
e The hydrogen reservoir is kept at constant temperature 28°C (301 K) and the sample cell is
at cryogenic temperature (temperature of liquid nitrogen, 77 K)
e The sample cell and the reservoir are initially closed to each other and pumped under
primary vacuum.
e The reservoir is then filled with necessary amount of gas to reach a pre-set value for its
initial pressure.
e Thereservoir and the sample cell are afterwards connected to each other so that the reservoir
is depressurized and the gas is flowing to the sample cell.
e The pressure and the temperature of the system are measured all along the experiment
which was conducted over a total duration defined by the operator.
Since the reservoir is not fed with extra gas, the mass balance equations to be used for the
determination of the adsorbed quantities with time need to be adapted from those established for
equilibrium data measurement.

Using the equation of state of hydrogen, the initial mass prepared in the reservoir is:

mt,. = prVrMHz (3.37)
Mo " RT,Zy,(pr Ty '
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At one instant ¢ after the beginning of the measurement, the mass of gas in bulk can be calculated
using double imaginary method presented in the previous chapter and the mass of hydrogen
adsorbed in excess mgg can be derived:
a % p(t)MHZ V;;p (Vdown - Vsk)
mgg(t) = my, —
R |T:Zu,(p(®),T)  TsZu,(p(©),Ts)

(3.38)

3.3.3. Experimental kinetics curves of hydrogen adsorption

Hydrogen adsorption kinetics curves describe the variation of the fractional uptake g/qo (qo is the
adsorbed quantity at equilibrium) with time as soon as the reservoir and the sample cell were open
to each other until equilibrium was established. The uptake fraction gives the ratio of the adsorbed
amount in excess over the equilibrium value, corresponding to the conditions of the final reached
pressure in the system and to the temperature of liquid nitrogen. This dimensionless variable is
helpful to compare the kinetics curves measured at a different pressure (Do, 1998; Ruthven, 1984).
The hydrogen kinetic adsorption curves and temperature profiles measured during the experiments
conducted at the different pressures on MOF-5 sample are presented in Figure 3.5.
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Figure 3.5: Adsorption kinetics of hydrogen in MOF-5 measured at 77 K and 0.2 (blue cubes), 0.5 (red cubes), 1 (grey
cubes), 2 (vellow cubes), 5 bar (green cubes) respectively. On the left is the fractional uptake profile as a function of
time, on the right is the temperature profile as a function of time.

It can be easily observed that at low final equilibrium pressure such as at 0.2 and 0.5 bar the
temperature slightly varies around 77 K. As the pressure increases, the temperature variations
become more and more significant and in experiment carried out at 5 bar, the maximal temperature
peak is about 10 K. The temperature of the sample cell is measured by using a thermocouple located
at the outside wall surface of the sample cell. Therefore, the measured temperature reflects the
effects of the adsorbent heating up, caused by the exothermic adsorption process and also by the
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introduction of hydrogen initially at the reservoir temperature (28°C), the inertia of the wall
material of the sample cell, and the cooling by liquid nitrogen. Note that the wall thickness of the
sample cell prevents immediate detection of temperature change inside the sample cell. There is
always a delay of time for temperature measurement and heat dissipation by the surrounding of the
sample cell.

Regarding the fractional uptake profile, it can be observed that until 2 bar, a higher pressure implies
a faster adsorption rate. However, at 5 bar, a longer time is required to achieve equilibrium than at
2 bar. This exception can be explained by a temperature effect. At 5 bar, the temperature rise is
higher than at 2 bar and the time required to cool the sample until the equilibrium temperature of
77 K is also longer. The slow temperature decrease when the concentration of the adsorbed
hydrogen is close to the equilibrium is then likely to have a limiting effect on the adsorption rate.
The hydrogen adsorption kinetic curves measured in the different pressure conditions at 77 K are
compared for the different materials in Figure 3.6.
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Figure 3.6: Adsorption kinetics measured at 0.2 bar (top left), 0.5 bar (top right), 1 bar (bottom left) and 5 bar (bottom
right), respectively. MOF-5 (yellow cubes), MIL-101(Cr)-a (blue cubes), MIL-101(Cr)-b (red cubes) and AC-MIL-
101(Cr)-b (grey cubes).
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From the results shown above, it can be observed that the adsorption rate on MOF-5 is significantly
faster than on MIL-101(Cr) based materials. In addition, the kinetics curves measured for all the
three different MIL-101(Cr)s appear to be very close to each other, even quite superimposed,
whatever the maximal pressure condition applied. Thus, at 0.5 bar, the equilibrium is reached onto
MIL-101(Cr) materials after 100 seconds, while it needs only 30 seconds onto MOF-5. The
observed deviation in the adsorption rates between the two types of crystalline structures decreases
when the pressure increases: at 1 bar, it takes 80 seconds to reach equilibrium with MIL-101(Cr)
and 20 seconds with MOF-5, and at 5 bar 60 seconds and 40 seconds, respectively.

Regarding the pressure effect, it can be observed that higher pressure usually implies faster
adsorption rates. This is true for all the tested materials except MOF-5, for which at 5 bar, a longer
adsorption rate is required to achieve equilibrium than at 2 bar, as previously noticed.

The obtained results are compared with literature (Bimbo et al., 2015; Saha et al., 2009) and this
comparison is illustrated in Figure 3.7.
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Figure 3.7: Kinetic results compared with literature. On the left, the comparison of hydrogen uptake kinetic is
illustrated for MOF-5, with black cubes for data obtained from the literature (Saha et al., 2009) and blue cubes for
data obtained from this work (MOF-5 at 1 bar). On the right, the comparison of hydrogen uptake kinetic is illustrated
for pristine MIL-101(Cr) adsorbent, with black cubes for data obtained from the literature (Bimbo et al., 2015) and
blue cubes for data obtained from this work (MIL-101(Cr)-a at 5 bar).

Good agreements can be observed from the comparison of kinetic data from this study and literature.
From Figure 3.7, differences can be noticed for kinetic curves obtained in this study and the
literature (Saha et al., 2009) which might be produced by the different experiment condition
(temperature change, pressure applied, adsorbent used). In the study of Saha et al., a volumetric
apparatus Micromeritics ASAP 2020 was used. For MIL-101(Cr), the kinetic curves obtained from
two studies are very similar while it should remark that the pressure applied by Bimbo ez al. (2015)
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is 1.11 MPa (11.1 bar) which is different from the experimental conditions used in this work
(kinetic curve presented measured at 5 bar).

3.4. Hydrogen adsorption kinetics fitting by Linear Driving Force model

The experimental hydrogen adsorption kinetics curves are attempted to be described according to
the Linear Driving Force (LDF) model, presented in Section 3.2.3.

According to Equation 3.36, if the hydrogen adsorption kinetics follows the LDF model, then a
plot of In(1-g/q") versus ¢ should be linear passing through origin with slope 15D/r,?. This is
illustrated in Figure 3.8.
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Figure 3.8: -In(1-q/q") versus t of MIL-101(Cr)-a (left) and MOF-5 (right). Results of different pressures are presented:
0.2 bar (blue), 0.5 bar (orange), 1 bar (grey) and 5 bar (vellow).

It can be observed from Figure 3.8 that good linear relations are shown for kinetic results at 0.2 bar
and 0.5 bar which have a high R? value. Therefore, at low pressure, i.e. 0.2 and 0.5 bar, the LDF
model fits well the experimental kinetics data obtained for MIL-101(Cr) type materials, but
substantial discrepancies are observed at higher pressure, especially for the experiment carried out
for MOF-5 at 5 bar, an offset can be observed. Such offset is due to the high adsorption rate at the
beginning of the kinetic uptake measurement (see Figure 3.5). Disagreement between experimental
and theoretical data can be attributed to the non-validity of the LDF assumptions in conditions
which are too far from the thermodynamical pseudo-equilibrium between the bulk gas and the
adsorbed phase. Thus, when the pressure is close or above the atmosphere, the adsorbate
concentration increase to reach equilibrium becomes large, so that the thermodynamical pseudo-
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equilibrium assumption cannot be applied for large pressure steps. Hence, the LDF model can
better fit results of adsorption kinetics measured at 0.2 and 0.5 bar for the adsorbents.

Moreover, according to Glueckauf (1955a), the LDF model is applicable for the dimensionless
time variable e>0.1, which implies that the data used for diffusivity calculations need to be well
chosen, but not from =0. A more practical method for choosing kinetic data proposed by Ruthven
(1984) to use the analytical solution of diffusion equation is to determine the fractional uptakes
greater than 70%. Under this condition, the analytical solution of the diffusion equation becomes
to a similar form of LDF model with a slight difference of coefficient.

The method of least squares is used in order to determine the optimal value of effective diffusion
coefficient which minimizes the residuals between experimental and theoretical curves.

The kinetics curves of MIL-101(Cr) type materials are nearly the same, the comparison between
the modelling and experimental results is reported in Figure 3.9 for MIL-101(Cr)-a only and the
comparison between modelling and experimental results of MOF-5 is presented in Figure 3.10.
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Figure 3.9: Experimental curves of hydrogen adsorption kinetics (black cubes) of MIL-101(Cr)-a at 0.2 bar (left), 0.5
bar (right) fitted by LDF model (black lines).
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Figure 3.10: Experimental curves of hydrogen adsorption kinetics (black cubes) of MOF-5 at 0.2 bar (left), 0.5 bar
(right) fitted by LDF model (black lines).

The effective diffusivities derived from the modelling of the kinetics adsorption curves by the LDF
approximation in the low pressure range are specified in Table 3.2.

Table 3.2: Diffusivities modelled at different pressures by the LDF approximation for MIL-101(Cr)-a, MIL-101(Cr)-

b, AC-MIL-101(Cr)-b and MOF-5 samples. To calculate the diffusivity of hydrogen in MOF-5, the crystal size

measured in literature (Saha et al., 2009) is used (200 um). Diffusivities are presented in m*.s™.

Pressure applied/(bar) | MIL-101(Cr)-a | MIL-101(Cr)-b | AC-MIL-101(Cr)-b | MOF-5
0.2 2.9x10°" 0.4x10°"7 0.6x10°"7 2.5x1071°
0.5 6.1x10""7 1.1x10°" 1.8x10°"7 4.7x10°1°

The results of experiments show that high pressure makes the adsorption kinetics faster, hence, the
diffusivities calculated by applying the LDF model from experimental results grow with the applied
pressure. The order -17 makes the computed diffusivities moderate. However, the diffusivities are
computed using data measured at the cryogenic condition. Knowing that the diffusivity is
temperature dependent according to an Arrhenius relationship (exp(-E«/RT) where E, is the
activation energy), the diffusivities computed here only reflect the hydrogen diffusion rate at 77 K
in these adsorbents.

3.5. The necessity of numerical modelling of hydrogen adsorption kinetics

As the LDF model cannot well be representative of the adsorption kinetics measured in pressure
conditions above the atmosphere, a more appropriate model should be established in order to
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compute the effective hydrogen diffusivity of hydrogen on MIL-101(Cr) materials and its doped
counterparts. Such a model can be derived from the numerical solving of the transient mass balance
equation, considering more realistic boundary conditions.

The different influences in a batch system on diffusion is presented (Ruthven, 1984), namely, effect
of finite system volume, integral step-variable diffusivity, macropore diffusion and temperature
changes due to heat transfer. Concretely in this study, the difficulties related to the application of a
numerical method to solve of the transient mass balance equation are listed:

e The gas pressure is not constant during the kinetics experiment, which is contradictory with
the assumptions of the LDF model. At the beginning of the experiment, the expansion of
the gas from the reservoir is not spontaneously completed and a pressure drop can be
observed through the valve.

e The temperature of the bulk gas and that of the adsorbent sample are initially different as
the reservoir is kept at a constant temperature of 28 °C, whereas the sample cell is immersed
in liquid nitrogen at cryogenic temperature (77 K). Therefore, at the opening of the valve,
the gas flow entering the sample cell may cause a temperature rise.

e Response times of the different pressure and temperature transducers are different and may
introduce a time delay in the collected data.

e The adsorption process being exothermal, the heat release may induce temperature
increases of the adsorbent sample.

3.6. Elaboration of diffusion models

Pore and surface diffusion are concurrently engaged in the hydrogen adsorption process taking
place in MIL-101(Cr) type materials.

MIL-101(Cr) adsorbent structures are mesoporous with two pore diameters of 26 and 31 A
according to the result of Section 1.4.4.4. However, the apertures of the pores are much smaller,
and it reduces to 12, 14.5 or 16 A (Lebedev et al., 2005) which is at the micropore level. It is
reported that for microporous adsorbent, surface diffusion accounts for over 50% of the total
diffusion (Butt and Reed, 1971; Schneider and Smith, 1968) at room temperature. Surface diffusion
is also considered to be the major contribution in the hydrogen diffusion in alumina silica (Lange
et al., 1995) which possesses mesopores, similar to MIL-101(Cr) for the pore size. Moreover, the
surface diffusion is often considered as predominant in large surface area adsorbents, and at low
temperature due to large adsorbed quantities (Do, 1998). Hence, it is reasonable to consider that
the hydrogen adsorption process on MIL-101(Cr) type materials occurring at a cryogenic
temperature is mainly controlled by the surface diffusion. This assumption is so retained in order
to simplify the expression of the diffusion flux presented in Equation 3.21.

dq

= —_ 3.39
] st ar ( )
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3.7. Non-isothermal adsorption approach for hydrogen adsorption kinetics
modelling

In a first attempt, the diffusion model was derived by taking into consideration the heat of
adsorption, which implies a non-isothermal adsorption model.

3.7.1. Hypotheses and equation system for non-isothermal adsorption model

The non-isothermal adsorption model was applied by retaining the following assumptions:

e The adsorbent particle is considered to be spherical and homogeneous, which means all
particles have the same physical and chemical properties so that there is no preferential axis
of gas diffusion.

e Hydrogen is considered to be an ideal gas. Despite the effects of its spin at low temperature,
its compressibility factor Z is very close to unity and varies by less than 3 % up to 20 bar.
The chemical potential of hydrogen at 77 K is so very close to the one of an ideal gas (see
Figure 3.11).

-500

Figure 3.11: Compressibility factor of hydrogen (left) and chemical potential comparison between hydrogen and an

ideal gas (right). Data adapted from Lemmon et al. (2010).

Diffusion at the external surface of the adsorbent particles is supposed to be spontaneously

completed, meaning that the external gas film resistance is assumed as negligible.
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e The concentration of the adsorbate at the external particle surface is the one at the
equilibrium with the bulk gas. It is calculated by the Langmuir isotherm model while the
affinity constant is temperature-dependent.

e Surface diffusion is considered as the single diffusion process within the particle and this
diffusion is governed by the difference of chemical potential in adsorbed phase, which
corresponds to Darken’s theory.

e The pressure is considered as constant as well as hydrogen bulk concentration throughout
the adsorption process.

e The heat of adsorption is assumed to be constant whatever the stage of coverage.

e Heat conduction within the particle is far much faster than heat dissipation at the particle
surface, according to Ruthven (1984). Hence, the temperature in the particle is considered
to be homogeneous.

As the pressures applied for kinetic measurements do not exceed the saturation pressure which
corresponds to the completion of the monolayer in Langmuir isotherm model, Darken’s diffusion
model (which is equivalent to HIO model) is applicable in this case.

3.7.2. Mass conservation and energy conservation

3.7.2.1. Mass conservation equation

Knowing that the diffusion in pores is governed by surface diffusion and by admitting that the
surface diffusion is generated by difference of chemical potential using Darken’s theory, the
surface diffusion flux in pores can be then derived by combining Equation 3.13 and 3.39:
dq dlnp dq
J==pDsz2=—p 50 3Ing ar
The mass balance equation is obtained by introducing this flux into the diffusion equation
(Equation 3.23), then:

(3.40)

dg 10, Olnpdq
= (r?p—— 3.41
ot rZor (T 50 3Ing 6r> G4
where the surface diffusivity coefficient Do depends on temperature:
. E E Ty
Dso = Dggexp (— ﬁ) = Ddyexp <ﬁ (1 - ?>> (3.42)

where
e D is the surface diffusivity at zero coverage and infinite temperature (m?>.s™)
e DY is the surface diffusivity at zero coverage and reference temperature (m2.s™)
o T)is areference temperature (K).
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3.7.2.2. Heat balance equation:

It is assumed that the temperature in the particle is homogeneous and the heat is exchanged by

natural convection with the surroundings at the external surface of the adsorbent particle. Hence,
the heat balance equation can be written as:

dT d{(q) ayhs

(Cp> d_t - Q d_t - D

(T-T,) (3.43)

where
e (Cp) is the mean heat capacity of the adsorbent (J.K™ kg™)

e (q) is the mean adsorption concentration (mol.kg™)
e ai=3/r, (m") is the surface area per unit of volume of the spherical particle of radius 7, (m)
e /yis the heat transfer coefficient per unit surface area (W.m2.K!)
e Qis the heat of adsorption (J.mol ™)
e T} is the bulk phase temperature (K)
The calculation of (g) involves the integration of adsorbed concentration in all parts of adsorbent
particle:

3 (™ 5
(q) = = 3f r<qdr (3.44)
r Jo

3.7.3. Boundary and initial conditions:

As the adsorbent particle is supposed to be spherical and homogeneous without preferential
diffusion axis, the symmetry of the particle imposes that in the centre, the first order spatial

derivation of adsorbed phase concentration is null, which is a Neumann type boundary condition:

dq
r=0 —=0 (3.45)
or

The external surface of the adsorbent particle is supposed to be in equilibrium with the bulk gas,
the concentration distribution is then determined according to the Langmuir isotherm model. Hence,
a Dirichlet boundary condition can be used:

=t G = fnT) = Gl (3.46)
1+ b(T)py
and the affinity coefficient b (Pa™') is related to the temperature according to the following equation:
b(T) = byexp <i (1 - 5)) (3.47)
RT T
where
e by is Langmuir affinity constant at reference temperature (bar™!)
Initial conditions are set like following:
t=09g=q;=0,T=T; (3.48)
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3.7.4. Dimensionless forms of the mass and the energy balance equations

The equation system with boundary and initial conditions are changed into a dimensionless one for
mathematical simplification. The dimensionless variable of time, distance, concentration and
temperatures are defined in Table 3.3 (Do, 1998):

Table 3.3: Dimensionless variables in non-isothermal adsorption equation system.

. . . DSt
dimensionless time T=—
K
T
dimensionless distance n=—
K
. . . q—q;
dimensionless concentration y=
ap — 4i
T - TO
0= T,
: . T, =Ty
dimensionless temperature 0, = 7
0
Ti =T
6=~
The additional dimensionless parameters are also deﬁned'
0) = [ ( )] 3.49
() = exp V(15 (3.49)
where y, = E,/RT,.
alnp Ai A Ai -
_ 1— [ + ( _ ) ]} (3.50)
HO) = 3ing { 1+4 1+, 1+4/)7
is obtained by introducing Langmuir isotherm, where A; = bp; and 4;, = bp,,.
Q(gp — qi)
p=—ri— (3.51)
<Cp)TO
agher,?
LeBi = —LF (3.52)
SO(CP>

The dimensionless number LeBi is related to the heat transfer process and will be further discussed
in later section.

The dimensionless system of mass and heat balance equation is then derived.
dy 10
—-— 3.53
2 o e )] 65
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0 d
= 5ﬂ—L Bi(6 — 6,) (3.54)

where for the spherical coordinate system:

1
(y) = 3f n?ydn (3.55)

0

The boundary conditions become
=0; 9 _ 0 3.56
/100¢(9) _ AO
o 1+ 2,9(0) 144

n=Ly=—"75" o (3.57)

1+, 1+47,

where Ao, = bopy, A9 = byp; and
0
$(6) = eXp[ (RTO) (1 9)] G-38)

The dimensionless initial condition is:

T=0y=00=6; (3.59)
Considering the symmetry of adsorbent particle, it is more convenient to rewritten in terms of u =
n? where u is defined from 0 to 1 (Villadsen and Michelsen, 1978).
Equation 3.53 is rewritten in the following form:

ay OH 0y oy d%y
=4 69H — + 4uH —= (3.60)
PR e MR MR e
with the boundary condition:
Aood)(e) _ AO
1+41
u=1;y= 1+ 1,9(8) 0 (3.61)
Ao 7,

1+, 1+41,

3.7.5. Method for the resolution of the differential equation

The partial differential equation (PDE) system does not have an analytical solution but only a
numerical one can be achieved. For spatial differential equation, its resolution can be computed by
applying the collocation method. This method is developed by Frazer et al. (1937) in order to solve
PDE system by reducing the number of dimensions to be able to solve an ordinary differential
equation (ODE) system via algorithms such as Runge-Kutta method.

In this method, a set of points is chosen within the domain of the variable () which are called
collocation points. In segments separated by collocation points, basis functions are defined, for
instance, Lagrange interpolation polynomials (/;) and the numerical solution of the differential
equation is a linear combination of these basis functions. The coefficients of this linear combination
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are deduced by minimizing the difference (residual) between exact solution and approximate
solution.
Villadsen and Michelsen (1978) found that the residual can be minimized when choosing the

collocation points as the zeros of Jacobi polynomial PA(IX B (x) where N stands for the order of the

polynomial. This polynomial is orthogonal on [-1, 1] and @ and f are coefficients defined
according to Szegd (1939):

1
f PP (PP () (1 — x)%xF dx = & (3.62)
-1

For a spherical adsorption system, @ = 1 and § = 0.5 have been proposed by Do (1998) in order
to facilitate of mean concentration calculations (Equation 3.55).

In this study, the exact solution of the PDE system is approximated by a sum of basis functions
(Lagrange interpolation polynomials).

The zeros of Lagrange interpolation polynomial u; are located at the roots of Jacobi polynomial of
N+1 degree Pl\gif ) (u) since it needs to take account of the boundary (u=1).

It needs to be noticed that the average dimensionless concentration, (y), is expressed by the sum
of dimensionless concentration at each collocation points (including the boundary one) times the
Radau quadrature weight:

N
(y) = Z Wiy + Wyi1YN+1 (3.63)
i=1

with a vector w = (wy,w; ...wy41)T of N+1 dimension which is the Radau quadrature weight
defined as

1
w; = f Lw(@ —w)*uf du (3.64)
0

li(u) 1s the Lagrange interpolation polynomial.
Replacing y, the exact solution by a linear combination of Lagrange interpolation polynomials, the
equation system becomes to an ODE with dimensionless time variable t. The resolution of this
equation involves the explicit Runge-Kutta method with a moderate accuracy but with rapidness
(Ascher and Petzold, 1998; Shampine, 1994).

3.7.6. Parameter sensitivity analysis

A sensitivity analysis was carried out on the two parameters which need to be fitted, namely the
dimensionless LeBi number, dependent on the heat transfer coefficient, as well as the reference
diffusivity D3,.

3.7.6.1. dimensionless number LeBi

LeBi number has been previously defined in Equation 3.52, and it can be rewritten in the following
form:
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(3.65)

)
~

(Cp
ath

The numerator can be seen as a characteristics time of diffusion. The denominator is the ratio
between the specific heat of the adsorbent and the heat dissipation at the particle surface. So the
LeBi number describes the competition between both the mass and the heat diffusion rates.

In order to test the sensibility of LeBi number, other parameters are set and presented in Table 3.4:

Table 3.4: Parameter setting for the test of the sensibility of LeBi number.

radius of particle 7,/(m) 1x10°¢
initial gas pressure p;/(bar) 0
bulk gas pressure ps/(bar) 5
initial temperature 7i/(K) 77
bulk gas temperature 75/(K) 77
reference temperature 7p/(K) 77
Langmuir affinity at reference temperature bg/(bar™) 0.3
maximum adsorption concentration go/(mol.kg™!) 25
diffusivity at reference temperature D%)/(m?.s™") 5x10712
heat of adsorption Q/(J.mol™") 4000
activation energy E,/(J.mol") 2000
heat capacity (C,)/(J.K ' kg™) 1000
bulk density of adsorbent particle p/(kg.m™) 200

The radius of the particle is set here for sensibility test which does not correspond to a certain test
material. The heat capacity of MIL-101(Cr) is unknown. However, it is known that specific heat
capacity is related to lattice dynamic properties. MOFs have similar structures and they are very
close to zeolites. The specific heat of MOFs such as MOF-5, Cu-BTC, MOF-177, efc. are reported
(Kloutse et al., 2015; Mu and Walton, 2011) and the specific heat for zeolites are also reported
(Hemingway and Robie, 1984), it is reasonable to use a specific heat 1000 J.K! kg with the same
magnitude with other MOFs and zeolites.

The variation in the hydrogen fractional uptakes and adsorbent sample temperatures simulated by
the non-isothermal adsorption model described above are shown in Figure 3.12, with LeBi number
varying from 1 to 10.
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Figure 3.12: Comparison of the effect of the LeBi number on the adsorption kinetics (a) fractional uptake and (b)
temperature profiles.

As shown in Figure 3.12 (a), the fractional uptake profile can be divided into two stages. During
the first stage, as the fractional uptake is below 0.4, the uptake rate is very high and is marked by
a rapid increase of fractional uptake as well as a temperature increase due to the adsorption
exothermicity (Figure 3.12 (b)). At this stage, the temperature increase promotes the diffusion. In
the second stage, the adsorption rate progressively slows down as equilibrium conditions are
approached and the temperature then decreases. The higher the LeBi number, the faster the heat
dissipation rate and so the temperature drop. At this stage, the temperature drop promotes the
uptake capacity of the adsorbent according to temperature dependent isotherm models. Hence, a
system with high LeBi number can first arrive at adsorption equilibrium.

3.7.6.2. Diffusivity D3,

The reference diffusivity DY, determines the adsorption kinetics. Accounting for the influence of
the temperature variations, it is interesting to test different scales of diffusivity as well. Excepted
DY,, which was varied from 101 to 10® m”.s™', all the other model parameters were unchanged,

whereas the dimensionless number LeBi was set to 10. The simulation results are shown in Figure
3.13.
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Figure 3.13: Adsorption kinetics simulated with different diffusivities vary from 10"? m?.s to 10 m’.s™!

By changing the diffusivity, the time scale for the accomplishment of adsorption varies
logarithmically and the forms of the curves are not greatly changed.

3.7.7. Model parameter fitting and simulation results

The optimization of the parameters such as the dimensionless LeBi number and the reference
diffusivity DY, are performed by minimizing the residuals between both the experimental and
theoretical curves representative to the fractional uptake profile. The method of the least squares is
applied for that purpose. The set of variables which are considered as known and so initially fixed
is specified in Table 3.5.
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Table 3.5: Parameter settings for non-isothermal adsorption kinetics modelling.

AC-MIL-101(Cr)-b MIL-101(Cr)-a MIL-101(Cr)-b
radius of particle 7,/(nm) 60 120 50
initial gas pressure p;/(bar) 0 0 0
bulk gas pressure p/(bar) 0.2/0.5/1/5 0.2/0.5/1/5 0.2/0.5/1/5
initial temperature 7;/(K) 77 77 77
bulk gas temperature 73/(K) 77 77 77
reference temperature 79/(K) 77 77 77
Langmuir affinity at reference 0.028 0.096 0.107
temperature by/(bar!)
max1m1%m adsorption _ 25.6 4.1 41.0
concentration go/(mol.kg™)
heat of adsorption Q/(kJ.mol™!) 4 4 4
activation energy E,/(kJ.mol ") 2 2 2
heat capacity (C,)/(J. K™ .kg™) 1000 1000 1000
bulk density p/(kg.m™) 190 200 190

It needs to be mentioned that the heat of adsorption is set to 4 kJ.mol! as this value is fixed during
adsorption isotherm measurements according to Schmitz (2008).The activation energy E, is set to
be half of the heat of adsorption (Delage et al., 2000; Giraudet et al., 2009).

From Figure 3.14 to Figure 3.17, the theoretical and experimental fractional uptake and temperature
as a function of time, as well as the computed radial profile of the adsorbed amount within the
spherical particle at collocation points are presented.
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Figure 3.14: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (a), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 0.2
bar. From left to right are adsorption kinetics profile (ay, by, c1), temperature profile (az, b,, ¢2) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively.
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Figure 3.15: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (a), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 0.5
bar. From left to right are adsorption kinetics profile (ay, by, c1), temperature profile (as, b,, ¢2) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively.
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Figure 3.16: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (a), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 1 bar.
From left to right are adsorption kinetics profile (a;, b, c1), temperature profile (a,, bz, c¢3) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively.
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Figure 3.17: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (a), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 5 bar.
From left to right are adsorption kinetics profile (a;, bi, c1), temperature profile (a,, bz, c¢3) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively.
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From Figure 3.14 to Figure 3.17, it can be observed that the theoretical uptake profiles match quite
well the experimental data, with a better agreement at the highest tested equilibrium pressure,
compared to LDF model.

The mismatch observed at the lowest pressure range between experimental and computed uptake
profiles may be attributed to the influence of the external surface diffusion resistance which may
be actually non negligible when the gas velocity during the sample cell filling is not so fast.

The influence of temperature on adsorptions can be observed from uptake curves, especially the
ones describing uptakes at collocation points. In fact, the boundary condition implies at the surface
of the adsorbent that the equilibrium is reached spontaneously and the adsorbed quantity at the
surface is computed by Langmuir isotherm model. As temperature increases, the Langmuir affinity
varies according to an Arrhenius relation. Hence, it can be observed that the concentration at the
surface decreases while temperature increases and it returns to the initial value when the
temperature drops to the initial temperature. Meanwhile, some deviations are also noted in the
temperature profiles, which are significant at 1 and 5 bar. The model then over-estimates the
temperature rise caused by adsorption exothermicity. Several explanations can be advanced for
these deviations: either the accumulation of heat in the adsorbent has been over-estimated because
the computed heat transfer coefficient is too low or the assumed heat of adsorption Q is too high.
It has also to be noted that the variation of heat transfer coefficient is not taken into consideration.
At the beginning of the experiments, the gas expansion from the reservoir with high velocity will
result in forced convection of heat which will further enhance the heat transfer coefficient.
Meanwhile, the variation of the heat of adsorption Q with the progressive adsorbent surface
coverage is not taken into consideration. Another reason that may explain the overestimation of the
temperature rising is related to the estimation of the average adsorbent specific heat capacity
considered as constant in the model, but which possibly increases with the adsorbed phase
concentration. Finally, it has to be reminded that the temperature is actually measured at the contact
of the external wall of the sample cell, and not directly within the material. So that dissipated heat
in the sample cell wall may also justify the over-estimation of the temperature rise by this model.
The parameters derived from the non-isothermal adsorption model fitting are reported in Table 3.6.

Table 3.6: Optimal parameters found by fitting the simulation results obtained via the non-isothermal adsorption
model with experimental data: LeBi number and reference diffusivity DY,

Parameter Dimensionless number LeBi Reference diffusivity Dso/
(107 m?.sh)
Equilibrium
pressure 0.2 0.5 1 5 0.2 0.5 1 5
/(bar)
MIL-101(Cr)-a 3.0 62 25 2.0 21 45 77 74
MIL-101(Cr)-b 2.2 3.5 3.6 1.9 0.4 0.8 1.4 1.4
AC-MIL-101(Cr)-b 33 6.0 3.6 1.8 0.7 1.3 1.9 2.0

By using LeBi number, heat transfer coefficients can be further computed and they are in a
magnitude of 102 W.m2.K"! which are still low compared to heat transfer coefficient of air in free
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convection condition. This might imply that the heat transfer is under-estimated during the
simulation.

The reference diffusivity data reported for the MIL-101(Cr) type material are in the range [107!7-
10*] m?.s!. The values tend to increase with the pressure, but variations become very small in the
highest tested pressure range, i.e. between 1 and 5 bar, when the data are also more confident.

In order to improve the model, it appears that external diffusion resistance should be taken into
consideration at low pressure. Moreover, a more detailed energy balance accounting for the
contribution of the sample cell and of the adsorbed phase on heat dissipation should be used. In
order to overcome the difficulties met to compute correctly the temperature profile, another
modelling approach is followed, relying on the imposed temperature conditions.

3.8. Imposed temperature adsorption model

According to this model, the adsorbent temperature profiles are no longer calculated, but
experimental data are used in order to take into account the thermal effect on the diffusion rates.
Moreover, an additional external diffusion resistance is taken into consideration in order to resolve
the problem of diffusion at low pressure.

3.8.1. Model assumptions

The assumptions are the same as the ones described previously in the non-isothermal adsorption
model in Section 3.7, except that the mass transfer process is then not only dominated by surface
diffusion, but also limited by a gas film resistance at the external surface of the particle kex (m.s™),
which is presented in Section 3.2.1.

3.8.2. Temperature data fitting

The experimental temperature profile is fitted by a skew Gaussian-type function as it results in the
best fit of the experimental temperature data, involving the adjustment of 4 parameters (ao, bo, co,

do):
t\ 1\°
T = ag + byexp| —0.5 (ln (—) —) (3.66)
Co/ do

3.8.3. Mass conservation equation

The mass balance equation to solve to describe the radial distribution of the adsorbed hydrogen
concentration within the internal volume of the adsorbent particle remains unchanged (Equation
3.41), but the boundary condition at the particle surface (r=r,) is modified in order to account for
the gas film transfer resistance.

b(T)pb < kex >
T =T, =qo————|1—exp|——t (3.67)
pi o = DT T, P\,
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The boundary condition at the particle centre (7=0) is unchanged, and the initial conditions also
remain the same.

3.8.4. Simulation results

The set of variables used to compute the uptake curves is given in Table 4.6. Both the external

mass transfer coefficient k. and the reference diffusivity DY are considered as parameters to be
fitted in order to minimize the residuals between experimental and computed uptake curves. The
simulation results are presented in Figure 3.18 to Figure 3.21.
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Figure 3.18: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (a), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 0.2
bar. From left to right are adsorption kinetics profile (a1, b, c1), temperature profile (az, b, c2) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively.
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Figure 3.19: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (a), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 0.5
bar. From left to right are adsorption kinetics profile (a,, by, c1), temperature profile (as, b,, ¢2) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively.
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Figure 3.20: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (@), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 1 bar.
From left to right are adsorption kinetics profile (a;, b, ci1), temperature profile (as, bs, c2) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively..
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Figure 3.21: Adsorption kinetics: experimental results (black cube) and numerical modelling results (black line) for
AC-MIL-101(Cr)-b (@), MIL-101(Cr)-a (b) and MIL-101(Cr)-b (c) respectively. Experiments are carried out at 5 bar.
From left to right are adsorption kinetics profile (a5, b, c1), temperature profile (as, bs, c2) and adsorption kinetics
profile modelled at different colocation points (as, bs, c3), respectively.

According to the imposed temperature model, the agreement obtained with the experimental curves
is very good and notably improved compared with the non-isothermal adsorption model.
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The values of both the two parameters, i.e. external mass transfer coefficient k.. and reference

diffusivity DY fitted with the imposed temperature adsorption model are reported in Table 3.7 and
Table 3.8, respectively.

Table 3.7: External mass transfer coefficients determined by the imposed temperature adsorption model.

Parameter External mass transfer coefficient k., /(107" m.s™)
Equilibrium pressure/(bar) 0.2 0.5 1 5
MIL-101(Cr)-a 0.2 0.5 1.2 3.5
MIL-101(Cr)-b 0.4 1.2 5.9 10.8
AC-MIL-101(Cr)-b 0.3 1.1 3.8 8.1
Mean 0.3 0.9 3.7 7.4
Standard deviation 0.1 0.4 2.6 3.7

Table 3.8: Reference diffusivity data determined by the imposed temperature adsorption model

Parameter Reference diffusivity DS /(107'° m?.s™)
Equilibrium pressure/(bar) 0.2 0.5 1 5 Mean Star}dallrd
deviation
MIL-101(Cr)-a 1.51 1.54 1.6 1.62 1.57 0.05
MIL-101(Cr)-b 0.29 0.32 0.31 0.30 0.31 0.01
AC-MIL-101(Cr)-b 0.42 0.46 0.44 0.42 0.44 0.02

It can be observed from Figure 3.18 which shows the hydrogen kinetics uptake at low pressure (0.2
bar) that the differences between adsorbed concentration in different collocation points are small.
This means that under this pressure, the diffusion process is governed by external mass transfer.
The computed data for the external mass transfer coefficient k.. vary from a material to another,
and globally increase with pressure. According to the correlation of Petrovic and Thodos (1968),
kex is proportional to Re®®* (see Table 3.1), so should increase with the gas velocity. The gas
velocity effect well explains the influence of the setting equilibrium pressure on the external mass
transfer coefficient increase. Moreover, ke, is not dependent on the nature of the adsorbent but on
the particle size, being proportional d,!. Hence, kex for MIL-101(Cr)-a shows the largest particle
size is the smallest among all three samples. kex for MIL-101(Cr)-b is the largest because the
particle size of MIL-101(Cr)-b is the smallest.

Regarding the reference diffusivity data Dgo reported in Table 3.8, a very good reproducibility
(small standard deviations) is observed for all the adsorbent materials, confirming the non-
dependence of this data with the setting pressure, as previously presented in Darken’s surface
diffusion model (see Section 3.2.2.4).

3.9. Hydrogen kinetics comparison

The kinetic performance of hydrogen diffusion in MIL-101(Cr), activated carbon incorporated
MIL-101(Cr) and MOF-5 are compared to that of other materials studied in literature, i.e. MOFs
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(Bimbo et al., 2015; Férey et al., 2003; Saha et al., 2009, 2008), activated carbon, zeolites (Lopes
et al., 2009) and graphite (Purewal et al., 2012).
In order to compare hydrogen kinetic performance with other adsorbents of different particle size,

or even for adsorbent that sometimes the particle size is hard to define, diffusion coefficient Dgo/rp2

(s’!) is more convenient to be used. The calculated diffusion coefficients D(S)o/rp2 in this work are
presented and compared in Table 3.9.

Table 3.9: Diffusion coefficients D2/ry’ obtained for the studied adsorbents compared with the diffusion coefficients
of different adsorbents from the literature.

Diffusion coefficient
Adsorbent Experimental condition D&/r’ Reference
/(s

0.2 bar, 77 K, LDF model 1.59x1073

0.2 bar, 77 K, non-isothermal model 1.46x1073

0.2 bar, 77 K, imposed temperature model 1.05x1072

0.5 bar, 77 K, LDF model 4.24x1073

0.5 bar, 77 K, non-isothermal model 3.13x10°

MIL-101(Cr)-a 0.5 bar, 77 K, imposed temperature model 1.07x1072

1 bar, 77 K, non-isothermal model 5.35x1073

1 bar, 77 K, imposed temperature model 1.11x1072

5 bar, 77 K, non-isothermal model 5.14x10°

5 bar, 77 K, imposed temperature model 1.13x1072

0.2 bar, 77 K, LDF model 1.69x1073

0.2 bar, 77 K, non-isothermal model 1.67x1073

0.2 bar, 77 K, imposed temperature model 1.17x1072

0.5 bar, 77 K, LDF model 4.17x1073

MIL-101(Cr)-b 0.5 bar, 77 I.(, non-isothermal model 3.3»3)(10:3
0.5 bar, 77 K, imposed temperature model 1.28x1072 This work

1 bar, 77 K, non-isothermal model 5.56x1073

1 bar, 77 K, imposed temperature model 1.22x1072

5 bar, 77 K, non-isothermal model 5.83x107

5 bar, 77 K, imposed temperature model 1.17x10%2

0.2 bar, 77 K, LDF model 1.72x1073

0.2 bar, 77 K, non-isothermal model 1.88x103

0.2 bar, 77 K, imposed temperature model 1.25x1072

0.5 bar, 77 K, LDF model 4.22x1073

AC-MIL- 0.5 bar, 77 K, non-isothermal model 3.13x1073

101(Cr)-b 0.5 bar, 77 K, imposed temperature model 1.20x1072

1 bar, 77 K, non-isothermal model 5.31x107

1 bar, 77 K, imposed temperature model 1.18x1072

5 bar, 77 K, non-isothermal model 5.31x107

5 bar, 77 K, imposed temperature model 1.16x107

MOF-5 0.2 bar, 77 K, LDF model 6.25x10°

0.5 bar, 77 K, LDF model 1.18x1072
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Diffusion coefficient
Adsorbent Experimental condition DS /1, Reference
/(s
Up to 20 bar, 77K 9.11x102 .
MIL-101(Cr) Up to 20 bar, 90K 68107 (Bimbo et al., 2015)
Up to 1 bar, 77 K 1.07x10!
MOF-5 Up to 1 bar, 194.5 K 2.30x107! (Saha et al., 2009)
Up to 1 bar, 298 K 2.67x10"!
0.38 bar, 77K 8.91x1072
0.65 bar, 77 K 9.61x107
MOF-177 1 bar, 77 K 1.03x107! (Saha et al., 2008)
Up to 1 bar, 194.5 K 2.14x107!
Up to 1 bar, 298 K 3.02x10!
MIL-53(Cr) 15 bar, 77 K ~1.67x107? (Férey et al., 2003)
. 1 bar, 303 K 9.32x1072
Zeolite 1 bar, 323 K 1.20x10°!
(extrudate)
1 bar, 343 K 1.60x10°! L tal.. 2009
Activated 1 bar, 303 K 231x10" (Lopes et al., 2009)
carbon 1 bar, 323 K 3.17x10!
(extrudate) 1 bar, 343 K 3.73x10"!
Graphite
(potassium 77K ~1.38x1073 (Purewal et al., 2012)
intercalated)

For the purpose of comparing hydrogen kinetic uptake performance with hydrides, it is helpful to
use the time required to reach equilibrium. This comparison is presented in Table 3.10.

Table 3.10: Hydrogen uptake kinetics compared with hydrides.

Material Condition Kinetics/(min) Reference
MIL-101(Cr)-a 5bar, 77K ~1
MIL-101(Cr)-b 5bar, 77K ~1 This work
AC-MIL-101(Cr)-b 5bar, 77K ~1
MgH-5 mol% Fe,03 2-15 bar, 573 K 20
MgH>-5 mol% V05 15 bar, 523 K 1.6 (Jung et al., 2006)
Mg-10 wt% CeO, 11 bar, 573 K 60 (Song et al., 2002)
Mg-50 wt% LaNis 10-15 bar, 623-673 K 3.33 (Liang et al., 1998)
Mg-0.5 wt% Nb,Os 8,4 bar, 573 K 1 (Barkhordarian et al., 2004)
Mg,Ni 1-15 bar, 553-603 K 1 (Shang and Guo, 2004)
NazAlHs 1 bar, 473 K 150 (Zaluski et al., 1999)
NaAlHs4-2 mol% Ti 20-120 bar, 298-433 K 300-720 (Sun et al., 2003)
NaAlH4-2 mol% TiCl; 83-91 bar, 373-393 K 20 (Sandrock et al., 2002)
Li,NH 7 bar, 373-403 K 10 (Hu and Ruckenstein, 2006)
Li3;BN,H; 1 bar, 523-641 K 228 (Pinkerton et al., 2005)
LiBH4-0.5MgH»-2 mol% TiCl3 4.5-19 bar, 588-723 K 240 (Vajo et al., 2005)
La; sCagoMgiaNi3 40 bar, 300-600 K 15 (Gao et al., 2005)
Lag sNi; sMgi7 2.21-11.34 bar, 553-673 K 15 (Li et al., 2006)
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From Table 3.9, it can be observed that the kinetic performance of hydrogen adsorption in different
MIL-101(Cr) or AC doped MIL-101(Cr) adsorbents have relatively the same magnitude, which
might imply that the hydrogen diffusion in these adsorbents does not correlate to the adsorbent
particle size. Relative slow hydrogen kinetic properties of MIL-101(Cr) as well as AC doped MIL-
101(Cr) are shown and compared with other MOFs at 77 K. The activated carbon doping does not
affect as much as can be observed in the diffusion coefficient. Meanwhile, it is shown that the
hydrogen kinetic uptake time to reach equilibrium in these materials are ca 1 minute, which
achieves the ultimate DOE requirements.

Compared to hydrogen storage by chemical method (hydrides), which requires a longer time
(several minutes to hours) (see Table 3.10), hydrogen storage by adsorption in porous materials is
advantageous in its kinetic property.

3.10. Conclusion

Hydrogen adsorption kinetics were studied by using volumetric method for pristine MIL-101(Cr)
and activated carbon doped MIL-101(Cr) as well as MOF-5 samples. The adsorption process in
MIL-101(Cr) and AC doped MIL-101(Cr) can be completed within 2 minutes at 77K up to 5 bar
while in MOF-5 the time required to complete adsorption is less than 40 seconds at 77 K up to 5
bar. The experimental results were firstly interpreted by using the LDF model for the purpose of
hydrogen diffusivity calculation. However, it failed to give a satisfactory interpretation of hydrogen
diffusion in porous adsorbents at high pressure and it was only applicable at 0.2 and 0.5 bar. The
numerical resolution of the diffusion equation in a non-isothermal condition appeared to be another
approach method. The results given by numerical modelling using non-isothermal condition were
more satisfactory than LDF model and the diffusivities of hydrogen within different samples were
in the magnitude of 10"'® m?.s!. The results showed also that the diffusivity increases as a function
of the applied pressure. Considering that the calculated uptakes did not correspond to the low
pressure kinetic data, and the temperature profile curves calculated in the case of non-isothermal
conditions over-estimated the effect of exothermicity of the adsorption process, an imposed
temperature adsorption model was then proposed. In this model, an external resistance was applied
and the temperature used during adsorption was the temperature experimentally measured. The
results showed that the diffusion process of hydrogen in MIL-101(Cr) and AC doped MIL-101(Cr)
can be accomplished within ~1 minute at 5 bar. This time, requirement fulfils the ultimate DOE
target for hydrogen storage for mobile usage.
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General conclusion and Perspectives



General conclusion and Perspectives

Hydrogen was proved to be a good candidate for future energy carrier. Its production, distribution
and utilization are well developed while its storage remains challenging, especially for on-board
usages. Different hydrogen storage methods were discussed and compared and it has been
concluded that storage by adsorption in a Metal Organic Framework (MOF) type material could be
promising.

This work concentrates the development of carbon-MOF composite for hydrogen storage and the
study of the adsorbents’ properties for future system scaling-up.

MOF type MIL-101(Cr) and Activated Carbon (AC) doped MIL-101(Cr) materials were
synthesized using the hydrothermal method. Several mineralizing agents (hydrofluoric acid (HF),
acetic acid (CH3COOH) and sodium acetate (CH3COONa)) and different heating methods
(conventional oven and microwave) have been tested. For carbon-MOF composite synthesis,
different concentrations of activated carbon (AC) from 2 to 10 wt% of the final yielded product
were tested. The resulted as-synthesized products, MIL-101(Cr) and AC doped MIL-101(Cr) were
washed with ethanol, dimethylformamide (DMF) or NH4F solution to remove unreacted reactants
from the pores of the framework. The synthesized products were characterized by using powder
X-ray diffraction (PXRD), scanning electron microscopy (SEM), thermogravimetric analysis
(TGA) and nitrogen (N2) adsorption at 77 K techniques. It was found that MIL-101(Cr) synthesized
by using acetic acid and conventional heating method exhibits high crystallinity compared to other
synthesized products. Moreover, the crystal size is also influenced by the mineralizing agent effect
and the concentration of doping agent positively affects the porosity of synthesized composites
from 2 to 5 wt%. The microwave-assisted syntheses did not produce high-quality materials in terms
of crystallinity and porosity.

The pore size distributions (PSDs) of different samples were analysed either by applying Barret-
Joyner-Halenda (BJH) method or non-localized density functional theory (NLDFT) methods. The
BJH method uses Kelvin equation to calculate the radius of the capillary which is directly used or
corrected by using Faas and Kruk-Jaroniec-Sayari (KJS) corrections. Different adsorbate thickness
equations were applied such as Harkins and Jura equation, Halsey equation, KJS equation and
Broekhoff de Boer (BdB) equation. The results of analyses showed that in BJH method, the KJS
correction and the KJS equation for adsorbate thickness calculation seems to correctly compute the
pore size distribution In NLDFT method, a kernel developed by Tarazona was chosen and the latter
provide the best fit of adsorption isotherm curve and a PSD close to theoretical one as well. A
smaller pore size of 10 A which can be attributed to the Super Tetrahedron structure (with 8.6 A
opening) was found in the framework. The total pore volumes of synthesized products were
measured either by applying the Gurvich rule or by the integration of BJH PSD. It is interesting to
observe that the doped MIL-101(Cr) show higher porosity than non-doped MIL-101(Cr) sample.
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The hydrogen uptake capacities of these adsorbents were measured via both volumetric and
gravimetric techniques by measuring the hydrogen adsorption isotherms at 77 K and 298 K up to
100 bar. An excess hydrogen uptake value of 13.5 wt%, which corresponds to an absolute uptake
nearly 20 wt% and a volumetric storage capacity of 39 g.L!, has been measured at 77 K and 100
bar for the composite material which shows a great improvement of hydrogen capacity compared
to the pristine MIL-101(Cr) (8.2 wt%).

The measured adsorption isotherms were fitted by applying the Langmuir monolayer adsorption
model or the empirical Freundlich adsorption model which theoretically corresponds to a
heterogeneous adsorption with an exponential distribution of energy of adsorption. The room
temperature (298 K) hydrogen adsorption isotherms were measured using the gravimetric
technique. The results showed that the maximum hydrogen uptake at 298 K up to 100 bar is about
0.5 wt%. All isotherms at room temperature followed the Henry’s law and the Henry’s constants
were calculated.

The kinetics measurements of hydrogen adsorption were carried out at 77 K by using volumetric
method under pressures between 0.2 and 5 bar. The obtained kinetic curves of pristine and doped
MIL-101(Cr) did not show great difference of hydrogen adsorption kinetics. The kinetic curves
showed that the hydrogen uptake at 0.2 bar was totally completed after a time of 2 minutes which
decreases to 1 minute at 5 bar.

The Linear Driving Force (LDF) model was used to derive the effective hydrogen diffusivities
within each compound. However, this model failed to give a satisfactory interpretation of hydrogen
diffusion in porous adsorbents at high pressure and it was only applicable at 0.2 and 0.5 bar. The
numerical resolution of the diffusion equation in a non-isothermal condition appeared to be another
approach method. The results given by numerical modelling using non-isothermal condition were
more acceptable and the diffusivities of hydrogen within different samples were in the magnitude
of 101® m?.s™!. The results showed also that the diffusivity increases as a function of the applied
pressure. Considering that the calculated uptakes did not correspond to the low pressure kinetic
data, and the temperature profile curves calculated in the case of non-isothermal conditions over-
estimated the effect of exothermicity of the adsorption process, an imposed temperature adsorption
model was then proposed. In this model, an external resistance was applied and the temperature
used during adsorption was the temperature experimentally measured. The results showed that the
diffusion process of hydrogen in MIL-101(Cr) and AC doped MIL-101(Cr) can be accomplished
within ~1 minute at 5 bar and this time requirement fulfils the ultimate DOE target for hydrogen
storage for mobile usage.

Finally, this work constitutes a good investigation of the hydrogen storage media for mobile
application, and the experimental measurements and the modelling have shown that activated
carbon incorporated MIL-101(Cr) could be a good candidate for hydrogen storage. It has been
shown also that a scaling up could be performed. However, the optimal performances of the
materials appear only at a low temperature close to 77 K and these performances need to be
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improved to reach an acceptable temperature of work. Moreover, the study has to be extended to

consider a future utilization. According to these objectives, the following perspectives can be
proposed:

Improvement of the synthesis with other mineralizing agents such as nitric acid, sodium
hydroxide, etc. in order to find the best way to produce high porous MIL-101(Cr).
Different activated carbon materials could be tested for MIL-101(Cr) doping.

The incorporation between activated carbon and MIL-101(Cr) can be studied either by
numerical simulation or by further characterizations.

An explanation of the doping effect at the microscopic level could be very helpful to
understand and to improve the adsorption properties of the materials.

Hydrogen adsorption/desorption cycling tests could be performed to evaluate the
recyclability of the materials.

Specific heat of adsorption measurements could provide useful information for the
development at large scale.

Industrial scale hydrogen adsorption-storage-desorption simulation could be achieved by
using specific software such as ProSim.

Test the other applications of adsorbent carbon-MOF such as methane and carbon dioxide
storage and separation,
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Etudes a 1’équilibre et cinétiques du stockage

d’hydrogeéne sur adsorbants hybrides réseaux

organo-métalliques-charbon actif produits par
synthéses douces

Résumé

Depuis une quinzaine d’années, les matériaux poreux de type
Metal Organic Frameworks (MOFs) offrent de nouvelles
perspectives dans le cadre du stockage d’hydrogeéne par
adsorption. Ces matériaux posseédent une structure et un réseau
de pores particuliérement bien adaptés a I’adsorption des gaz.
Ainsi, le téréphtalate de Chrome (III) (MIL-101(Cr)), composé
chimiquement trés stable, posséde une grande capacité de
stockage de I’hydrogéne, du dioxyde de carbone et du méthane.
Afin de renforcer sa capacité de stockage d’hydrogéne, un
dopage au charbon actif (AC) du matériau a été envisagé.

Les synthéses des matériaux dopés et non-dopés ont été
réalisées et, pour cela, différents agents minéralisants (acide
fluorhydrique, acide acétique et acétate de sodium) ont été
testés. Les matériaux synthétisés furent caractérisés par
diffraction des rayons X (DRX), par microscopie électronique
a balayage (MEB), par analyses thermogravimétriques (ATG)
et par adsorption d’azote a 77K.

Les capacités de stockage d’hydrogéne de ces matériaux a 77
K et 100 bar ont été évaluées par mesures des isothermes
d’adsorption  d’hydrogeéne, réalisées par  méthodes
volumétrique et gravimétrique. Les résultats obtenus par ces
deux méthodes sont en parfait accord et le matériau composite
affiche une capacité d’adsorption de 13.5 wt%, qui est
supérieure a celle du matériau non dopé (8.2 wt% dans les
méme conditions expérimentales).

Les cinétiques d’adsorption ont été mesurées a 77 K par
méthode volumétrique. Les résultats obtenus ont été comparés
au modele de la force motrice linéaire, Linear Driving Force
(LDF). Un modele de diffusion dépendant de la température a
ét¢ développé afin de tenir compte des variations de
températures qui se produisent durant le processus
d’adsorption.
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MOF /MIL-101(Cr) /Charbon actif /Stockage d’hydrogéne
/Synthése /Adsorption /Cinétique/ Expérimental /Modélisation
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Equilibrium and kinetics studies of hydrogen
storage onto hybrid activated carbon-metal
organic framework adsorbents produced by

mild syntheses

Abstract

Since the last 15 years, the porous solids such as Metal-Organic
Frameworks (MOFs) have opened new perspectives for the
development of adsorbents for hydrogen storage. The structure
and the pore networks of these materials are especially adapted
to the adsorption of gases. The chromium (III) terephthalate-
based MIL-101(Cr) is a very stable material which exhibits
good adsorption uptakes for hydrogen (Hz2), carbon dioxide
(CO2) and methane (CHa).

In this study, syntheses were carried out by different ways and
several mineralizing agents such as hydrofluoric acid (HF),
acetic acid (CH3COOH) and sodium acetate (CH3COONa)
have been tested. Moreover, Activated Carbon (AC) has been
introduced in the framework to create an AC incorporated
composite material with an enhanced specific surface area.
Conventional techniques such as powder X-ray diffraction
(PXRD), scanning  electron  microscopy  (SEM),
thermogravimetric analysis (TGA) and nitrogen (N2)
adsorption isotherms at 77 K were used for materials
characterizations.

In the aim to evaluate hydrogen storage capacities of these
materials, hydrogen adsorption isotherms were measured at 77
K via both volumetric and gravimetric methods, and the
obtained results are in good agreement. A hydrogen uptake
value of 13.5 wt% has been measured at 77 K and 100 bar for
the composite material which shows a great improvement of
hydrogen capacity compared to the pristine MIL-101(Cr) (8.2
wt%).

Finally, hydrogen adsorption kinetics has been measured at 77
K wusing volumetric method. The obtained results were
compared to the Linear Driving Force (LDF) and a temperature
dependent diffusion model was also considered to take into
account the temperature variations which occur during the
adsorption process.

Keywords
MOF / MIL-101(Cr) / Activated carbon / Hydrogen storage /
Synthesis / Adsorption / Kinetics / Experiment / Modelling
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