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INTRODUCTION






Introduction

Actuellement, I'émission de gaz a effet de serre dans I'atmosphére, principalement le dioxyde de
carbone (CO,), est une préoccupation tant sur le plan environnemental qu’économique. Les émissions
de CO; proviennent majoritairement de sources anthropogéniques, c’est-a-dire liées a I'activité
humaine et contribuent au réchauffement climatique. Les centrales électriques, les industries
chimiques et pétrochimiques, les cimenteries, etc. constituent les sources émettrices de CO, qui
représentaient environ 56.6% des émissions totales de gaz a effet de serre en 2004 [1]. Des
organisations et conventions telles que : ‘The International Panel on Climate Change (IPCC)’ créée en
1988 et la Convention-cadre des Nations Unies sur les changements climatiques de 1992, dont est issu
le Protocole de Kyoto (1997) et plus récemment la COP21 en 2015 ont pour objectif d’établir des
solutions visant a réduire les rejets de gaz a effet de serre [2]

Si la premiére solution est de diminuer la consommation énergétique, de nombreuses mesures visent
a capturer et stocker le CO,. Ainsi, des technologies de capture et de séquestration du CO; sont
proposées et regroupées sous |'appellation ‘Carbon Capture and Storage’ (CCS). Dans le but de
capturer efficacement le CO, émis a partir de combustible fossile, trois approches sont envisagées : la
post-combustion, la pré-combustion et |'oxy-combustion. |l existe différentes techniques de
séparation de CO; pouvant étre appliquées en fonction des conditions de pression et de température
du flux gazeux: I'absorption, I'adsorption, la distillation cryogénique et les membranes [3]. Parmi ces
techniques, I'absorption par solution aqueuse d’amine (monoéthanolamine, MEA) est largement
répandue a I"échelle industrielle. Cependant, ce type de technologie présente certains inconvénients
tels que: une faible capacité d’absorption de CO; du solvant, des problémes de corrosion des
installations, une dégradation du solvant par la présence d’impuretés dans le gaz (SO2, NO,, HCl, etc.)
et une consommation élevée d’énergie lors de la régénération du solvant [4].

Actuellement, les membranes représentent une alternative prometteuse par rapport aux méthodes
conventionnelles de séparation de gaz telle que I'absorption a base de solutions aqueuses d’amines.
Une membrane étant une barriere perméable et sélective séparant deux milieux, elle permet le
passage préférentiel de certains composés en mélange gazeux et/ou liquide. Les membranes
présentent les avantages suivants : elles ne nécessitent pas de changement de phase liquide-gaz, elles
sont faciles a mettre en ceuvre et présentent une faible empreinte carbone. Il existe différents types
de membrane : polymérique, inorganique et a matrice mixte.

La premiere membrane polymérique a été synthétisée dans les années 80 pour la capture du CO; issu
du gaz naturel [5]. Cependant, les membranes polymériques présentent certains inconvénients: une
faible résistance aux contaminants, une faible stabilité chimique et thermique ainsi qu’une
perméabilité et une sélectivité limitées. Dans le but d’améliorer les propriétés de séparation de gaz,
des membranes de nature inorganique a base de céramique [6], de carbone [7], de zéolithes [8],
d’oxydes [9], de Metal-Organic Frameworks (MOFs) [10] etc ont été développées. Bien que ces
membranes inorganiques présentent d’excellentes propriétés de séparation de gaz, elles offrent une
faible résistance mécanique.

Ainsi, les membranes a matrice mixte ont été élaborées afin d’allier a la fois la résistance mécanique
des membranes polymériques et les bonnes propriétés de séparation de gaz des membranes
inorganiques. Une membrane a matrice mixte est composée d’une phase polymérique au sein de
laquelle sont dispersées des particules de matériaux poreux du type : zéolithes, charbons actifs, silice
etc.

Cette thése s’est effectuée dans le cadre du projet européen M*CO; ‘Mixed Matrix Membranes based
on highly engineered Metal-organic frameworks and polymer (M4) for energy efficient CO, capture’
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(FP7/2007-2013) qui s’inscrit dans cette problématique de conception de membranes a matrice mixte
pour la séparation du CO,.

Dans ce projet, les particules de matériaux poreux sont a base de MOFs. Les MOFs sont des matériaux
poreux cristallins construits a base d’ions métalliques et de ligands organiques pour former des
structures tridimensionnelles (3D). lls possédent une grande diversité de propriétés physiques et
chimiques grace aux différents métaux et ligands organiques disponibles. De plus, ils possédent des
surfaces spécifiques et des volumes poreux élevés, ce qui en fait des matériaux prometteurs pour les
applications de séparation de gaz [11], [12].

L’objectif de ce travail était d’étudier différents facteurs que I'on peut distinguer dans deux groupes (i)
la nature du MOFs: influence des conditions de synthése, de la fonctionnalisation ou du changement
de ligand organique dont les effets sont d’engendrer des textures et structures différentes.

(ii) les propriétés du procédé d’adsorption: influence de la présence d’eau, énergie mise en jeu, qui
permettent de mieux comprendre les mécanismes mis en ceuvre.

Globalement tous ces parametres ont une influence sur les propriétés d’adsorption de CO; (capacité
d’adsorption, enthalpie d’adsorption, sélectivité) par les MOFs et il est intéressant de dégager des
tendances afin d’identifier les paramétres ayant le plus fort impact afin de prévoir et d’optimiser des
synthéses de nouveaux matériaux et des conditions opératoires.

Le premier chapitre est consacré: a la description des techniques de séparation de CO, dont
I’adsorption et a la présentation des différents types d’adsorbants pouvant étre utilisés. Le deuxieme
chapitre, rappelle le principe du phénomeéne d’adsorption, les techniques expérimentales employées
ainsi que les outils permettant I'exploitation des données d’adsorption.

Le chapitre trois recense les capacités d’adsorption de CO,, les enthalpies d’adsorption et les
sélectivités obtenues pour différentes familles de MOFs.

Enfin le dernier chapitre, aborde une approche « relation de structure-propriété » (QSPR) avec des
matériaux de structure bien définie : les ‘Zeolitic Imidazolate Frameworks’ (ZIFs), dans le but de
dégager des tendances par rapport a I'adsorption de CO..



(1]
(2]

(3]

(4]
(5]
(6]
(7]
(8]
(9]

(10]

(11]

(12]

References

A. Samanta, A. Zhao, G. K. H. Shimizu, P. Sarkar, et R. Gupta, « Post-Combustion CO2 Capture
Using Solid Sorbents: A Review », Ind. Eng. Chem. Res., vol. 51, n° 4, p. 1438-1463, févr. 2012.

« IPCC Fourth Assessment Report: Climate Change 2007 (AR4) ». [En ligne]. Disponible sur:
http://www.ipcc.ch/publications_and_data/ar4/wg2/en/contents.html. [Consulté le: 06-nov-
2017].

J. C. M. Pires, F. G. Martins, M. C. M. Alvim-Ferraz, et M. Simdes, « Recent developments on
carbon capture and storage: An overview », Chem. Eng. Res. Des., vol. 89, n° 9, p. 1446-1460,
sept. 2011.

A. A. Olajire, « CO2 capture and separation technologies for end-of-pipe applications — A
review », Energy, vol. 35, n° 6, p. 2610-2628, juin 2010.

R. W. Baker et K. Lokhandwala, « Natural Gas Processing with Membranes: An Overview », Ind.
Eng. Chem. Res., vol. 47,n° 7, p. 2109-2121, avr. 2008.

S. Smart, C. X. C. Lin, L. Ding, K. Thambimuthu, et J. C. D. da Costa, « Ceramic membranes for gas
processing in coal gasification », Energy Environ. Sci., vol. 3, n° 3, p. 268-278, mars 2010.

A. F. Ismail et L. I. B. David, « A review on the latest development of carbon membranes for gas
separation », . Membr. Sci., vol. 193, n° 1, p. 1-18, oct. 2001.

J. Caro et M. Noack, « Zeolite membranes — Recent developments and progress », Microporous
Mesoporous Mater., vol. 115, n° 3, p. 215-233, nov. 2008.

S. Basu, A. L. Khan, A. Cano-Odena, C. Liu, et I. F. J. Vankelecom, « Membrane-based technologies
for biogas separations », Chem. Soc. Rev., vol. 39, n° 2, p. 750-768, janv. 2010.

J. Gascon, F. Kapteijn, B. Zornoza, V. Sebastian, C. Casado, et J. Coronas, « Practical Approach to
Zeolitic Membranes and Coatings: State of the Art, Opportunities, Barriers, and Future
Perspectives », Chem. Mater., vol. 24, n° 15, p. 2829-2844, ao(t 2012.

D. M. D’Alessandro, B. Smit, et J. R. Long, « Carbon Dioxide Capture: Prospects for New
Materials », Angew. Chem. Int. Ed., vol. 49, n° 35, p. 6058-6082, ao(t 2010.

K. Sumida et al., « Carbon Dioxide Capture in Metal-Organic Frameworks », Chem. Rev., vol. 112,
n° 2, p. 724-781, févr. 2012.












Chapitre 1 — Procédés de capture,
techniques de separation et matériaux
poreux pour la capture du dioxyde de
carbone






Table des matieres

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

dioxyde de Carbone .........cuuuiiiiiiiiiiii e e s s s s s e s e s a s s s e s an s s sanas 11
A. Contexte environNemMeNtal.........ceeeeeeeereeeieieiemeieiiiiieiieiieieiiiiiesseee 11
B. Procédés de capture du CO;.....ccceeuuirreeuniirremnniereennieneennseereenssssseensssssennsssssennssssssnnssssssnnnns 12

1. POST-COMMBUSTION ..ottt ettt ettt st st b e smee st e eaeeeneean 13
B © )4 ole 1101 o TU Ty o o ISR 14
3. Pré-COMDBUSTION ..ottt ettt ee e st e st e e st e e sbeeesabeesabeeeaneeesreeeans 14
N = 11 1 o DO OO TP PSP P OO UPRURPION 15
C. Techniques de SEParation.........cccccciiieeeciiieeeciiieneieerieneceereneeesrensseessenssesssenssssssenssssssennnes 15
O AN o 1o o o} o [ PRSP 15
2. Distillation CryOZENIGUE.......iiii ittt e e st e e e sbee e e s sbeeeeesbeaeeeeanes 17
R Yo (Yo 1 4[] o W PRSPPI 17
4. Techniques de régénération des adsorbants .........ccceecvieeieciiieecciiee e 29
D IMIBMDBIANES ...ttt st ettt e b e she e st st e b b ns 30
B, BHlAN e e st e bt e s be e e s abeesbeesbeeesbeeean 34
[0 O o] o =Y Ao L= o 4 =T RS 34
RESUMG ...ttt s s s s s s s s s s s s s s s s s s s s s s s s s s sssssssssssssssnes 41

2= =] =) 3 Lo =L 42






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

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

Ce premier chapitre expose les enjeux sociétaux et environnementaux liés aux émissions de dioxyde
de carbone (CO,) et les procédés actuels de capture de CO; : pré-combustion, post-combustion et oxy-
combustion. Dans ce chapitre, sont abordées les techniques de séparation gazeuse de CO; (avantages,
inconvénients et domaines d’applicabilité). Un certain nombre de ces techniques utilisent des
matériaux poreux. Ainsi une comparaison entre les principaux matériaux poreux utilisés
habituellement est faite avec les Metal-Organic Frameworks (MOFs) : matériaux poreux hybrides
organiques-inorganiques récemment envisagés pour ces applications.

A. Contexte environnemental

Depuis ces dernieres décennies, il y a une augmentation des émissions de gaz a effet de serre (GES)
dans I'atmosphére, principalement le dioxyde carbone (CO,) contribuant au réchauffement climatique.
D’autres gaz sont émis en plus du CO, comme le méthane (CH,), les protoxydes d’azote (N,0), les
hydrofluorocarbures (HFCs), les perfluorocarbures (PFCs) et les hexafluorocarbures de sulfure (F6C)
[1]. Le CO, émis provient de diverses sources anthropogéniques (Figure 1.1) et représentait en 2004
environ 77% de la totalité des gaz a effet de serre rejetés a I'échelle mondiale, dont 50% provenait de
la combustion de matiere fossile [2]. De plus, entre les années 1970 et 2004, les rejets de CO; sont
passés de 21 a 38 Gt/année soit une augmentation d’environ 80%. Les émissions mondiales de CO,
sont amenées a augmenter au cours des prochaines décennies a cause de la croissance économique
et du développement industriel méme si en France la tendance est a la décroissance depuis 2006.

Des organisations et conventions telles que : ‘The International Panel on Climate Change (IPCC)’ formé
en 1988 et la Convention-cadre des Nations Unies sur les changements climatiques en 1992 dont est
issu le Protocole de Kyoto de 1997 et plus récemment la COP21 en 2015 ont pour objectif d’établir des
solutions visant a réduire les rejets de gaz a effet de serre. L'utilisation d’énergies renouvelables
(biomasse, solaire, etc.) a la place de sources carbonées pour la production d’énergie est une
alternative envisageable. Néanmoins, les technologies proposées ne sont pas encore assez
développées pour permettre des applications industrielles.

I CO, from fossil fuels

I CO, from deforestation, agriculture
[__1CO, from other sources

[ fluorinated gases
I N.O
I CH,

1.1%

Figure 1.1 - Contribution (%) des différents gaz a effet de serre a la globalité des émissions incluant les diverses
sources anthropogéniques émettrices de CO2, en 2004 dans le monde [1]
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Pour controéler et stabiliser les émissions de CO,, des solutions de capture et de stockage du CO; sont
proposées et regroupées sous |I'appellation ‘Carbon Capture and Storage (CCS)’ et comprenant trois
étapes :

> Lacapture :

Actuellement, trois processus sont envisagés pour la capture du CO;: correspondant aux procédés de
post et de pré- et d’oxy-combustion. Ces procédés utilisent différentes techniques pour séparer le CO,
des gaz de combustion : I'absorption, I'adsorption, la distillation et la séparation membranaire. Ces
procédés et techniques sont détaillés dans la section C.

> Le transport :

L'acheminement du CO; se fait via des pipelines, des bateaux ou des camions citernes. Le choix du
mode de transport dépend de la distance a parcourir entre le point de capture du CO; et son lieu de
stockage. Préalablement au transport, le CO, est séparé des impuretés (eau, méthane, sulfure
d’hydrogéne, etc.) ayant pu étre captées avec la capture du CO,. Le CO, gazeux est ensuite compressé
dans un état de fluide supercritique dans une gamme de pression de 80 a 150 bar et une densité de
900 kg.m3. Le colit du transport dépend de la composition et de la pression du courant de CO; et du
mode de transport choisi. Généralement, cela varie entre 90 et 120 kWh/ tonne de CO; [3].

> Le stockage :

Il existe trois options possibles pour le stockage du CO; : géologique, océanique ou sa minéralisation.
La minéralisation du CO; consiste en sa transformation en carbonates par réaction chimique [4]. Cela
permet le stockage du CO; sur une longue période, cependant c’est un procédé colteux. Le stockage
océanique se fait par injection du CO; en profondeur dans I’océan. L’acidification des océans par le CO;
peut affecter négativement I’écosystéme marin. Une option adéquate est le stockage géologique dans
des réservoirs.

B. Procédés de capture du CO>

Le dioxyde de carbone (CO,), gaz a effet de serre, formé lors de la combustion de matiere fossile
(pétrole, charbon, gaz naturel) est majoritairement rejeté dans I'atmosphére. Actuellement, trois types
d’approches de CCS sont envisagées (Figure 1.2) :

» Pré-combustion
» Post-combustion
» Oxy-combustion
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Ny, O, H,0

Fuel ] -

—m CO; separation co,
. gas L I

Air

POST-COMBUSTION CAPTURE

o, }
Fuel Gasification or -85 CO2 dehydration
—partial oxidation shift compression
+ CO; separation | transport and
1O, ‘ N, O., H;,O’ storage

<[ Airseparaton | A" pRE.COMBUSTION CAPTURE

0. Recycle | OXYFUEL (0,/CO, RECYCLE

Air 7 3 N COMBUSTION) CAPTURE
Air separation = N

Figure 1.2 - Représentation des trois types de technologies de capture du CO: : post- pré- et oxy-combustion

[2]

1. Post-combustion

La capture du CO, s’effectue suite a la calcination sous air de combustible fossile comme le charbon
ou le gaz naturel (Figure 1.2). En sortie, les gaz de combustion produits sont a la pression
atmosphérique (1 bar). lls sont composés de CO,, N, et d’impuretés (H,0, NOy, SOy, etc.). La teneur en
CO; et en impuretés des gaz de combustion est fonction de la nature du combustible utilisé. Cependant
la concentration en CO, n’excéde pas 15% (vol). Le tableau 1.1 fournit un exemple de composition pour
la combustion de charbon.

Molécule Concentration (en volume)

N, 73-75%
CO; 15-16%
H.O 5-7%
0, 3-4%
SO, 800 ppm
SO; 10 ppm
NOx 500 ppm
HCI 100 ppm
Cco 20 ppm

Hydrocarbures 10 ppm
Hg 1 ppb

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

La technique de séparation de CO; la plus répandue pour la post-combustion est I'absorption par
solvant aminé (voir C.1.a). Le procédé de post-combustion peut s’appliquer a des installations
industrielles existantes, ce qui est un avantage majeur sur les autres techniques de capture de CO,. La
faible concentration de CO; par rapport au N; dans les gaz de combustion entraine de grands volumes
gazeux a traiter au sein des unités de séparation. Cela impacte directement les colts de
dimensionnement et en fait le principal désavantage de la post-combustion.
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2. Oxy-combustion

De maniére similaire a la post-combustion, la séparation du CO, des gaz de combustion s’effectue en
aval de I’étape de calcination.

L’oxy- et la post-combustion different par la nature des comburants employés qui sont respectivement
I'oxygeéne et I'air. La présence d’une unité de séparation d’air fournit I'oxygéne. L’oxygéne pur en tant
gue comburant produit des gaz de combustion de composition suivante : CO;, SO,, H,O et des
particules. Le SO, est éliminé par des méthodes de désulfurisation et I'eau par condensation. La
concentration en CO; des gaz de combustion avoisine 80-98%, suivant la nature de la matiere fossile

[3].

Comparativement a la post-combustion, les techniques de séparation du CO, par oxy-combustion sont
plus efficaces car la concentration en CO; est élevée. De plus, le N est éliminé avant la calcination ce
qui ne génere pas de NO. L'oxy-combustion s’avere donc étre un procédé de capture trés avantageux.
Toutefois, la présence de SO est un inconvénient car cela peut créer des problemes de corrosion. Le
désavantage principal de I'oxy-combustion est le colt de l'installation engendré par l'unité de
séparation d’air.

3. Pré-combustion

Le CO, est séparé du combustible fossile (charbon, gaz naturel) en amont de la combustion
contrairement a la post- ou l‘oxy-combustion. Le procédé de pré-combustion s’applique
majoritairement aux centrales électriques a cycle combiné a gazéification intégrée (CCGI). Lorsque la
matiere fossile est le charbon, celui-ci subit une premiére étape dite de ‘gazéification’ en présence
d’oxygeéne qui produit un gaz de synthése ‘syngas’ composé principalement d’un mélange de H, et CO
(1.1). Une seconde réaction appelée ‘Water Gas Shift Reaction’ convertit le CO en présence de vapeur
d’eau en un mélange CO; et H> (1.2). Dans le cas ol le combustible fossile est le gaz naturel, le syngas
est produit a partir du ‘reformage’ du CH4 en présence de vapeur d’eau (1.3) [3]:

Charbon - CO4 + Hz(g) (1.1)
CH4+H20—>CO+H2(g) (1.3)

Le procédé de pré-combustion génére un mélange gazeux avec une concentration en CO; élevée (>
20%). En raison de la forte concentration en CO,, I'efficacité des techniques de séparation de CO; sont
améliorées comme pour I'oxy-combustion, rendant la technique de pré-combustion avantageuse.
L'inconvénient majeur de la pré-combustion est le colt élevé de I'installation.
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dioxyde de carbone

4, Bilan

Le tableau 1.2 fourni les domaines d’applications, les avantages

procédé de capture de CO..

et les inconvénients de chaque

(1 bar) du flux de gaz

Avantages Inconvénients
Post-combustion : Applicable a une majeure partie | - Nécessité de traiter de grands
Faible pression partielle du | des installations industrielles | volumes gazeux pour
CO,; Pression atmosphérique | implantées augmenter la concentration en

CO,

Oxy-combustion :

Pression partielle du CO;
élevée ; Pression du flux de gaz
élevée

Applicable a des installations
existantes

Production de O3

Maintenir le systéeme a faible
température réduit I'efficacité
du procédé

Pré-combustion :

Pression partielle du CO;
élevée ; Pression du flux de gaz
élevée

Augmentation de I'efficacité de
séparation

Réduction potentiel des co(ts
de compression

Applicable a de nouvelles
installations industrielles
Colit des équipements

Tableau 1.2 — Avantages, inconvénients et domaine d’applicabilité des procédés de capture de CO:

C. Techniques de séparation

Cette section aborde les diverses techniques de séparation applicables aux procédés de post-, de pré-
et d’oxy-combustion pour la capture de CO, a partir de mélanges gazeux. Ces techniques comprennent
I'absorption, I'adsorption, la distillation cryogénique et la perméation gazeuse (séparation
membranaire) [4].

1. Absorption

L'absorption est un phénomeéne chimique ou physique qui repose sur la dissolution d’une espéce
(atome, ion ou molécule) au sein d’'une phase gazeuse, liquide ou solide. Lorsque I'absorption est
d’origine chimique la dissolution s’effectue par réaction chimique contrairement a I'absorption
physique qui est dépendante de la pression et de la température du flux de gaz a traiter (loi de Henry).

A I’échelle industrielle, le procédé d’absorption est largement utilisé pour le traitement de gaz acide :
H.S, NOy et CO; [5].

a) Absorption chimique : solution aqueuse d’amines

L’absorption chimique par solution aqueuse d’amines est une technique de séparation commercialisée
et trés répandue pour la capture de CO,. Typiquement, les solutions aqueuses d’amines les plus
fréquemment utilisées sont: la monoéthanolamine (MEA), la diéthanolamine (DEA), Ia
méthyldiéthanolamine (MDEA), la diglycolamine (DGA), la diisopropylamine (DIPA). Une étude a été
menée par Veawab et al. [6] visant a comparer les performances d’absorption de CO, de ces différentes
solutions aqueuses d’amines : MEA, DEA, MDEA, DGA et DIPA. Cette étude a révélé une efficacité
d’absorption de CO; de plus de 90% en faveur de la MEA surpassant celles des autres solutions
aqueuses d’amines car la MEA a une cinétique d’absorption de CO; plus rapide.
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Au sein de la colonne d’absorption, la MEA et le CO, réagissent pour former des espéces carbamates
(1.4). Dans le but de relacher le CO; contenu dans la solution de MEA, celle-ci est envoyée dans une
colonne de désorption ou elle est chauffée (100-200°C). La solution de MEA appauvrie en CO; est
ensuite refroidie (40-65°C) pour étre recyclée dans la colonne d’absorption.

C,H,0HNH,(MEA) + H,0 + CO, & C,H,OHNH} + HCO3 (1.4)

L'avantage majeur de cette technique de séparation est la pureté du flux de CO;, obtenu (> 99%).
Néanmoins, 'absorption par MEA présente des inconvénients :

» Lafaible capacité d’absorption en CO; du solvant

» La détérioration du solvant par certains composés tels que SO, NO,, HCl, HF. Cela provoque
une perte de solvant, des problemes de corrosion et I'émission de nitrosamines, nitramines
potentiellement dangereuses pour la santé humaine et I'environnement

> La régénération du solvant nécessite des températures élevées entrainant une forte
consommation énergétique

Une alternative a I'absorption par MEA est I'utilisation de solutions aqueuses de sels d’ammonium (ex :
carbonate d’ammonium). Cette technique de séparation s’appelle ‘Chilled Ammonia Process’ (CAP) :
I"absorption de CO; s’effectue a basse température (0-20°C) tandis que la régénération du solvant se
fait a des températures et pression élevées [7]. L'absorption par sels d’ammonium entraine moins de
problémes de dégradation par rapport a I'utilisation de MEA, ce qui en fait une technique de séparation
prometteuse.

b) Absorption physique

Les procédés d’absorption physique reposent sur la dissolution des composés présents dans le gaz sans
réaction chimique et sont principalement utilisés pour le traitement de gaz acides : CO,, H.S, COS, SO,
[3]. Typiquement, les solvants employés sont organiques ex : le méthanol. L’absorption des gaz acides
s’effectue a basse température (20 a -60°C) pour des pressions élevées de 10 a 80 bar. La régénération
s’effectue par désorption des gaz acides par détente (abaissement de la pression) du solvant usé ou
par stripage (extraction des composés par I'air ou un gaz inerte, le diazote). Les performances
d’absorption des procédés physiques dépendent de: la température de mise en contact entre le gaz et
le solvant ainsi que de la pression partielle dans le gaz du composé a séparer, dans notre cas le CO,.
L'efficacité d’absorption est optimale a basse température et pour une pression partielle élevée en
CO,.

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

» Selexol : ce procédé a été mis en ceuvre par la firme américaine ‘Allied Chemical Corporation’
et s’applique au traitement de gaz naturel principalement pour la capture de dioxyde de
carbone (CO,) et de composés soufrés (H.S). Le solvant organique employé est le diméthyle
éther polyéthyléne glycol de formule chimique [CH3(CH2CH,0),CHs] avec n variant entre trois
et neuf. En amont de I'unité d’absorption, une étape de séchage du gaz d’entrée est nécessaire
en raison de l'affinité élevée entre le solvant et I'eau. Le procédé Selexol peut s’effectuer a
basse pression, néanmoins son efficacité est optimale a haute pression.
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> Rectisol : ce procédé s’applique principalement a la purification de gaz de synthése pour
I’élimination des gaz acides (H.S, COS) [9]. Cependant, cette technique de séparation peut
également s’appliquer au traitement de gaz naturel pour I'élimination du CO,. Le procédé
Rectisol utilise le méthanol comme solvant organique. Dans les conditions normales de
température et de pression, le méthanol a une pression de vapeur saturante élevée, c’est
pourquoi I'absorption s’effectue a basse température (entre -40 et -62°C) afin de limiter son
évaporation. La régénération du solvant s’effectue par la mise en contact avec un courant
d’eau grace a la miscibilité compléte méthanol/ eau. L’énergie et le colt de I'opération
engendré par la réfrigération du solvant peuvent étre considérés comme un désavantage du
procédé Rectisol.

» Fluor: le procédé Fluor a été élaboré par la compagnie américaine ‘Fluor Corporation’ et
s’applique a la décarbonatation de flux gazeux ayant une forte teneur en CO,. Ce procédé
utilise le carbonate de propyléne comme solvant organique. L'absorption s’effectue pour une
plage de température comprise entre -20 et 0°C.

L'intérét majeur des procédés d’absorption physique réside dans I'étape de régénération ne
nécessitant pas de traitement thermique et qui contribue a diminuer les colts de l'installation.
Néanmoins, les procédés d’absorption physique présentent des inconvénients liés a I'affinité des
solvants : co-absorption d’hydrocarbure lourd, sélectivité élevée vis-a-vis du H,S. Cela peut impacter
de maniere négative la séparation du CO,. Les procédés d’absorption physique sont plutét envisagés
pour la pré-combustion.

2. Distillation cryogénique

La distillation cryogénique s’emploie pour la séparation gazeuse, en particulier pour I'élimination de
gaz acides : le CO; et I'H,S contenus respectivement dans les gaz de combustion et le gaz naturel (5).
Contrairement a une distillation ‘classique’ pour laquelle la séparation des constituants du mélange se
base sur leur température d’ébullition, celle-ci repose sur leur température de condensation. Afin de
récupérer le CO, des gaz de combustion, le mélange est refroidi dans une gamme de températures de
-100 a -135°C soit en dessous du point triple du CO, -56°C [10]. Le CO; solidifié est ensuite compressé
dans une gamme de pression de 100 a 200 bar afin d’étre séparé des gaz légers. Le CO, compressé est
intéressant pour le transport par pipeline. La distillation cryogénique s’applique a des mélanges gazeux
ayant une forte teneur en CO,. Cette technique a I'avantage de séparer le CO, du mélange gazeux avec
un taux de pureté élevé aux alentours de 90-95% [10]. Cependant, la distillation cryogénique reste tres
énergivore et colteuse en raison des conditions opératoires (basse température et haute pression).
De plus, si I'effluent gazeux contient de I'eau, il est nécessaire de I'éliminer au préalable au risque de
former de la glace.

3. Adsorption

Le terme ‘adsorption’ désigne le phénoméne d’enrichissement d’un ou plusieurs constituants au
voisinage d’une interface fluide (liquide ou gaz)/ solide. Sous I'appellation adsorption sont regroupés
deux phénomeénes appelés ‘physisorption’ et ‘chimisorption’ qui se distinguent par la force des
interactions mises en jeu.

La physisorption fait référence a un processus exothermique gouverné par des interactions de faible
énergie de type Van der Waals entre les molécules adsorbées et la surface du solide. La chimisorption
désigne le phénomeéne pour lequel les molécules adsorbées sont liées a la surface du solide par
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réaction chimique. Dans le cas de la physisorption, I'étape de désorption permet de restituer
I’adsorbant et les molécules adsorbées dans leur état initial sans altération des propriétés chimiques
et physiques. Les interactions de faible énergie permettent donc une régénération totale de
I’adsorbant a la fois faiblement énergétique et coliteuse. C’'est un avantage majeur pour les procédés
industriels de type post- ou pré-combustion.

La partie qui suit comprend une description d’adsorbants potentiellement attractifs pour la séparation
de CO; dont les ‘Metal-Organic Frameworks’ qui font intervenir la physisorption et qui sont les
matériaux de base de I'étude. La description du phénomene d’adsorption et les interactions mises en
jeu sont discutées au chapitre 2.

a) Adsorbant chimique
(1) Oxydes métalliques

Les oxydes métalliques sont des espéces composées de I'association d’atomes d’oxygéne et de
métaux. Les sites basiques des oxydes métalliques et le caractére acide du CO, favorisent son
adsorption, notamment pour ceux ayant un faible rapport charge/ rayon les rendant plus ioniques en
augmentant le caractére basique des sites [11], [12]. lls comprennent les oxydes métalliques alcalins
(Na0, K;0) et alcalino-terreux (CaO, Mg0O) mais les oxydes métalliques couramment étudiés sont a
base de calcium, magnésium ou encore des zirconates de lithium. Néanmoins, d’autres oxydes
métalliques peuvent étre utilisés tel que les oxydes de sodium, de césium, de barium, de fer, etc [13]—
[16].

La capture du CO; par un oxyde métallique se base sur la réaction chimique exothermique suivante
[13]:

MO(s) + €O, (g) » MCO5 (s) (1.5)

L'oxyde métallique réagit avec le CO, dans des proportions stoechiométriques équivalentes pour
former un carbonate de métal alcalino-terreux.

Les minéraux a base de calcium sont largement répandus dans la nature sous forme de calcaire ou de
dolomite faisant des oxydes de calcium, des adsorbants facilement disponibles. Les oxydes de calcium
sont employés pour des procédés a haute température tels que la production d’hydrogéne ; la
séparation de CO; des gaz de combustion.

Basée sur la stoechiométrie de la réaction de carbonatation, la quantité maximale théorique de CO,
adsorbée par un oxyde de calcium est de 17.8 mmol.g. Certaines études ont montré que I'adsorption
de CO; par des oxydes de calcium est influencée par divers facteurs :

> La nature du précurseur : une étude menée par Han et al. [17] sur trois oxydes de calcium
différents et ayant comme précurseurs la dolomite a montré des capacités d’adsorption de
CO, dépendantes de la teneur en oxyde de calcium. Les capacités d’adsorption de CO;
obtenues varient entre 2 et 8 mmol.g et sont plus faibles que celles obtenues pour un oxyde
de calcium dérivant d’un précurseur pur de CaCOs (12 mmol.g?).

» Lacinétigue d’adsorption : 'adsorption de CO; par des oxydes de calcium se fait en deux étapes
[13]. Une premiere étape assez rapide, dédiée a la formation d’une couche de carbonate ou le
taux de carbonatation est influencé par deux parametres : la température et la pression. Une
seconde étape plus lente, ou le taux de carbonatation est affecté par le remplissage des pores
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et tres peu par la pression de CO,. Comparativement a d’autres adsorbants tels que les
zéolithes (section b) 1)) ou les charbons actifs (section b 2) (i)), plusieurs heures sont
nécessaires pour atteindre 70% de la capacité totale d’adsorption de CO..

Les oxydes de calcium possédent les avantages d’étre a faible co(t et facilement disponibles en raison
de I'abondance des précurseurs.

Les oxydes métalliques peuvent étre employés pour la ‘Chemical-Looping Combustion (CLC)’. La
‘Chemical-Looping Combustion’ initialement proposée par Richter et Knoche en 1983 est un procédé
prometteur pour la capture de CO; [18]. De maniére analogue aux procédés conventionnels de
combustion, cette technique repose sur une réaction d’oxydo-réduction a la différence que le contact
entre le combustible et le comburant est indirect. Ce procédé nécessite I'utilisation de deux réacteurs
distincts, respectivement dédiés aux flux d’air et de combustible fossile (Figure 1.3).

Combustion products

Depleted air CO,, H,0
A
MeO
Air Fuel
reactor reactor
Me
A T
Air Fuel
0,3, N, C,H,,

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

La connexion entre ces deux réacteurs est assurée par un lit de particules fluidisé circulant du réacteur
d’air au réacteur de combustible fossile. Typiquement, des lits de particules d’oxydes métalliques tels
que Fe;0s, NiO, CuO ou Mn,03 sont employés [3]. Au sein du réacteur de flux d’air, I'oxydation du
dioxygene, réaction exothermique, entraine la formation d’oxyde métallique de type MeO. La
réduction du combustible fossile, réaction endothermique, conduit a la formation de gaz de
combustion : CO; et H,0 ainsi qu’une espece métallique de type Me. Le dioxyde de carbone est ensuite
séparé de I'eau par condensation.

(2) Composés hydrotalcites

Les composés hydrotalcites (HTlcs) appartiennent a la classe des argiles de type anionique et sont
étudiés pour divers domaines d’applications : la catalyse, I'’échange anionique et I'adsorption. Ces
composés sont constitués d’'un ensemble de couches d’hydroxyde métallique de formule générale
[(MZ* M3 (OH)2 1 (A™/m . nH20)¢ ou : M?* = Mg?*, Ni%*, Zn ** etc.; M3 = AI**, Fe3, Cr¥* etc.; A™ =
COs% ; SO4%, NO* etc; et x compris entre 0.17 et 0.33 [19]. L’excés de charges positives (divalentes et
trivalentes) localisées au sein des sites octaédriques des couches d’hydroxyde est contrebalancé par
les charges anioniques et les molécules d’eau situées entre les couches d’hydroxyde.

19



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

Les hydrotalcites adsorbent de faibles quantités de CO, (< 1 mmol.g?) par rapport a d’autres
adsorbants chimiques. L’adsorption de CO, par des hydrotalcites est influencée par plusieurs
parameétres :

> Le ratio de cations divalents/ trivalents : une étude menée par Rodrigue et al. [19], [20] sur
trois hydrotalcites commerciales a mis en évidence une quantité de CO; adsorbée optimale (£
0.4 mmol.g?) pour un ratio de cations Mg?*/ A** de 1 :1 3 1 bar et 573K.

» La nature de la charge anionique : Rodrigue et al. [19], [20] ont montré un effet de la nature
de l'anion sur la capacité d’adsorption de CO,. A 1 bar et 573K, ils ont observé une
augmentation de la quantité de CO, adsorbée de 0.2 a 0.5 mmol.g?, respectivement pour les
anions OH et COs?.

b) Physisorbants

(1) Zéolithes

Les zéolithes sont des structures cristallines poreuses naturelles ou synthétiques applicables aux
domaines de la séparation gazeuse et de la purification ; de I’échange ionique ou encore de la catalyse
[21]. Ce sont des matériaux inorganiques a base d’atomes de silicium et dont quelques éléments sont
généralement substitués par des atomes d’aluminium (aluminosilicates).

Les zéolites d’aluminosilicate sont des structures rigides en 3D qui reposent sur un motif tétraédrique
TO4 (T =atomes de silicium et d’aluminium), de formule générale Myn[(AlO2)«(Si02)y].MH,0 (M = contre
ion). L'électronégativité existant au sein des structures zéolitiques est compensée par le contre ion
(métaux alcalins ou alcalino-terreux) localisé dans les cavités [22].

Les zéolithes sont connues pour leurs propriétés de tamis moléculaire grace a des réseaux poreux bien
définis et des tailles de pores allant de 0.5 a 1.2 nm. Il existe plus de 170 topologies zéolitiques (LTA ;
FAU etc.) recensées par ‘The International Zeolithe Association (1ZA)'[23].

Atitre d’exemple, les structures de zéolithe de type A et faujasite (FAU) X et Y a base d’unités sodalites
(SOD) sont représentées en Figure 1.4. Les zéolithes X et Y possedent des structures et des topologies
identiques mais different par leurs rapports Si/Al qui sont respectivement de 1-1.5 et 1.5-3 [22].

Figure 1.4 — Structures a base de cage sodalite (SOD) avec un arrangement de zéolithe de type A (gauche) et
de faujasite (FAU) : zéolithes X et Y (droite) [24]
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L'adsorption de CO; au sein des zéolithes est gouvernée par le phénomene de physisorption. Ce type
de matériau adsorbe des quantités plus élevées de CO; que d’autres adsorbants comme les composés
hydrotalcites. Cependant, divers facteurs peuvent avoir un impact sur les capacités d’adsorption de
CO, tels que :

» La nature du contre ion : De Brieve et al. [25] ont effectué I'adsorption de CO; a 273K sur une
zéolithe NaY et un lot de zéolithes avec différentes teneurs en Ca?'. Les auteurs ont observé
une quantité de CO, adsorbée pour la zéolithe NaY d’environ 5 mmol.g*a 0.1 bar, supérieure
aux quantités adsorbées par les zéolithes contenant le contre ion Ca?*.

» Le rapport Si/Al : 'adsorption de CO; a été réalisée a 295K par Tezel et al. [26] sur un lot de
zéolithes commerciales dont: 13X, HZSM-5-30, HiSiv 3000 (de type ZSM-5), HY-5 avec
différents rapports SiO,/ ALOs respectivement 2.2, 30, > 1000 et 5.1. Les capacités
d’adsorption de CO; obtenues sont : 4.5, 2, 1.5 et 1.2 mmol.g™* pour les zéolithes 13X, HZSM-
5-30, HiSiv 3000 (de type ZSM-5), HY-5. Les auteurs suggérent une variation des capacités
d’adsorption de CO, liée aux différents rapports SiO,/ Al,Os ainsi qu’a la nature et la charge
des contre-ions.

» Le type de zéolithe : Aguilar-Armenta et al. [27], ont effectué I'adsorption de CO, a 290K sur
trois types de zéolithes naturelles erionite (ERI), mordenite (MOR), clinoptilolite (HEU) qui ont
des rapports Si/Al différents. En effet, ce rapport est compris entre 3 et 3.5 pour une zéolithe
de type erionite, entre 4.17 et 5.0 et entre 4.25 et 5.25 pour celles du types modernite et
clinoptililite. Les capacités d’adsorption de CO; obtenues sont respectivement: 2.7 ; 1.6 et 1.5
mmol.gL. Selon les auteurs, une plus grande capacité d’adsorption de CO; pour la zéolithe de
type erionite est attribué a une plus grande quantité d’aluminium tandis que pour les zéolithes
de type modernite et clinoptilolite les rapports Si/Al sont proches.

(2) A base de carbone
(i) Charbons actifs

Les charbons actifs sont des matériaux poreux amorphes méso ou microporeux a base de carbone dont
le domaine d’application s’étend du traitement des eaux a la récupération de solvant ; la séparation
gazeuse pour H,S, ;S ou encore le CO; [28].

Les charbons actifs sont obtenus a partir de la carbonisation et I'activation de précurseurs carbonés
tels que le charbon (ex : charbon bitumineux, lignite), les sous-produits industriels (ex : pétrole, coke
de brai), ou encore la biomasse (ex : bois).

» La carbonisation : elle s’effectue a haute température dans une atmosphére inerte au cours
de laquelle les atomes d’hydrogéne, d’oxygene et d’azote sont éliminés pour produire une
matiére carbonée appelée ‘char’.

> L’activation : elle peut étre chimique ou physique et vise a améliorer les propriétés de surface
(porosité ; sites actifs ; surface spécifique). L’activation physique consiste en la gazéification
partielle de la matiere carbonée par de la vapeur, de I'air ou du CO; a température élevée aux
alentours de 1100-1250 K [29]. L’activation chimique s’effectue a basse température avec
I'utilisation d’agents chimiques tel que I’'hydroxyde de potassium (KOH) ; I’acide phosphorique
(HsPQOy4) ou le chlorure de zinc (ZnCl,) [1], [22], [29].
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Les propriétés texturales (distribution de taille de pores, surface, etc.) ainsi que les propriétés
d’adsorption des charbons actifs sont fonction de la nature du précurseur utilisé. La diversité des
précurseurs carbonés disponibles implique un faible colt pour la production de charbons actifs a
échelle industrielle, ce qui en fait un avantage considérable sur les autres types d’adsorbants. Parmi
les charbons actifs, de nouvelles classes d’adsorbant sont émergentes telles que les tamis moléculaires
carbonés ou les nanotubes de carbone.

Plusieurs travaux ont montré que la capacité d’adsorption de CO; des charbons actifs est fonction de
la pression et de la température.

> La pression : Siriwardane et al. [30] ont réalisé I'adsorption de CO, a 298K jusqu’a 20 bar pour
trois adsorbants : un charbon actif (G-32H) et deux tamis moléculaires les zéolithes 13X et 4A.
Leurs résultats montrent a basse pression (1,7 bar) une capacité d’adsorption de CO, plus
faible pour le G-32H que pour les zéolithes 13X et 4A : respectivement de 2.0; 2.5 et 3.0
mmol.gL. A plus haute pression (13,7 bar), la capacité d’adsorption de CO; est plus élevée pour
le G-32H que pour les zéolithes 4A et 13X soit 4, 3,3 ; 3,5 mmol.g* [5]. Selon les auteurs, la plus
grande capacité d’adsorption de CO; du G-32H a haute pression en comparaison avec la
zéolithe 13X s’explique par une surface spécifique plus élevée respectivement de 506 et 897
m?/g.

» Latempérature : Do et al.[31] ont mesuré les quantités de CO, adsorbées sur un charbon actif
(Ajax) a 0.2 bar pour une gamme de températures allant de 298 a 373K. Cette étude a mis en
évidence la diminution des capacités d’adsorption de CO, avec l'augmentation de la
température.

L’amélioration des propriétés d’adsorption des charbons actifs fait I'objet de certaines études. Maroto-
Valer et al [32] ont modifié la surface de charbon actif obtenu a partir d’anthracite par des
groupements nitrés alcalins soit par traitement a haute température d’ammoniaque ou par
imprégnation de polyethylenamine (PEI). Leurs résultats montrent une augmentation de la capacité
d’adsorption de CO; pour les charbons actifs modifiés. Dans le cas de I'imprégnation par PEI, la capacité
d’adsorption de CO; augmente avec la température (de 30 a 75°C).

(ii) Nanotubes de carbone

Les nanotubes de carbone sont des structures définies et ordonnées composées de macromolécules a
une dimension (Figure 1.5). lls sont divisés en deux catégories : les mono parois ‘Single-Walled Carbon
Nanotubes (SWCNT)’ et les multi parois ‘Multi-Walled Carbon Nanotubes (MWCNT)’ [33].Les SWCNTs
sont constitués d’une seule couche de feuille de graphéene tandis que les MWCNTs en sont composés
de plusieurs couches concentriques (cylindres). La longueur des nanotubes de carbone est de |'ordre
de plusieurs nanometre ou micrometres. Cependant, le diameétre varie et est compris entre 0.4 et 2
nm pour les SWCNTSs et 2 et 100 nm pour les MWCNTSs [34].
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Figure 1.5 — Structure d’une unité de base constituant les nanotubes de carbone [35]

Les nanotubes de carbone sont des matériaux stables chimiquement, thermiquement et qui possédent
de bonnes propriétés mécaniques et des surfaces élevées [34]. Ces matériaux sont applicables dans
divers domaines : biocapteurs ; catalyse ; stockage de gaz et notamment la séparation de CO,. Les
nanotubes de carbone sont étudiés pour I'adsorption de CO,, N, et le mélange CO,/ N..

Cinke et al. [36] ont caractérisé des nanotubes de carbones purifiés a mono paroi (SWCNTs) par
adsorption de diazote a 77K. La surface spécifique, le volume microporeux, le volume poreux total
obtenus sont élevés et sont respectivement de 1587 m2.g%; 0,28 cm3.g%; 1,55 cm3.g2.

L’adsorption de CO; a été effectuée a différentes températures (0, 35, 125, 200°C) et pour une gamme
de pression de 0-1 bar. Les isothermes d’adsorption montrent une diminution de la quantité adsorbée
de CO; lorsque la température augmente. A 35°C, I'adsorption de CO; a été réalisée sur un nanotube
de carbone non purifié et un charbon actif. Le nanotube de carbone purifié adsorbe environ deux fois
plus de CO; que le charbon actif, pour lequel les sites d’adsorption favorable au CO; ont été identifiés
de chaque c6té du nanotube. Les auteurs expliquent ce résultat par une répartition non uniforme des
sites d’adsorption du charbon actif et un faible nombre ayant de I’affinité pour le CO,. En revanche, le
nanotube de carbone non purifié adsorbe une quantité moindre de CO, que le charbon actif. Ce
résultat est confirmé par une étude réalisée par Lu et al. [37]. Dans cette méme étude, ils ont mis en
évidence une augmentation des quantités de CO, adsorbées pour les nanotubes de carbone greffés
par des groupements 3-aminopropyltriethoxysilane (H,NCH,CH,CH,-Si(OCH>CHs)s. D’apreés les auteurs,
la présence de groupements amines augmentent la basicité de la surface de I'adsorbant et I'affinité
pour les molécules de CO,. De plus, les nanotubes de carbone greffés présentent des quantités de CO,
adsorbées plus élevées en comparaison avec une zéolithe et un charbon actif.

Les isothermes d’adsorption de nanotubes de carbone pour les mélanges CO,/ N et CO,/ CH4 ont été
prédites par modélisation (Grand Canonical Monte-Carlo) respectivement par Razavi et al. [38] et
Huang et al. [39]. Leurs résultats respectifs ont montré une adsorption préférentielle des nanotubes
de carbone pour le CO; par rapport au N2 et CHs donc une bonne sélectivité.

(iii)  Graphene

Le graphéne, forme allotropique du carbone, est a I'origine de matériaux carbonés : fulleréne (0 D) ;
nanotubes de carbone (2D). Le graphéne est un matériau cristallin dont le motif de base est un
arrangement cyclique de six atomes de carbone pour former une structure bidimensionnelle d’une,
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deux ou plusieurs couches carbonées [40]. Le graphéne est utilisé pour des applications dans les
domaines des batteries lithium, super condensateurs, séparation de gaz [41].

Les matériaux en graphéne ont des surfaces spécifiques élevées. Gosh et al. [42] ont réalisé
I’adsorption de diazote a 77K pour des échantillons composés de plusieurs feuilles de graphéne (entre
trois et quatre). Les surfaces spécifiques BET obtenues varient de 639 a 1500 m?2/g. Dans cette méme
étude, I'adsorption de CO; a 1 bar et 195K montre une capacité d’adsorption élevée de 35 wt %. Le
graphéne constitué d’une feuille, posséde la plus grande capacité d’adsorption de CO,: 37,93 wt %.

(3) Silice mésoporeuse

Les silices mésoporeuses sont des matériaux poreux ordonnés a base de silicate/ aluminosilicate qui
ont été découverts par la société ‘Mobil Research’ dans les années 90 et ont été regroupés sous le nom
de ‘M41S5’[43]. Cette famille comprend les phases d’oxydes mésoporeuses suivantes: la MCM-41, la
MCM-48 et la MCM-50 qui se différencient par leur réseaux respectifs hexagonal, cubique et
lamellaire[43], [44].

La synthése de silices mésoporeuses repose sur I’hydrolyse et la condensation de précurseurs en
présence de tensio-actifs (auto-assemblage de molécules de surfactants). L’élimination du tensio-actif
par extraction ou calcination conduit au matériau final. Il existe une grande diversité de voies de
synthése des silices mésoporeuses conduisant a des matériaux avec des propriétés d’adsorption et des
tailles de pores variables de 20 a 100 A [45]

Les silices mésoporeuses les plus connues sont la MCM-41 (MCM= ‘Mobile Crystalline Material’) et la
SBA-15 (SBA = ‘Santa Barbara Amorphous’). Ces deux types de matériau ont une structure hexagonale
possédant des pores en forme de canaux a une dimension dont la taille est contrdlable. La surface
spécifique BET ainsi que les volumes poreux sont également controlables et peuvent atteindre
respectivement 1000 m2.gtet 1 cm3.g1[22]. La MCM-41 et la SBA-15 ont été étudiées pour le stockage
et la séparation de gaz grace a I'amélioration des interactions entre la surface et le gaz notamment le
CO; via la fonctionnalisation de la surface de I'adsorbant.

(4) Metal-Organic Frameworks (MOFs)

Les Metal-Organic Frameworks (MOFs) sont des matériaux micro/ mesoporeux cristallins
potentiellement applicables aux domaines du stockage de gaz ; de la séparation gazeuse et
purification; de la catalyse ou encore de la délivrance médicamenteuse [46].

Les MOFs sont des matériaux hybrides organique-inorganique a base de centres métalliques (métaux
simple ou ‘clusters métalliques’) liés les uns aux autres par des ligands organiques permettant de
construire un réseau de coordination en une-, deux, ou trois-dimension(s) (Figure 1.6).
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Centre métallique

Ligand organique Structure poreuse cristalline 3D

Figure 1.6 — Représentation schématique de la structure d’'un MOF composé de centres métalliques liés aux
molécules de ligands organiques pour former une structure tridimensionnelle

Les métaux utilisés peuvent étre divalents (Cu, Zn, etc.) ; trivalents (Al, Cr, etc.) ou tétravalents (V, Zr,
etc.) et les ligands organiques peuvent étre des groupements carboxylate, imidazolate, phosphonate
ou pyrazolate. De par la diversité des métaux, des ligands et leur fonctionnalisation, il existe une large
gamme de MOFs pouvant étre synthétisés avec des propriétés de surface (taille des pores, volume
poreux, acidité/ basicité, etc.) ajustables aux applications désirées. Les MOFs sont connus pour
posséder des structures poreuses bien définies avec des surfaces spécifiques BET et volume poreux
élevés.

Plusieurs facteurs peuvent impacter les propriétés d’adsorption (capacité d’adsorption ; sélectivité)
des MOFs tels que :

> Effet de ‘la taille ’ du ligand organique : K.S. Walton et R.Q. Snurr [47], [48] ont réalisé une
étude portant sur la détermination des surfaces spécifiques BET par méthode de simulation
numérique (Grand Canonical Monte Carlo) sur une série de MOFs: IRMOF-1, -10, -16,
possédant des tailles de ligand croissantes. Leurs résultats montrent une augmentation de la
surface spécifique BET lorsque la taille du ligand est croissante: respectivement de 3000, 5000
et 6200 m2.g%. Des résultats similaires ont été observés dans le cas de la série des MIL-140-A,
-B, -C et —D pour la taille des pores, les surfaces spécifiques BET et les volumes poreux [49].

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

physico-chimiques de surface des MOFs dans le but d’améliorer certaines propriétés telles que
la capacité d’adsorption et la sélectivité vis-a-vis du CO,. Yang et al. [50], ont étudié I'impact
de la fonctionnalisation du ligand organique par différents groupements polaires et apolaires
(-Br, -NH3, -(OH)3, -NO3, -SOsH, -(CF3)3, -CO,H) sur une série de UiO-66(Zr) pour la séparation
CO,/CH,4. D’une maniére générale, une amélioration de I'affinité pour le CO,, de la capacité
ainsi que de la sélectivité en présence de groupements polaires est observée. Pour cette série
de matériaux, les meilleures capacités et sélectivités ont été obtenues pour les UiO-66(Zr)
fonctionnalisés par les groupements —SOzH et —CO;H.

> Effet du ‘métal ou cluster métallique’ : pour la plupart des MOFs, la coordination des centres
métalliques aux ligands crée un effet d’écrantage impliquant une faible contribution de leur
part lors de I'adsorption [22]. Cependant, certains MOFs possédent des sites de coordination
insaturés (Coordinative Unsaturated Sites, ‘CUS’) qui sont des acides de Lewis et agissent
comme des sites d’adsorption spécifiques susceptibles d’avoir une plus grande interaction
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avec les molécules d’adsorbat. A titre d’exemple Dietzel et al. [51] ont montré que les CUS
présent dans le CPO-27-Ni agissent comme de forts sites d’adsorption pour le CO..

> Effet de la ‘flexibilité’ : La flexibilité des MOFs peut étre induite par divers stimuli : pression
mécanique, changement de température ou encore la nature de I'adsorbant. Dans le cas du
MIL-53(Cr) et MIL-53(Al) la flexibilité et notamment le ‘breathing effect’ a été mis en évidence
lors de I'adsorption de molécules polaires telles que le CO, a température ambiante. Bourrelly
et al. [46]ont montré que les MIL-53(Cr, Al) passent d’'une forme ‘Large Pore’ (LP) (état de
déshydratation) a une forme ‘Narrow Pore’ (NP) pour des pressions inférieures a 6 bar tandis
gu’au-dela de 6 bar une forme LP est retrouvée. Cet effet de respiration n’est pas observé dans
le cas d’adsorption de molécules apolaires telles que le CHa. La flexibilité des MOFs peut étre
inhibée par le changement du centre métallique, c’est le cas du MIL-47(V) en comparaison au
MIL-53 (Cr, Al).

Dans le cadre de ce travail, les MOFs microporeux (diameétre de pore inférieur a 20 A) ont été étudiés
carils sont amenés a présenter des effets de confinements et de tamis moléculaire importants pouvant
favoriser la sélectivité vis-a-vis du CO,. Au cours de ce travail, les MOFs seront comparés a la zéolithe
NaX [53] et le tamis moléculaire carboné Takeda 5A [52] largement étudiés pour leurs propriétés
d’adsorption de CO, pris comme matériaux de référence. Quelques exemples de familles de MOFs
microporeux sont donnés ci-dessous.

La dénomination ‘MIL-n’ fait référence aux Metal-Organic Frameworks découverts et synthétisés par
I’équipe de G. Férey et C. Serre au sein l'institut Lavoisier a Versailles (MIL = Matériau de I'Institut
Lavoisier). Les matériaux MIL-100, MIL-101 et MIL-53 sont les plus connus et font I'objet de
nombreuses études pour la séparation de gaz.

(a)  MIL-53

Les matériaux MIL-53 de formule chimique M(OH)(0,C-C¢H1-CO;) sont formés d’une infinité de chaines
d’octaédres métalliques MO4(OH); reliées les unes aux autres par des molécules de ligand organique,
le benzene dicarboxylate (BDC). Cet arrangement conduit a des structures en trois dimensions
composées de tunnels a une dimension en forme de losange. Les matériaux MIL-53 ont été synthétisés
avec différents métaux tel que le chrome, I'aluminium, le fer, le gallium, I'indium[53]—[58].

La famille des matériaux MIL-53 est principalement connue pour la flexibilité de leur structure. Bien
que la structure des MIL-53 reste inchangée, la nature du métal a un impact sur la flexibilité. L’effet de
I'interaction de molécules avec les ‘murs’ de la structure provoque une transition de structure avec
une variation du volume de cellule. Par exemple, I’hydratation-déshydratation des matériaux MIL-53
(Cr3*, AI**) conduit & une variation de la structure d’une amplitude de plus de 5A (Figure 1.7).
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Figure 1.7 — Effet de respiration induit par la déshydratation du MIL-53(Cr3*, AI**) : forme hydratée petits pores
(gauche) et forme déshydratée grands pores (droite) [59]

L’activation sous vide du MIL-53(Cr®*, AI**) méne a une forme déshydratée appelée ‘large pore’ ou
‘forme ouverte’. La porosité est plus élevée et le diamétre de pore est proche de 8.5A. Le groupe de
G. Férey a mesuré une surface spécifique BET équivalente avoisinant 1200 m?/g pour le MIL-53(Cr®*,
AI3*)[54]. Lors de I'adsorption de CO,, la structure du MIL-53(Cr®*, AI**) repasse sous forme de ‘petit
pore’ ou ‘forme fermée’ pour s’ouvrir et devenir a nouveau ‘large pore’ sous |'effet de I'augmentation
de la pression. Cela se traduit par une inflexion sur I'isotherme d’adsorption. Ce phénomeéne est appelé
‘effet de respiration’.

(b) CuBTC

Le metal-organic framework CuBTC ou HKUST-1 de formule chimique [Cus(btc),(H20)s] a été synthétisé
a I'Université de Science et Technologie de Hong Kong en 1999 [60]. Le CuBTC est construit a partir de
I’association de deux atomes de cuivre (Cu?*) avec quatre atomes d’oxygéne provenant de deux
molécules de ligands organiques, le benzéne 1,3,5-tricarboxylate, pour former une structure en trois
dimensions. Le Cu-BTC est composé de deux sortes de pores. Un premier pore central d’une taille de
9A entouré de seconds pores plus petits de 5A formant des sortes de poches (‘pockets’). Ces deux
types de pores sont interconnectés par des fenétres triangulaires d’une taille de 3,5 A (Figure 1.8)

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

En fonction des conditions de synthése et d’activation, la surface spécifique BET équivalente du CuBTC
varie de 690 [60] a 1700 m?/g [61]. De plus, la structure du CuBTC est instable en présence d’eau.
L’activation sous vide du CuBTC provoque des sites de coordination insaturés (CUS) de Cu®* (acide de
Lewis) qui peuvent avoir une forte interaction pour certaines molécules telles que CO,. Le CuBTC est
un matériau qui a été étudié pour diverses applications : séparation et stockage de gaz, catalyse.
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(c) Uio-66

Le matériau UiO-66 (Université d’Oslo) de formule chimique [Zrs04(OH)4(CO-)12] est un MOF largement
synthétisé car il présente d’excellentes propriétés d’adsorption de CO; [62]. De plus, il est stable
thermiquement et en présence d’eau.

La structure de I'UiO-66 consiste en un noyau interne Zrs04(OH)s dans lequel les faces triangulaires
d’octaédres ZrOg sont alternativement délimité par des groupements us-O et ys-OH. Les polyedres des
arrétes sont coordonnés aux carboxylates (p,-(CO,)) provenant des ligands organiques (acide 1,4
benzene dicarboxylate) pour former un cluster d’oxyde de zirconium de formule ZrsO4(OH)4(CO3)12.
Chaque cluster d’oxyde de zirconium est lié a 12 molécules de ligand organique pour former une
structure cubique tridimensionnelle. Cela conduit a une cage centrale octaédrique de diametre interne
de 11 A entourée par huit cages tétraédriques de diamétre interne de 8A. La connexion entre ces deux
types de cages se fait par des fenétres triangulaires d’environ 6A (Figure 1.9).
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Figure 1.9 — Structure du MOF UiO-66 composée de cages centrales octaédriques (gauche) entourées par huit

autres cages tétraédriques (droite) [63]

A

La caractérisation du MOF UiO-66 a montré qu’il est stable thermiquement jusqu’a 300°C et posséde
une surface spécifique BET équivalente aux alentours de 1000m?/g. La fonctionnalisation du ligand
benzene dicarboxylate par des groupements —NH;, -NO,, -Br, -1,4-naphtyl, -1,5-OMe peut conduire a
la diminution de la surface spécifique et du volume poreux de I'UiO-66. L’introduction de ces groupes
d’atomes a pour objectif d’améliorer a la fois l'interaction entre la structure et les différents
adsorbables et la sélectivité de ces matériaux.

(d) Zeolitic Imidazolate Frameworks (ZIF’s)

Les “Zeolitic Imidazolate Framewors (ZIFs)’ sont des matériaux poreux cristallins qui appartiennent a la
classe des MOFs. lls sont construits a partir d’'ions métalliques (M= Zn, Co) connectés aux atomes
d’azotes des ligands organiques imidazole (CsN2Hs" = Im) pour former des structures tridimensionnelles
(3D) [64]. De nombreux ZIFs sont synthétisés grace a la diversité des ions métalliques et du ligand
organique fonctionnalisé ou non. Ce sont des structures proches de celles des zéolithes avec un angle
M-Im-M de 145° équivalent a Si-O-Si de 145°. De plus, certains ZIFs possedent des topologies similaires
a celles des zéolithes telles que : ANA, BCT, DFT, GIS, GME, LTA, MER, RHO and SOD [64].

Les ZIFs ont a la fois une bonne stabilité chimique et thermique ainsi qu’une porosité bien définie les
rendant attractifs pour des applications de séparation de gaz. Un des ZIFs les plus connus pour la
séparation gazeuse est le ZIF-8 qui possede : une topologie sodalite (SOD) et une surface spécifique
BET de 1400 m2.g* [65].
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Dans cette section quelques MOFs de la littérature ont été détaillés, il est a noter que parmi les MOFs
a base d’aluminium le MIL-120 est intéressant pour la séparation de gaz avec des pores de dimensions
5.4*%4.7 A [66]. Cependant il existe d’autre type de MOFs utilisant différents métaux dont le magnésium
Mg, le MIL-123 [67]. Ce MOF est construit a partir de deux types de cavités assez larges qui sont de
super octaedres indépendamment connectés les unes aux autres générant un double réseau qui
s’interpénetre pour former un réseau 3D. |l existe également des MOFs a base de lithium, le Lix(2,6-
NDC) ULMOF-1, constitué de couches d’anti-fluorite a deux dimensions connectées aux sommets aux
octaedres de LiO pour former une structure tridimensionnelle [68].

c) Effet de I'eau

La présence d’eau dans les gaz de combustion est un facteur pouvant avoir un impact négatif sur les
capacités d’adsorption de CO; des adsorbants. [66]. En effet, Ruthven et al. [67] ont mené une étude
sur I'adsorption de CO; a 298K sur deux zéolithes de type faujasite : NaLSX et LiLSX en présence de
différentes quantités d’eau. Les résultats obtenus montrent une forte diminution des capacités
d’adsorption de CO; lorsque la quantité d’eau augmente.

A titre d’exemple, lorsque les zéolithes NaLSX et LiLSX ne contiennent pas d’eau elles adsorbent
respectivement 1.7 et 3.2 mmol.g™* de CO, a 0.04 bar. Pour une charge en eau d’environ 8 wt%, les
capacités d’adsorption de CO, sont 0.8 et 1 mmol.g™.

Dans le cas des charbons actifs, les capacités d’adsorption de CO, sont trés peu affectées par la
présence d’eau car leurs surfaces sont généralement hydrophobes. Néanmoins, un stockage prolongé
de charbon actif en conditions humides contribue a réduire leur capacités d’adsorption de CO,[68].

Dans le cas des MOFs, la capacité d’adsorption de CO; peut étre affectée par la présence d’eau [69].
C'est par exemple le cas du HKUST-1 ol sa capacité d’adsorption de CO; diminue fortement en
présence d’eau [70]. En effet a 1 bar et 298K, les capacités d’adsorption de CO; sont environ 300 mg.g’
! et 25 mg.g ! respectivement lorsque I’échantillon est sec ol entiérement humidifié. Néanmoins, pour
une charge d’eau de 4 wt%, Yazaydin et al. [70] ont noté une amélioration de la capacité d’adsorption
de CO.. Les capacités d’adsorption de CO, d’autres matériaux, tels que le CPO-27-Ni, qui semble étre
prometteur pour de la post-combustion sont affectées par la présence d’eau. Liu et al. [71] ont observé
une diminution des capacités d’adsorption de CO, et des sélectivités CO,/N, pour un taux d’humidité
relative de 3%. Néanmoins pour les ZIF-68 et -69 et un taux d’humidité de 5%, les sélectivités CO,/N,
sont maintenues a faible pression et augmentent a plus haute pression (> 10 bar) malgré une
diminution de la capacité d’adsorption de CO,.[72].

Cela montre qu’en présence d’eau, les capacités d’adsorption ainsi que les sélectivités vis-a-vis du CO;
peuvent étre affectées négativement mais aussi améliorées dans certains cas.

4, Techniques de régénération des adsorbants

Aprés saturation de l'adsorbant, une étape importante et nécessaire est sa régénération pour
permettre sa réutilisation au cours des prochains cycles d’adsorption/ désorption [1]. A I'échelle
industrielle, il est préférable que la régénération s’effectue avec une faible consommation énergétique
afin d’en réduire les co(ts. Plusieurs techniques de régénération ont été développées basées sur la
diminution de pression (Pressure ou Vacuum Swing Adsorption, PSA ou VSA) ou I'augmentation de la
température (Temperature ou Electric Swing Adsorption, TSA ou ESA) :
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» ‘Pressure Swing Adsorption (PSA)’ : I'adsorption s’effectue a haute pression (supérieure a la
pression atmosphérique) a cause de la compression des gaz de combustion en amont de la
colonne d’adsorption. La désorption de molécules cibles telles que le CO, s’effectue a la
pression atmosphérique par réduction de la pression totale.

>  ‘Vacuum Swing Adsorption (VSA)': I'adsorption s’effectue pour des conditions de pression et
température proches de I'ambiante. La pression de désorption est inférieure a la pression
atmosphérique car elle s’effectue sous vide.

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

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

A titre d’exemple, la régénération des zéolithes s’effectue généralement par PSA ou TSA [13]. En
comparaison avec les zéolithes, la désorption ou régénération des charbons actifs nécessite moins
d’énergie ce qui est un avantage a I'échelle industrielle [73].

5. Membranes

La séparation gazeuse membranaire s’effectue par le transfert d’une force motrice : la pression. Depuis
la commercialisation des premieres membranes polymériques dans les années 80, le domaine des
membranes connait un fort développement. Perma (actuellement une division d’Air Product) a
synthétisé la premiére membrane polymérique a base de polysulfone pour la séparation d’hydrogene
[74].

En comparaison avec les techniques conventionnelles de séparation décrites précédemment, les
membranes possedent plusieurs avantages :

» Diminution des colts d’exploitation et des besoins énergétiques, taille des équipements et
déchets générés

» Réduction de 'empreinte carbone

» Pas de nécessité de changement de phase comme pour I'absorption par solvant chimique

Deux parametres permettent d’évaluer I'efficacité d’'une membrane : la perméabilité et la sélectivité.
Ces deux grandeurs sont spécifiques a chague membrane et chaque type de séparation gazeuse :
CO3/N;, 02/N,, CO,/CHg, etc [75]. Les performances des membranes sont évaluées en reportant les
valeurs de perméabilité et de sélectivité sur le diagramme de Robeson, un exemple est fourni ci-
dessous pour la séparation CO»/N; (Figure 1.10).
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Figure 1.10 — ‘Robeson Upper Bound 2008 [75])' exprimant la sélectivité (a) CO2/N2 en fonction de la
perméabilité de CO:

La perméabilité ou coefficient de perméabilité, P;, représente la capacité d’'une molécule a passer a
travers une membrane. Ce coefficient est défini de la maniére suivante :

.l

p=2t (1.6)

Ap;

Autrement dit, la perméabilité s’exprime comme le flux molaire de gaz (J;) diffusant au travers d’une
membrane, normalisé par la différence de pression de gaz (4p;) de chaque c6té de la membrane et
également en fonction de son épaisseur L. La perméabilité d’'une molécule est généralement donné en
barrer soit 1 barrer = 1.10%cm? (STP) cm/cm? s cmHg ou encore 1 barrer = 3.344.10%° mol.m.m2.Pa-
st
La sélectivité décrit la capacité d’'une membrane a séparer deux molécules i et j qui sont transportées
au travers de la membrane, cela correspond au ratio de leur perméabilité (1.7) [76] :

ajj = P/P (1.7)
a) Membranes polymériques

Le transport de molécules a travers des membranes polymériques est gouverné par des mécanismes
de ‘solution-diffusion’. Concernant leurs propriétés de séparation, elles possédent de plus grandes
sélectivités que les membranes inorganiques en raison d’un plus faible volume libre. Néanmoins, les
propriétés de séparation de ces membranes sont limitées car lorsque la perméabilité augmente la
sélectivité diminue et inversement. L’amélioration des sélectivités et des perméabilités de ces
membranes est un challenge qui fait I'objet de nombreuses études.

Les membranes polymériques sont facilement manufacturables et possedent de bonnes propriétés
mécaniques. Les désavantages sont [76]:

» Faible résistance aux contaminants de type H.S
> Faible stabilité thermique et chimique
> Limite sélectivité/ perméabilité

Les membranes polymériques commercialisées sont applicables aux séparations suivantes : CO,/ CHa
(gaz naturel) ; 02/ N> (air) ; Ho/ Na.
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Parallelement a I'optimisation des membranes polymériques, les membranes inorganiques ont été
développées.

b) Membranes inorganiques

Les membranes inorganiques sont constituées majoritairement d’oxydes métalliques, de zéolithes, de
silice, de tamis moléculaires ou de nanotubes a base de carbone. Quatre types de mécanismes peuvent
gouverner la séparation de gaz au sein de membranes inorganiques : la diffusion de Knudsen, la
diffusion de surface, la condensation capillaire et le tamisage moléculaire [77]. Ces membranes
possedent les avantages d’étre a la fois résistantes a de hautes températures et a certains agents
chimiques. Néanmoins, elles présentent certains inconvénients :

» Un colt élevé
» Une reproductibilité moyenne
» Une faible résistance mécanique

Par rapport aux membranes polymériques, les membranes inorganiques montrent de meilleures
sélectivités en raison de leur plus grande porosité, améliorant les propriétés de séparation de gaz.

c) Membranes a matrices mixtes (MMM's)

Les membranes a matrices mixtes sont des matériaux composites constitués de micro- ou
nanoparticules inorganiques (phase discontinue) incorporées dans une matrice polymérique (phase
continue) (Figure 1.11). L'objectif des MMM'’s est de combiner les meilleures propriétés de séparation
de gaz des matériaux inorganiques avec les propriétés mécaniques intéressantes des polymeres et leur
fabrication assez simple.

Polymére

Particules
inorganigues

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

Dans le cadre du projet européen M*CO,, le choix des matériaux poreux a intégrer aux polymeéres s’est
orienté sur les MOFs car ils possedent des aires spécifiques élevées, de grands volumes poreux et
offrent une large diversité de structure due a leur chimie adaptable (nature du métal,
fonctionnalisation du ligand) par rapport aux zéolites et charbons actifs.

La Figure 1.11 illustre un exemple de mécanisme de transport au travers d’'une membrane a matrice
mixte pour une séparation gazeuse CO»/N,. La Figure 1.11 a gauche montre que la molécule de CO,
diffuse au travers de la phase polymérique sans passer par les particules inorganiques tandis que la
molécule de N, traverse la membrane. Ce type de mécanisme ou la diffusion prédomine induit une
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diminution de la sélectivité de la membrane. Cependant, I'objectif général du projet M*CO; est une
amélioration des performances de séparation des membranes a matrice mixtes a la fois en termes de
perméabilité et de sélectivité. La Figure 1.11 a droite met en évidence le type de transport souhaité :
un effet de tamis moléculaire. Dans cette configuration, la molécule de N; ne passe pas au travers de
la membrane a cause de son diameétre cinétique supérieure a celui de la taille des pores des matériaux
poreux tandis que la molécule de CO, diffuse et est adsorbée par ces particules inorganiques.

Néanmoins dans I’élaboration de membrane a matrice mixte, I'intégration de MOFs ou tout autre type
de particules inorganiques a une phase polymérique entraine une modification des performances de
la membrane et trois cas de structure a l'interface sont possibles :

» Lorsque le MOF et le polymére ne sont pas compatible cela crée un ‘vide interfacial’ ou ‘trou’.
Cela engendre une augmentation de la perméabilité par la présence de ce ‘vide interfacial’ et
une diminution de la sélectivité.

» Lorsqu’il y a une bonne adhésion MOF/ polymeére, un blocage partiel ou complet des pores
peut survenir a cause de solvants ou contaminants lors de la synthése ou aprés. En cas de
blocage partiel, il y a généralement une diminution de la perméabilité tandis que la sélectivité
dépend du degré de blocage. En cas de blocage total, les MOFs se comportent comme des
matériaux non poreux.

» Lorsque I'adhésion MOF/polymeére est parfaite cela diminue le ‘vide interfacial’ et donc la
perméabilité mais cela permet d’augmenter la sélectivité.

Les bonnes performances d’une membrane a matrice mixte dépendent de I'optimisation de
I'interaction particules inorganiques/ polymére.

Il existe diverses configurations de mise en ceuvre de membrane a matrice mixte [76] :

» A couche dense ‘Flat dense MMM's’
» Asymétrique a feuille plane ‘Flat sheet asymmetric MMM'’s’ ou a fibre creuse ‘Hollow fiber
asymmetric MMM’s’

Dans le cadre du projet M*CO,, les membranes a matrices mixtes a fibre creuse sont développées.
Celles-ci sont constituées d’une fine couche n’excédant pas 200 nm, sélective pour la séparation de
gaz et supportée par un substrat poreux assurant les propriétés mécaniques.
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6. Bilan

La Figure 1.12 ci-dessous illustre les différents procédés et techniques de séparation de CO, pouvant
étre utilisés.

Procédés de capture de CO,

Post-combustion
Pré-combustion
Oxy-combustion

Techniques de séparation de CO,

|

Absorption Adsorption Distillation cryogénique Membranes
I ! I |
Chimigue Adsorbants Chemical-Looping Polymérique
Solvant aqueux d'amines: Charbon actifs Cambustion [CLC) (polyimide,
MEA [monoéthanolamine) Ténlithes pnly‘sulffn ne, etc.)
Solution agueuse Silice mésoporeuses M .
de sels dammonium: Metal-Organic mlum“m' Sliice,
["Chilled Ammonia Process’) Framewaorks (MOFs) EEG“FI]ES’ '.Etc':'
Matrice mixte
Physique (Palyimide/Silice,
Procédé "Selexol’ Techniques de régénération des adsorbants Polydimethylsiloxane/

Procédé ‘Rectisol”
Procédé ‘Fluor’

PSA ['Pressure Swing Adsorption’) Silicalite, etc.)
TSA ("Temperature Swing Adsorption’)

VEA [("Vacuum Swing Adsorption’)

ESA [‘Electric Swing Adsorption’)

Figure 1.12 — Récapitulatif des procédés de capture et des techniques de séparation de CO:

D. Projet de these

Ce travail de thése s’inscrit au sein du projet européen M*CO,, ‘Mixed Matrix Membranes a base de
Metal-Organic Frameworks and polymeéres (M4)’ en vue de la capture de CO,.

Le projet M*CO, concerne la conception de membranes a matrice mixte (MMM'’s) composées de
matériaux poreux (les MOFs) et de polymeéres pour la séparation gazeuse de CO, en vue des
applications de post et de pré-combustion. Pour cela, des institutions de recherche et des industriels
ont été impliqués dont le CNRS, Total, Polymem etc.

La séparation gazeuse par membrane ne nécessite pas de changement de phase gaz/ liquide en
comparaison avec les technologies usuelles (absorption par solvants aminés, distillation cryogénique),
ce qui donne lieu a une réduction de I'empreinte carbone et des co(ts de la séparation du mélange
gazeux. En effet, le « prix du carbone » a été évalué environ a 24-35 €/ tonne de CO, pour une
installation de capture de CO,, il est donc nécessaire de se tourner vers des techniques de séparation
moins énergivores. De plus, le dimensionnement des unités de séparation membranaires est peu
complexe et permet d’opérer en conditions continues.

Les membranes a matrices mixtes allient a la fois la résistance mécanique des membranes
polymériques et les propriétés de séparation des membranes inorganiques.

Ainsi, le projet M*CO, a pour objectif de concevoir des prototypes de membranes a matrice mixte
visant a améliorer et/ou surpasser les performances de séparation de CO, des MMM'’s ou celles
obtenues par les autres technologies.

Le choix des matériaux poreux a intégrer aux polymeres s’est orienté sur les Metal-Organic
Frameworks (MOFs) et trois générations de MOFs ont été synthétisés :

34



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

> 1% génération : MOFs possédant une seule taille de pore pour lesquelles la synthése de
nanoparticules est facilement réalisable (NH,-MIL-53(Al), ZIF-8, (CO;H),-Ui0-66(Zr))

> 2" génération : MOFs stables comprenant des tailles de pores et des fonctionnalisations
différentes (UiO-66(Zr) ; MIL-53 ; MIL-91 ; Sc2(BDC-NH,)s ; Sca(BDC-NO,)s)

> 3®me génération : synthése de particules de ‘core-shell’ contenant des mésopores pour la
pénétration du polymeére et des micropores pour améliorer la séparation de gaz.

Dans le cadre du projet M*CO,, les membranes sont congues en module asymétrique de fibre creuse
(‘asymmetric hollow fiber’) et sont constituées de I'association d’une fine couche sélective de MOFs
n’excédant pas une épaisseur de 150-300 nm et d’un support poreux. Les performances et la stabilité
de ces membranes dépendent a la fois de I'épaisseur de la couche sélective de MOFs ainsi que de
I'affinité MOFs/ polymére. Le succes des MMM'’s réside dans I'optimisation de I'interaction MOFs/
polymeére passant par la fonctionnalisation de surface. Ainsi, des nanoparticules de MOFs possédant
des morphologies et des structures variables et une fonctionnalisation adaptée ont été synthétisées.

Contribution

Dans le cadre du projet européen M*CO,, nous avons été impliqués dans la caractérisation texturale
et thermodynamique des Metal-Organic Frameworks (MOFs) pour la capture de CO,. Les
caractérisations texturales et thermodynamiques concernent respectivement la détermination des
aires spécifiques, des volumes poreux ainsi que des enthalpies d’adsorption du CO, des MOFs. Ajouté
a cela, les capacités d’adsorption du CO; et les sélectivités ont été obtenues a partir des isothermes
d’adsorption. L'ensemble de ces parameétres sera défini au chapitre 2. La Figure 1.13 met en évidence
notre contribution et nos interactions avec les différents partenaires. En effet, les MOFs que nous
avons caractérisés ont été fournis par différentes institutions de recherche (Université de Versailles,
Université de Saint Andrews et Johnson Matthey). Les données expérimentales d’adsorption ont été
confrontées a la fois avec celles obtenues par simulation et avec les expériences de co-adsorption ce
qui permet l'identification des mécanismes d’adsorption.

Simulation de I'adsorption
dans les MOFs

Synthése des MOFs Caractérisation des MOFs v Institut Charles Gerhardt,
CNRS, Montpellier
/ v’ Institut Lavoisier \ v Madirel (France, CNRS, Marseille]\ v Taille des pores (‘Density
(France, CNRS, v" Aire spécifique (m2.g?); Surface Functional Theory’)
Versailles): externe (m2.g?); Volume poreux v Isotherme d'adsorption
MIL-n (cmi.g?) (‘Grand Canonical Monte
¥’ Université de St v" Isotherme d’adsorption Carlo’)
Andrews (Ecosse): Constante de Henry (mmol.g1.barl), v Prédiction des sélectivités
MIL-n; Scandiums Capacité d'adsorption (mmol.g?) I
v’ Johnson Matthey v" Enthalpie d’adsorption (kJ.mol?)
(Royaume-Uni): v Prédiction des sélectivités CO,/ N, et

\ 7IF's / \ CO,/ CH, (IAST)

v Université de Mons,
Belgique

¥" |sotherme de co-adsorption

v" Calcul des sélectivités de
mélange gazeux et
comparaison aux
sélectivités prédites (IAST)

Figure 1.13 — Représentation schématique de notre contribution au projet M*CO: et des interactions avec les
différents partenaires
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MOFs étudiés

Le choix des MOFs étudiés au cours de ce projet de these ainsi qu’une description de leur structure est
fourni ci-dessous.

MIL-96(Al)

Le MOF MIL-96(Al), a base d’aluminium, a été synthétisé par I'Institut Lavoisier de Versailles. Cette
phase est issue de la réaction entre un aluminium et un groupement aromatique carboxylique, il a pour
formule brute : Al;;0(OH)15(H20)3(Alz(OH)4)[btc]s.24H,0. La phase du MOF MIL-96(Al) décrite dans ce
travail a été revisitée par Marvin et al. [78] durant le projet M*CO; car un désordre cristallographique
de la structure initialement synthétisée par Loiseau et al. [79] a été suspecté.
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Figure 1.14 — Charpente du MIL-96(Al) selon I'axe c (gauche) ainsi que les deux blocs inorganiques qui le
constitue: un trimere d’aluminium (milieu) et une chaine sinusoidale a 18 membres (droite) composée de deux
autres types de trimeéres [78]

La Figure 1.14 présente la phase MIL-96(Al) qui est une structure tridimensionnelle composée
d’octaédres d’aluminium coordonnés entre eux par des ligands trimésiques [btc]®. La structure du MIL-
96(Al) résulte de I'assemblement de deux blocs inorganiques distincts. Le premier bloc est constitué
d’atomes d’aluminium entourés de cinq atomes d’oxygénes provenant des acides carboxyliques et
d’une molécule d’eau pour former des trimeres AlOs(H,0) (Figure 1.14, milieu). Tandis que le second
bloc est un réseau 2D constitué par des chaines sinusoidales d’octaédres d’aluminium Al,O(OH), et
AlO4(OH); interconnectées pour former un cycle hexagonal a 18 membres. La cohésion de la structure
du MIL-96(Al) est assurée par la connexion de ces deux blocs inorganiques grace aux molécules de
ligands. Il en résulte un réseau en 3D constitué de trois types de cavités. La premiere cavité est
délimitée par deux triméres selon I'axe c qui sont connectés a la chaine sinusoidale a 18 membres par
six ligands btc. Cette cavité de forme ellipsoidale a les dimensions suivantes : 9.5¥12*11.3 A et un
volume poreux de 700 A3. La seconde cavité est définie par trois trimeéres interconnectés par des
ligands de fagon plane et qui sont reliés a deux unités de la chaine sinusoidale par six ligands btc. Cette
cavité en forme de bipyramide a pour dimension 3.6*4.46 A. La dimension de la fenétre entre ces deux
cavités est de 3.6*4.5 A. La troisiéme cavité se trouve entre trois trimeres (plan a,b) et deux unités
trimériques selon I'axe c, elle a une forme sphérique de dimensions 11 A. La dimension de la fenétre
entre la seconde et la troisieme cavité est de 1.2*1.9 A.

SCzBDC3 et SCz( BDC-N02)3

Les MOFs a base de scandium : Sc;BDCs et Scy(BDC-NO3)s ont été synthétisés par I'Université de S
Andrews. Le MOF scandium téréphtalate, Sc;BDCs, est obtenu a partir d’ion trivalent Sc3* et d’un
groupement aromatique carboxylique (BDC = 1,4-benzéne di-carboxylate), il a pour formule brute
Sc2(0,CCeH4CO,)s. La Figure 1.15 présente la structure de la phase scandium.
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Figure 1.15 — Structures du Sc2BDCs (gauche) et Sc2(BDC-NO:)s (droite) optimisées par la méthode de
modélisation ‘Density Functional Theory (DFT)’ [80]

La structure du Sc,BDC; résulte de I'association d’octaedres de scandium, ScOg, qui sont interconnectés
par des molécules de ligands organiques pour former un réseau en 3D constituéde canaux
triangulaires. Il en résulte un diametre de pore de 3.6 A. La phase Sc2(BDC-NO,); est obtenue a partir
de la fonctionnalisation des molécules de ligands par des groupements nitro (-NO,) formant un réseau
3D composé de canaux triangulaires. Les atomes d’oxygénes des groupements —NO; sont dirigés vers
le centre des canaux impliquant une diminution de la taille des pores. En effet, le diameétre de pore a
été évalué a 2.9 A.

MIL-69(Al)

Le MOF MIL-69(Al) a base d’aluminium a été synthétisé par I'Institut Lavoisier de Versailles. La phase
MIL-69(Al) s’obtient a partir d’ions trivalents AI** et de 2,6-naphtalénedicarboxylique, il a pour formule
brute : AI[(OH)(0,C-C10Hs-CO,).H20. La structure de la phase MIL-69(Al) est présentée dans la Figure
1.16.

Figure 1.16 — Structure du MIL-69(Al) (gauche) et représentation des chaines infinies d’octaédres d’aluminium
AlO4(OH)2 connectés aux ligands selon I’axe c [81]

Comme le montre la Figure 1.16, le MIL-69(Al) résulte de la connexion de chaines infinies d’octaédres
d’aluminium, AlO4(OH),, liés entre elles aux sommets par des groupements hydroxyles p,-OH et
coordonnés par des molécules de ligands 2,6-naphtalénedicarboxylique (ndc). Il en résulte un réseau
en 3D contenant des tunnels aplatis suivant la direction paralléle aux chaines d’octaédres d’aluminium
(axe c). Le MIL-69(Al) est composé de canaux a une dimension avec une ouverture de pore de 2.7 A
dans lesquels une molécule d’eau est piégée. Celle-ci interagit a la fois avec les groupements
hydroxyles et les atomes d’oxygéne des carboxylates par des liaisons hydrogenes. Lors de I'élimination
de molécules d’eau, la phase MIL-69(Al) n’est pas dégradée, elle est stable jusqu’a 450°C. De plus, les
tunnels sont maintenus dans un état contracté grace aux interactions m-m entre les groupements
naphtalene.
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NH,-MIL-53(Al

Parmi les MOFs de la famille des matériaux MIL-53, le MIL-53(Al) est obtenu a partir de cation trivalent
Al¥* et d’acide 1,4-benzénedicarboxylique (H,BDC). Le MIL-53(Al) est constitué d’octaédres AlO4(OH)
liés aux sommets par des groupements hydroxyles afin de former des chaines infinies liées entre elles
par des ligands organiques. Il en résulte une charpente tridimensionnelle composée de pores en forme
de losange avec une taille de pore de 8.5 A.

Le MIL-53(Al) est principalement connu pour la flexibilité de sa structure sous I'effet de stimuli comme
|’adsorption de gaz. Dans le contexte de I'élaboration de membrane a matrice mixte, il est préférable
d’utiliser des MOFs microporeux non flexibles pour éviter des problemes de compatibilité et de
stabilité entre le MOF et le polymére dans le domaine de pression fixé. C'est pourquoi les propriétés
d’adsorption de CO, du MIL-53 fonctionnalisé par des groupements amino, NH,-MIL-53(Al) de
structure rigide, ont été étudiées dont la structure est présentée dans la Figure 1.17.
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Figure 1.17 — Structure du MIL-53(Al) fonctionnalisé par des groupements amino (-NH2) [83]

Stavitski et al. [84] ont montré que les groupements —NH; contribuent au maintien de la structure dans
une forme ‘narrow pore’ via la création de liaisons hydrogene avec les unités AlOg et joue un role
indirect sur I'adsorption de CO,. Cela conduit également a une diminution de la taille de pore évaluée
a4 6.0 A pour le NH,-MIL-53(Al).

MIL-91(Ti)

Le MOF MIL-91(Ti), diphosphonate de titane, a été synthétisé par l'université S' Andrews sous
conditions de reflux. Initialement, la phase MIL-91(Ti) a été synthétisée par Serre et al. en 2006 [85]
sous conditions hydrothermales. Durant le projet M*CO,, des conditions de reflux ont été choisies pour
démontrer que les MOFs microporeux peuvent étre produits avec des conditions de ‘synthese verte’
sans altérer leurs propriétés d’adsorption de CO..

La phase MIL-91(Ti) est issue de la réaction entre un ion tétravalent, Ti*, et un ligand organique I'acide
N,N’-pipérazine bis-méthyléne phosphonique (O3P-CH,-NC4HsN-CH,-POs). Le MIL-91(Ti) a pour formule
brute : TiO(H,L)-nH,0 (n ~ 4.5) ou L est le ligand organique.
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Figure 1.18 — Structure des octaédres de titane, TiOs, coordonnés aux sommets par deux groupements POsC
(gauche) et charpente du MIL-91(Ti) (droite) selon I'axe b [86]

Comme le montre la Figure 1.18, la structure du MIL-91(Ti) consiste en un réseau 3D composé
d’octaédres de titane TiOg pour lesquels chacun d’entre eux est lié aux sommets par deux groupements
POsC coordonnés aux chaines voisines de ligand. Cela délimite une taille de pore accessible qui a été
estimée a 3.5%4.0 A.

Les matériaux poreux ‘Zeolitic Imidazolate Frameworks (ZIFs)’

Pour rappel, les ZIFs sont des matériaux poreux cristallins appartenant a la classe des MOFs et qui ont
des topologies analogues a celles des zéolithes. De par la variété de métaux, des ligands organiques et
leur fonctionnalisation, il en ressort une grande diversité de structures de ZIFs avec des réseaux poreux
en 3D.

Au cours de ce projet de thése quatre ZIFs ont été caractérisés, fournis par I'entreprise Jonson Matthey
et qui possédent deux topologies distinctes : sodalite (SOD) et rhomboédral (RHO). Les ZIFs de
topologie sodalite sont constitués de larges cages sodalite qui sont interconnectées entre elles par des
fenétres. Tandis que les ZIFs de topologie rhomboédrale sont obtenus a partir de la fonctionnalisation
en position quatre et cinqg de groupement imidazole.

SOD topology RHO topology

ZIF-93

(o] (o]
N 1 1 N
- V( ( Y
HN_-N HN_-N N
mim almelm almelm bim

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

Les ZIF-8 et ZIF-94 ont une topologie sodalite tandis que les ZIF-93 et ZIF-11 possedent une topologie
rhomboédrale. En plus de topologie distinctes, ces ZIFs sont constitués de différents ligands organiques
bien que leur centre métallique soit identique, Zn?*. En effet, les ZIF-94 et ZIF-93 ont le méme ligand
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organique : 4-aldémethylimidazole (almelm) tandis que les ligands pour les ZIF-8 et ZIF-11 sont
respectivement : 2-méthylimidazole (mlm) et benzimidazole (blm). La taille des cages sodalite dans le
cas du ZIF-94 est de 9.1 A interconnectées par des fenétres d’une ouverture de 3.4 A alors que dans le
cas du ZIF-8 la taille des cages et des fenétres sont de 11.6 et 3.4 A. Pour les ZIF-93 et ZIF-11, les tailles
de cage et de fenétres sont respectivement : 17.9 et 3.0 A et 14.6 et 3.7 A. Il est a noter que ces ZIFs
sont stables thermiquement pour des températures allant jusqu’a 300°C.

Pour conclure sur le choix de ces matériaux poreu, ils ont été sélectionnés par rapport a leur petite
taille de pore afin de favoriser un effet de tamis moléculaire pour la séparation de CO, mais également
parce qu’ils présentent une bonne stabilité thermique. De plus, parmi ces MOFs le MIL-96(Al) est stable
a l'eau ce qui peut étre un avantage pour des conditions de post-combustion ou le flux de gaz contient
des traces ou des petites quantités d’eau. Afin d’annuler la flexibilité du MOF MIL-53(Al) pour une
incorporation dans une membrane a matrice mixte, deux stratégies ont été étudiées : bloquer la
flexibilité via des interactions m-m, le MIL-69(Al) ou par la fonctionnalisation du ligand par des
groupements amino (-NH,), le NH,-MIL-53(Al). Au cours de ce projet de thése, les adsorbants ‘Zeolitic
Imidazolate Frameworks (ZIFs)’ ont également été caractérisés car ils présentent de grandes surfaces
spécifiques, une porosité bien définie et ils sont stables thermiquement et chimiquement. De plusil a
été montré que comme pour les MOFs a base de carboxylate, les ZIFs ont une grande capacité
d’adsorption de CO,.

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

Taille
Nom Centre Ligand organique Topologie des Taille des
métallique & ganiq polog fenétres cages (A)
(A)
*
MIL- AP Benzéne tri-carboxylate S';r:s:ij(;e 3.6et4.5 9.5%12%11.3/
*
96(Al) (BTC) d'abeille’ 1.2%1.9 3.6%4.5/ 11
Sc,(BDC- e Benzéne di-carboxylate Canaux i 59
NOz)3 (BDC) triangulaire )
ML 2,6- Canaux en
69(Al) AlR* naphtalenedicarboxylique losange - 2.7%19.4
(NDC) (1D)
NH,-MIL- AP Benzéne di-carboxylate C?;g::;gn i 6.0
53(Al) (BDC) (1D)
MIL- e Acide N,N’-pipérazine bis- "
91(Ti) T méthyléne phosphonique 3.574.0
ZIF-8 Zn** 2-méthylimidazole (mIm) SOD 3.4 11.6
7IF-94 7n* 4-aldeméthylimidazole SOD 34 91
(almelm)
7IF-93 7n* 4-aldeméthylimidazole RHO 30 17.9
(almelm)
ZIF-11 Zn** Benzimidazole (blm) RHO 3.7 14.6

Tableau 1.3 — Résumé des centres métalliques, ligands organiques, topologies et tailles des pores des matériaux
poreux caractérisés au cours de ce projet de theése
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Résumé

L'objectif de ce premier chapitre est d’exposer les différents procédés et techniques de séparation de
CO; disponibles afin de limiter I'émission de gaz a effet de serre. La technique d’adsorption et les
différents matériaux poreux pouvant étre utilisés pour cette technique: zéolithes, charbons actifs,
nanotubes de carbone et Metal-Organic Frameworks (MOFs) ont été abordés.

Les MOFs, matériaux hybrides organique-inorganique possedent des surfaces spécifiques et des
volumes poreux généralement élevés pouvant étre supérieurs a ceux des zéolithes. De plus, leurs
propriétés physiques et chimiques adaptables les rendent potentiellement attractifs pour la séparation
de gaz. Ainsi, les MOFs sont des matériaux de choix pour étre intégrés au sein de la phase polymérique
des membranes a matrice mixte pour I'application visée : la séparation du CO,.
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Chapter 2 - Adsorption, experimental techniques and derived data

First of all, this chapter aims to describe and explain the adsorption phenomenon which occurs when
a solid material surface is enriched in contact with a liquid or gas phase. The adsorption phenomenon
is quantified thanks to the determination of adsorption isotherm plotting amount adsorbed as function
of pressure. The second part of this chapter is devoted to the experimental set up to get adsorption
isotherms below atmospheric pressure and at pressure higher than 1 bar. From adsorption isotherm,
several characteristics of material can be determined: textural parameters, adsorption capacity,
adsorption enthalpy and the prediction of selectivity which are exposed in last part. The knowledge of
these parameters allows to select suitable adsorbents for a given gas separation application.

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

» Adsorption: surface phenomenon that appears when a solid material is in contact with a liquid
or gas phase at the equilibrium. It corresponds to the enrichment of one or more components
or the density increase of fluid at the vicinity of a solid/ gas or solid/liquid interface.

> Absorption: penetration of fluid molecules into the solid material governed by diffusion, unlike
adsorption.

> Sorption: this term is used when adsorption and absorption phenomena occur.

» Physisorption: phenomenon that appears whenever a gas is at the vicinity of gas/ solid
interface. This is governed by low Van der Waals interactions. Physisorption differs from
chemisorption where chemical bounds are created between gas or liquid phase and solid
material.

» Adsorbent: this designates solid materials which can be porous. A pore is defined as a cavity
or channel deeper than large. Porous materials for which pores size do not exceed 100 nm can
be classified as function of pore size as follows in Figure 2.1 [2]:

_ |
Micropores Mesopores

Macropores

2 50 nm

Figure 2.1 — Scheme highlighting various pore width: micropores (< 2nm), mesopores (between 2 and 50 nm),
macropores (> 50 nm)

Note that, micropores can be divided into two categories the ‘narrow pores’ or ‘ultramicropores’ and
the ‘wide micropores’ or ‘supermicropores’.
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» Adsorptive: this designates a vapor or a gas which can be potentially adsorbed at the adsorbent
surface. This is also named the bulk phase.

» Adsorbate: this refers to the adsorbed state of the adsorptive at the vicinity of gas/ solid
interface.

» Desorption: this concerns the transition of adsorbed state toward bulk phase (gas or liquid),
meaning the release of fluid retained by adsorption on the solid surface.

B. Description of adsorption phenomenon

Adsorption is a surface phenomenon for which Van der Waals-type forces can be involved,
characteristic of physisorption. At the microscopic scale, the forces involved in physisorption can be
described by means of mathematical function with the aim to reproduce as far as possible the potential
energy of the adsorbate/ adsorbent interactions. While at the macroscopic level, adsorption
phenomenon can be quantified thanks to Gibbs representation based on the concept of ‘surface
excess’.

1. Intermolecular potential function of adsorption

Adsorption phenomenon is governed by interactions of low energy including the Van der Waals
dispersion forces and repulsion forces at short distances. An equilibrium is established between these
forces when the adsorbent surface and adsorbate molecules are in contact each other. The potential
energy of the adsorbate-adsorbent interactions can be modelled by a mathematical function whereby
interactions are additive and expressed by [1]:

©=@pt+ortp+og (2.1)

The terms @p, @g, @p refer respectively to forces of dispersion, repulsion and polarization interactions.
For each adsorbate-adsorbent systems, these forces and interactions are implied and can be
considered as ‘non-specific’ interactions. While the electrostatic term ¢ is considered as ‘specific’
interactions because it appears for certain adsorbate-adsorbent systems.

The expression of dispersion forces is:

op(r) =—% (2.2)

In the relation 2.2, A and r stand for respectively a dispersion force constant which is characteristic of
the atoms pair and the distance between the adsorbate and adsorbent atoms. This relation expressed
only the dipole-dipole interactions and can be modified to take into account other interactions:

op(r)=—=¢—=%— 710 (2.3)

The terms r~°, r™8, r=10, define respectively the interactions dipole-dipole, dipole-quadrupole and

quadrupole-quadrupole or dipole-octupole.

The repulsion forces occur when the atoms approach each other and their electronic clouds are
overlapped. The exponential Born-Mayer function defines these forces as follows:

Pr(r) = =5 (2.4)

B represents constant of the adsorbate-adsorbent pair.
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The association of dispersion and repulsion terms led to a Lennard-Jones potential energy providing a
global picture of physisorption and expressed as [3]:

A
6

0(r) = =5 — (2.5)

The proximity between adsorbent electric field and the adsorbate induces polarization interactions
whose relation is:

a.E?

Yp=-- (2.6)

a is the dipole polarizability of the adsorbate while E matches to the electric field generated by the
adsorbent.

The electrostatic term expresses the monopole-monopole interaction as follows:

Pp = (2.7)

4TENT

In this relation, g and q' are the charges of atoms of the adsorbate and adsorbent while ¢ is the
vacuum permeability.

Note that, certain molecules as carbon dioxide and nitrogen have a quadrupolar moment while water
possesses a permanent dipole. Thus, the ‘polar’ molecules will induce specific interactions with a
surface which may also be generated with surface groups as hydroxyl groups, cations or other
functionalization at the adsorbent surface.

2. Gibbs representation

Adsorption phenomenon gives an accumulation of adsorptive molecules at the vicinity of adsorbent
surface, called ‘adsorbed layer’. This assumes a variation of local concentration (c = dn/dV) of
adsorptive components. When the distance z increases from adsorbent surface, the local
concentration of adsorptive molecules decreases progressively. When the distance z reaches the value
of thickness t of adsorbed layer, the local concentration is equal to this of gas or bulk phase, cﬁ. This
is shown schematically in Figure 2.2.

Layer model Gibbs representation
S A B ] B
Ve G VEe Va0
dn ! dn
= = dv
ggiolute nzﬁgess =no
| 1l |
c?l- gl
ﬁ”_‘(‘; Bulk fluid
C5=0 g "M 7, cs=0
0t t z 0t z
Surface GDS

S :solid/ A : Adsorbed layer / B : Bulk fluid

Figure 2.2 — Representation of the layer model (left) and Gibbs dividing surface (GDS) of the surface excess
amount
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The layer model constitutes the hypothetical variation of adsorptive local concentration (i.e, ¢ =
dn/dV) thatis divided in three zones: |, Il and Ill. The first one or ‘zone I’ represents the solid adsorbent
where the adsorptive concentration is zero, c$= 0. This assumes that gas molecules do not penetrate
in the adsorbent (i.e, absorption). At a distance z>t, the third zone or ‘zone III’ is the bulk phase where
the adsorptive concentration is homogeneous and only dependent to pressure and temperature
equilibriums. The second one or ‘zone II' is defined as the area comprised between z=0and z =t
corresponding to the ‘adsorbed layer’ for which the local concentration is dependent on distance z and
is higher than this in the bulk phase. The absolute amount adsorbed, n%53°tt€, of adsorptive in the

adsorbed layer is expressed as follows:
ngbsotute = 4 [ cdz (2.8)

The total amount of adsorptive, n, is the amount adsorbed (‘zone 1I’) and the remaining gas amount
in the bulk phase c;?Vg (‘zone 11I’) defined as:

n=A[ cdz+clvo (2.9)

In the equation 2.9, V9 represents the volume occupied by the bulk phase where the concentration
¢9 is uniform. The expression of absolute amount adsorbed is:

ngggolute =n— CFng (2.10)

The determination of the amount adsorbed needs to know the exact values of the bulk phase volume
V9 and the local concentration as function of distance z. However, it is not possible to obtain these
data. A new approach has been proposed by Gibbs to overcome these barriers in the calculation of the
amount adsorbed [1]. Gibbs has introduced the concept of ‘surface excess’ to assess the amount
adsorbed. He has suggested to divide the adsorption phenomena into two areas: gas and solid phases
separated by an imaginary surface parallel and close to the adsorbent surface called ‘Gibbs Dividing
Surface (GDS)'.

From Gibbs, the surface excess amount, n?, is defined by the difference between the total amount, n,
and the amount of gaseous adsorptive which would be present in the volume V90 at the final
equilibrium if the concentration remains constant up to GDS. The expression is:

n’ =n—cgv9o (2.11)

For the physical interpretation of adsorption data, it is evident to coincide the GDS with the adsorbent
surface available for adsorptive. From this assumption I{go is the sum of V% and V9 and the surface
excess amount n? is:

n’ =n—cig(V*+V9) (2.12)

The volume V99 that corresponds to ‘dead-space volume’ can be determined in two ways: from the
knowledge of adsorption cell volume and the adsorbent volume or from adsorption of inert gas as
helium assumed not adsorbed (see section C.1).

From the combination of the equations 2.10 and 2.12, the expression of amount adsorbed is:

ng[lgolute =no + CFgVa (2.13)
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The excess gas amount adsorbed,n?, by a solid of mass m®, depends on the equilibrium pressure, the
temperature and the nature of adsorbent/ adsorptive (interface). The adsorption experiments are
carried out for temperature and volume fixed, only the gas amount introduced into the adsorption
system varies. Thus, the excess amount adsorbed is measured for each equilibrium states established
between the adsorbed phase and the bulk phase which are represented by means of adsorption
isotherm. This allows to quantify the adsorption phenomenon which occurs for an adsorbent/
adsorptive given. Therefore, an adsorption isotherm represents equilibrium states which corresponds
to amount adsorbed as function of pressure in gas phase at constant temperature: n° = f(p)T, an
example is provided in Figure 2.3.

In the case where the adsorption experiments are performed up to 1 bar, the amount c;?Va is much
lower than the adsorbed phase and the amount adsorbed n255°%¢¢ js considered as equivalent to the
surface excess amount n? (i.e, n%43°tte~ n%) This is especially applicable for nitrogen gas adsorption

at 77K or gas adsorption at room temperature up to atmospheric pressure.

However for pressures above 1 bar, the adsorptive concentration in the bulk phase is no longer
negligible (i.e, the term CI:?V“) compared to its concentration in the adsorbed phase. Consequently,
there is a divergence between absolute and excess amounts adsorbed. It is necessary to assess the
volume of adsorbed phase. For highly porous adsorbents, this volume can be considered as the total
porous volume of the solid assuming the amount adsorbed on external surface is negligible compared
to this into the porosity. Thus, the equation 2.13 becomes:

absolute __ g
Nnggs =n%+ cxVpore (2.14)

This divergence has been evidenced for microporous MOFs by A. Wiersum in 2012 [4] for which an
example is provided in Figure 2.3.

25 25
—&- (02 (excess) -0 N2 (excess) ©- CO2 (excess) - N2 (excess)
+-C02 (absolute) = N2 (absolute) 4 CO2 (absolute) = N2 (absolute)
20 20 e
-
23 a""'.--r-*
e -
F'g;g zzo“" " — -Ln P ""__0""-0 ——0—0
S 15 288880000—0—0—0-—0—0 4 5 15 &z
£ £ ¥
£ £
310 310 1
1014 H &
" /
c - ! c Vi 1
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0 20 40 60 0 20 40 60
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Figure 2.3 — Representation of excess and absolute amounts adsorbed for CO2 and N: at 303K on CuBTC (left)
and MIL-100(Fe) from A.Wiersum (2012) [4]

During this thesis, excess amounts adsorbed were measured experimentally and represented in
adsorption isotherms.
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C. Determination and interpretation of adsorption isotherm

The two most widely used techniques to get adsorption data and to build adsorption isotherm are the
manometric and gravimetric methods. During this thesis, adsorption isotherms were mainly
determined via manometry device. Adsorption isotherms have been classified in various categories as
function of the adsorbent nature (i.e, microporosity, mesoporosity, non-porous solids) from IUPAC
recommendation [5].

1. Manometry adsorption device

To collect adsorption data, there are many commercial and homemade apparatus based on the same
experimental principle that is detailed in Figure 2.4.

Pressure gauge — |E S'
Reference volume, Vgg;

Adsorptive —= f% ¥ 1 ; J — Vacuum
o ‘-.TI
Valve

Sample cell , V gppie
Adsorbent«M/

Figure 2.4 — Scheme of adsorption manometry device adapted from Rouquerol et al. [1]

In the literature, the term ‘volumetric’ is still widely used to make reference to ‘manometric’ methods.
The term ‘volumetric’ references to former experiments in which mercury was used to measure gas
phase volume variations. Currently, commercial devices are equipped of sensitive pressure gauges.

Prior to gas adsorption, the measurement of ‘dead space’ or ‘void volume’ (V9'%) is carried out using
helium as probe molecule. The ‘dead space’ represents the measuring cell as well as the part of device
up to pressure gauge that should be determined for each adsorption experiments owing to the
variation of samples density. Helium is considered as a gas that does not adsorb that is why this is used
as probe molecule.

The adsorption measurement consists of introducing a gas dose of known amount into the reference
volume ( Vggr ). The valve of reference volume is then open on sample volume (Vs4pprr) Where the
gas is in contact with the sample until the equilibrium is reached. One can consider that the equilibrium
is established when the pressure change is below a certain limit for a given time or when time is fixed.
Note that the equilibrium should be well established to prevent the distortion of adsorption data. Gas
desorption is mainly carried out by the decrease of pressure thanks to vacuum pump.

Note that, a second way widely used to get adsorption data is the ‘gravimetric method’ where the
principle is based on the measure of the adsorbent mass during adsorption by means of a balance.
Indeed, the adsorbent is weighed before and after gas adsorption and amounts adsorbed are
determined from the mass variation. This type of device has been mainly developed by the company
Rubotherm with a magnetic suspension balance taking into accounts buoyancy effects [6].
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2. Interpretation of adsorption isotherm: adsorption mechanism

When adsorption occurs, the pore filling mechanisms are different as function of pore size: micro-
meso- or macropores. A typical example of an adsorption isotherm is provided in Figure 2.5.

The area A matches to the filling of micropores divided into narrow and wider micropores for which
adsorption occurs on specific adsorption sites on the adsorbent surface. Specific adsorption sites can
be cations or defects of crystalline structure [3]. The narrow micropores filling is governed by enhanced
fluid-solid interactions while for wider micropores it is both fluid-solid and fluid-fluid interactions.
Narrow micropores are filled for relative pressures p/p°® < 0.01 against p/p°® = 0.01-0.15 for wider
micropores. The relative pressures for which micropores filling occurs are dependent on pore shape,
effective pore width and the nature and size of adsorbate molecules. Molecular size of available
adsorbate and experimental conditions governs the capacity of pore filling.

The zone B-C matches to the coverage of adsorbent surface by adsorptive molecules to form a
monolayer adsorbed. The thickness of adsorbed layer increases with relative pressures to get
multilayer adsorbed (zone D). In the case of microporous adsorbent, the amounts adsorbed achieve a
plateau indicating a low external surface area.

The zone D-E coincides to pores condensation which represents a gas-liquid transition and takes place
in mesopores often accompanied by a pore condensation.
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Figure 2.5 — Representation of an adsorption isotherm plotting amount adsorbed as function of relative
pressure

3. Adsorption isotherm: IUPAC classification

In the literature, different adsorption isotherms are encountered for many gas-solid systems showing
various shapes. These shapes give informations about pores structure of the adsorbent.

Initially, the first classification of physical adsorption isotherms has been suggested by Brunauer,
Deming, and Teller in 1940 [4]. The original classification has been extended by the IUPAC
recommendation in 1985 by Sing et al, in 1999 by Rouquerol et al, and more recently in 2015 by
Thommes et al [1], [5], [7]. The classification of adsorption isotherms, n = f(p/p°), is presented in
Figure 2.6.
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Figure 2.6 — Classification of physical adsorption isotherms from IUPAC report in 2015 [7]

Adsorption isotherms of type I(a) and I(b) are reversible and characteristic of microporous adsorbents
(dy <20 A) such as some of activated carbons, molecular sieve zeolites. Types I(a) and I(b) are concave
to the relative pressure p/p° axis. These adsorption isotherms show a steep slope for a low range of
relative pressure p/p° which matches to micropores-filling and suggests strong adsorbent-adsorbate
interactions and adsorption energy. The types I(a) and I(b) are distinguished by micropores width
narrow and wider respectively for type I(a) and I(b). For type I(b), the presence of narrow mesopores
(dp< 25 A) within adsorbent can be possible. For higher relative pressures, the amounts adsorbed
reach a nearly horizontal plateau indicating a low external surface area.

The adsorption isotherm of type Il is reversible and characteristic of nonporous or macroporous
adsorbents. The shape of this adsorption isotherm indicates the formation of multilayer adsorption for
high relative pressures p/p°. Point B on adsorption isotherm until the middle of quasi-linear section
(Figure 2.6) represents the completion of monolayer. Beyond this area, the curve increases
progressively and matches to the multilayer coverage formation with a thickness ‘t’ only limited by the
relative pressure p/p° = 1.

The shape of type Il adsorption isotherm is found for non-porous or macroporous adsorbents and
indicates relatively weak adsorbent-adsorbate interactions. In contrast to a type Il, the absence of
point B shows that the formation of monolayer adsorption is no identifiable. Adsorption isotherm of
type Il is unusual.

Adsorption isotherm of type IV is obtained for mesoporous adsorbents (20 < d,, < 50 R) basically many
oxide gels, industrial adsorbents and mesoporous molecular sieves. Physisorption in mesoporous
adsorbents is governed by adsorbent-adsorbate interactions and the interactions between adsorptive
molecules in the condensed state. The shape of this adsorption isotherm, especially the area of
monolayer-multilayer adsorption, looks like a type Il. Beyond this area, the pore condensation occurs
followed by a saturation plateau which can be also an inflexion point.
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The pore condensation occurs in the pore network when gas condenses to a liquid-like phase for a
relative pressure near to saturation pressure of the bulk liquid. Types IV(a) and IV(b) are distinguished
by the presence of hysteresis loop for type 1V(a) which matches to filling mesopores ‘adsorption branch
(right)’ and their emptying ‘desorption branch (left)’. Both width and shape of mesopores governs the
hysteresis loop. Adsorption isotherm of type IV(a) is more common and its shape of hysteresis loop
depends on gas-solid system studied. Adsorption isotherm of type IV(b) is reversible and an example
is the mesoporous oxide MCM-41 having a hexagonal pore arrangement [8] .

The shape of type V adsorption isotherms is near to a type Ill and illustrates weak adsorbent-adsorbate
interactions. A hysteresis loop is found for high relative pressures and matches with the filling and
emptying of pores. This kind of adsorption isotherms can be found for hydrophobic microporous and
mesoporous adsorbents.

The type VI or stepwise isotherm is associated to an adsorption layer-by-layer on highly uniform
nonporous surface.

However, this classification is idealized because experimentally a combination of different types of
adsorption isotherms is often observed. During this project, the porous materials studied are
microporous and present usually adsorption isotherms of type I.

D. Thermodynamic aspect of adsorption

Adsorption isotherms provide adsorbent capacities for gas separation or storage applications while
adsorption enthalpies characterize adsorbent surface to highlight adsorbent-adsorbate interactions
[1] or deformation of an adsorbent under pressure [6]. In addition, the knowledge of adsorption
enthalpy is an important factor to the development of industrial process. Indeed, a high adsorption
enthalpy suggests strong adsorbent-adsorbate interactions which can involve any difficulties for
regeneration steps. There are two most common methods to determine adsorption energies: the
isosteric method based on the calculation of isosteric heats of adsorption using the Clausius-Clapeyron
equation and the direct measure of adsorption enthalpies by means of microcalorimeter.

1. Isosteric method

The isosteric heats of adsorption are determined from the measure of adsorption isotherms obtained
at various temperatures using the Clausius-Clapeyron following equation:
: RTiT, ;D>
Ahggs = ——2In=2 2.15
ads T,-T, D1 ( )
The isosteric heat of adsorption is calculated for each values of excess surface amount to equilibrium
pressures and temperatures matching to (p1, 02, T4, T2 ).

However, this method presents any disadvantages such as:

» Adsorption process should be reversible

» Adsorption isotherms should be measured in small temperature intervals (5-10K) to maintain
the same adsorption mechanisms. Nevertheless, using small temperature intervals can
contribute to increase experimental errors.

» The isosteric method is sensitive to errors related to the measure of equilibrium pressures.
Therefore, equilibrium pressures should be measured with high accuracy, especially at low
pressures.
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In order to overcome the limitations of isosteric method as well as to carry out many adsorption
experiments, the adsorption enthalpies were measured directly by microcalorimetry.

2. Direct measurement of adsorption enthalpy

Micro-calorimeters are the devices the most suited to get the adsorption enthalpies. There are two
kinds of procedures which can be used: discontinuous and continuous. In this paragraph, the
determination of adsorption enthalpies is explained for the most common method: the discontinuous
procedure that was used during this thesis.

The discontinuous procedure assumes that:

» The calorimetric cell containing adsorbent and gas is considered as an open system

» The gas is introduced reversibly into the adsorption system (step by step)

» The amount of gas introduced and the increase of pressure are small enough to be
infinitesimal: dn? and dp

Under these conditions, the differential internal energy is written:
dU = dQpey + dWyep, + ujdn (2.16)

In the relation 2.16, dQ,., represents the heat reversibly exchanged with the surrounding at the fixed
temperature T ; dW,.,,, is the reversible work of the gas in response to external pressure; u? is the
molar internal energy of the adsorptive at the constant temperature T; dn is the amount of adsorptive
introduced for each step.

The work received by the calorimetric cell can be written:
AW,ye, = RTdn® + Vdp (2.17)
In the equation 2.17, V represents the dead volume of the calorimetric cell.

The combination of the equations 2.16 and 2.17 allows to get the expression of the differential
enthalpy adsorption:

b= () 40 (22), s

The terms of the equation 2.18 represent:

» dQ ey, is the heat measured by the calorimeter which is reversibly exchanged with outside at
the temperature T.

» dn?,is the amount adsorbed.

dp, is the increase in equilibrium pressure.

V., is the dead volume of the cell immersed in the heat-flowmeter of the microcalorimeter.

The term V.dp can be determined by means of inert gas adsorption, usually helium.

Y VvV

Experimentally, gas doses introduced (basically reversible) are not quite small to consider them
infinitesimal and to calculate a differential adsorption enthalpy. Thus, ‘pseudo-differential’ enthalpy
of adsorption are obtained.
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3. Thermodynamic profile of pore filling

Micro-calorimetric experiments allow plotting the adsorption enthalpy as function of gas amount
adsorbed or surface coverage. The curves of adsorption enthalpy result of three types of interactions
[9]: specific, non-specific as well as lateral interactions. When each type of interactions is considered
separately, one can define:

> Surface energetically heterogeneous: it can be induced by pore size distribution and/or surface
chemistry (presence of defects in crystalline structure, cations...). Firstly, adsorbate molecules
occupy specific adsorption sites of high energy. At zero (extrapolation) or low coverage, this
led to strong differential adsorption enthalpy. At highest coverage, adsorbate molecules
occupy less specific adsorption sites of lower energy and the differential adsorption enthalpy
decreases gradually.

> Surface energetically homogeneous: the energies of adsorption sites are closed to each other.
This implies adsorption enthalpy relatively constant.

> Lateral interactions: they contribute to increase differential adsorption enthalpy at high
surface coverage.

Experimentally, each interaction contributes to the curves of adsorption enthalpy which can be
distinguished as function of surface: heterogeneous or homogeneous with respect to nature of
adsorptive (Figure 2.7)

AL!LJ’V /7 (b)

E total

E adsorbent-adsorbate

E adsorbate-adsorbate

Coverage

Figure 2.7 - Schematic representation of adsorption enthalpy respectively for a heterogeneous (a) and
homogeneous (b) surface as function of coverage

In the case of heterogeneous surface, the decrease of adsorption enthalpy with pore filling can be
compensated by the increase of lateral interactions. While, for a homogeneous surface the increase of
adsorption enthalpy as function of coverage can be attributed to the gradual increase of lateral
interactions between adsorbed molecules.

The extrapolation of adsorption enthalpy at zero coverage (i.e, at the y-intercept) allows quantifying
the strength of adsorption sites on which gas molecules are first adsorbed. Usually adsorption
enthalpies are near or slightly higher than these of gas liquefaction, except for microporous adsorbents
where they are significantly higher. One can suppose that adsorbents having small pore size (< 20 A)
contribute to increase adsorption enthalpy by means of higher confinement effect.
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Experimentally, the difference of adsorption enthalpy between a ‘polar’ molecule (CO,, moment
quadrupolar) and an ‘apolar’ molecule (CH4) gives an information on the adsorbent surface
polarizability.

E. Experimental techniques

This part is devoted to the different experimental techniques used to get adsorption data based on
manometry method. Prior to gas adsorption, a preliminary analysis consists of the determination of
activation temperature to remove physisorbed molecules and avoid adsorbent degradation before gas
adsorption experiments. Adsorption data were determined below atmospheric pressure, especially for
nitrogen gas adsorption at 77K using a commercial device. While, adsorption data for pressures above
atmospheric pressure were obtained for CO,, N, and CHs at 303K using a home-made device.
Simultaneously, adsorption enthalpies were determined thanks to a Tian-Calvet microcalorimeter
coupled with a manometry system.

1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis method to measure mass change when the
material is exposed to a temperature ramp under a controlled atmosphere. Thermogravimetric
analyzer used is the ‘TGA Q500’ from TA instruments.

The thermogravimetric analyzer ‘TGA Q500’ is constituted of various pieces:

» A sample holder that allows to analyze 16 samples one by one. For analyze, the sample is
contained into platinum crucible due to the chemical inertness of platinum and its ease to be
clean.

» A vertical thermobalance highly sensitive (0,1 pg) that is able to contain a sample maximum
amount of 1g with an uncertainty on initial mass around 0,01%. In practice for analyze, a low
sample amount is needed around 10-25 mg.

» A vertical furnace that works in a temperature range from 25 up to 1000°C.

During thermal analysis, the sample contained in platinum crucible is introduced in suspension into
furnace. A sweep or purge gas (Ar, He, N5, Air...) passes horizontally through the sample into vertical
thermobalance/ furnace system. The use of sweep gas aims to remove physisorbed weakly molecules
at the surface and those from heating which were trapped in the porosity of the adsorbent in order to
prevent their re-adsorption. Usually, it is an inert gas to avoid the formation of oxidant species in the
controlled atmosphere because they can react with the adsorbent. Purge gas is directly in contact with
the sample that reduces buoyancy effects. Thermocouple close to the sample allows to measure
environment temperature.

Prior to analysis, the tare is performed. Among modes included in this device, the ramp mode was
chosen (5°C/ min up to 700°C) under inert gas (argon) to study thermal behavior. Prior to the ramp
temperature, the first stage is an isotherm step for 30 minutes at room temperature to eliminate
physisorbed weakly molecules (water, solvent, by-products from synthesis) at the surface of the
adsorbent.
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An example of thermogravimetric curve as well as its derivative obtained on the microporous MIL-
96(Al) MOF with the ‘TGA-Q500’ is provided in Figure 2.8.
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Figure 2.8 — Representation of thermogravimetric curve (grey) for the MIL-96(Al) microporous MOF plotting
weight loss as function of temperature and its derivative (orange)

Up to 150°C, there is a weight loss approximatively of 20% which can be attributed to the release of
molecules weakly physisorbed on the surface (i.e, impurity, water). For a range temperature of 150°C
until 300°C, the weight loss seems to achieve stabilization before the adsorbent degradation marked
by a collapse of weight loss. Thus, it allows to fixing the activation temperature at 150°C for which
physisorbed molecules are removed not blocking the porosity for gas adsorption without any
adsorbent degradations.

2. Gas adsorption up to 1 bar: Nitrogen at 77K

Gas adsorption experiments up to 1 bar were carried out using a full automatic gas adsorption-
desorption device, the BELSORP-max, from BEL Japan. Adsorption isotherms are obtained in the range
of relative pressure from p/p° = 102 to 0.997.

Samples pre-treatment are performed by means of turbo molecular pump (TMP) and a furnace for
which maximum vacuum value and temperature range are respectively of 6.7.107 Pa and 50-550°C
with a stability of £ 0.5°C. The pre-treatment time is basically fixed to 900 minutes.

The BELSORP-max can treat three samples simultaneously having similar pre-treatment conditions.
The volume of a measuring cell is approximatively 1.8 cm®. However, one measuring cell is the
reference cell (empty) to get the dead volume. Prior to each gas adsorption, the dead volume was
assessed using helium as probe molecule. The BELSORP-max apparatus allows to use various non-
corrosive gas adsorptive as N, Ar, CO;, H,, etc. or vapor adsorptive as H,O, MeOH, etc. After gas
adsorption-desorption experiments, sample cells should be weighed to overcome the possibility that
some adsorptive molecules are blocked in the porosity.

During this thesis, the BELSORP-max was used to perform mainly nitrogen gas adsorption at the
nitrogen liquefaction temperature, 77K, or water adsorption at 25°C. In both cases, the sample masses
introduced in measuring cells were approximatively 60 mg. The software allows getting nitrogen and
water adsorption isotherms as well as textural parameters as the specific surface area, the external
surface (t-method), the pore volume.
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An example of nitrogen adsorption isotherm obtained from for the microporous MIL-96(Al) MOF is
provided in Figure 2.9:
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Figure 2.9 — Nitrogen gas adsorption isotherm at 77K for the MIL-96(Al) microporous MOF plotting amount
adsorbed as function of relative pressure

Figure 2.9 suggests a type | isotherm from IUPAC classification highlighting the microporous character
of the MIL-96(Al).

3. Gas adsorption above 1 bar at 303K
a) High-throughput system

In order to get quickly adsorption isotherms at high pressures (i.e, maximum pressure of 40 bar) and
to assess CO; adsorption capacities of adsorbent batches, a home-made manometry apparatus was
used [10]. The schematic diagram of the apparatus is provided in Figure 2.10.
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Figure 2.10 — Schematic representation of high-throughput adsorption apparatus [4]

This apparatus is composed of four gas lines, six measuring cells as well as a vacuum system involving
a rapid screening of six samples in parallel.

The sample mass introduced in a measuring cell is around 80 mg depending on the sample density.
This apparatus was designed to be able to carry on reliable measurements on an adsorbent mass limit
that does not exceed 100 mg. In order to increase the accuracy of manometric measurements, the
ratio amount of gas adsorbed to amount of gas in the system should be maximized. This can be done
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by increasing the adsorbent amount, nevertheless for this apparatus the aim is to use the smallest
adsorbent amount as possible. Instead of the gas amount was reduced by minimizing the dead-space
volumes in the system, including the size of the reference volumes and sample cells. The volume of
measuring cells is approximatively 5-6 cm3.

Prior to each gas adsorption experiments, samples are activated thanks to heating muffle for which
the activation temperature is fixed individually by means of an electronic unit. Samples are generally
activated for 16 hours under a primary vacuum. After the activation step, each measuring sample cell
is placed in individual sand baths connected to a liquid thermostat maintaining the temperature at
30°C. The thermostat used is a Julabo F25 ME where the temperature range extends from -15 to 200°C
(+ 0.01 °C). Add to that, the overall system is placed into a cage thermally regulated at 30°C.

During adsorption experiments, the gas is transmitted from gas bottle to the ramp by means of
pneumovalves. For each samples, a gas dose is introduced into the reference volume which is defined
as the volume between E; and S; valves. When the pressure is stabilized into the reference volume
(controlled by a pressure gauge (PG;)), the sample valve (S;) is opened allowing the gas expansion and
the contact with adsorbent until equilibrium occurs. The equilibrium time into the reference volume
is fixed to 15 minutes while in the sample volume this depends on the adsorptive nature (i.e, CO, = 60
minutes, N, and CH4 = 40 minutes, He (calibration) = 30 minutes). After gas adsorption, the gas is
exhausted from measuring sample cells by means of valves, however, the vacuum system constituted
of a primary vacuum can be used. The amounts adsorbed were calculated using an equation state [4].

With this home-made apparatus several gas adsorption cycles can be performed to assess the
regeneration of each sample under mild conditions. Indeed, between each gas adsorption cycle there
is a step under a primary vacuum at 30°C for 1 hour.

This home-made apparatus is very useful :

» To get rapidly adsorption isotherms at high pressures at 30°C as well as the samples adsorption
capacities.

» To assess the adsorbent regeneration under mild conditions (i.e, for 1 hour at 30°C under a
primary vacuum).

b) Adsorption manometry device coupled with a Tian-Calvet
microcalorimeter

The apparatus used is a manometry system coupled with a Tian-Calvet type microcalorimeter, the
experimental scheme is given in Figure 2.11.
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Figure 2.11 - Home-made device consisting of a manometry device coupled with a Tian-Calvet
microcalorimeter

Prior to gas adsorption experiments, adsorbent included into calorimetric cell is activated ex-situ under
a secondary vacuum.

The Tian-Calvet microcalorimeter is constituted by two thermopiles mounted in electrical opposition.
Each thermopile possesses around 500 chromel-alumel thermocouples. Temperature of the system is
controlled and can be fixed in the temperature range of 25 up to 150°C. In this work, the adsorption
capacities as well as the adsorption enthalpies were measured at a temperature fixed at 30°C.
Manometry system withstands to pressures up to 100 bar, however adsorption isotherms can be
achieve up to 50 bar owing to the limit of pressure gauge. The gas introduction in the system is done
point by point. In practice, the gas is introduced by means of pneumovalves into the reference volume.
Usually, the equilibrium time into the reference volume is fixed to 15 minutes. When pressure is
stabilized into the reference volume, a pneumovalve is opened allowing the contact between the gas
and the adsorbent until the equilibrium is reached. Usually, equilibrium time was-fixed at 90 mins for
CO,, N; or CH4, however a longer equilibrium time can be setup when diffusion occurs in adsorbent.

4. Adsorptive features

The properties of various adsorptives used are summarized in table below.

Adsorptive Nitrogen Carbon dioxide Methane
p N2 COz CH4
Molecular weight/ 28.01 44.01 16.04
g.mol
Kinetic diameter/ nm 0.364 0.330 0.380
. g _3
PoIarlsablllt;/ o/ 103, 174 591 5 59
nm
Quadrupolar moment
Q/ 10°C.m? 5.0 14.0
-DvapH/ ki.mol? 5.57 17.2 8.19

Table 2.1 - Properties of adsorptives [11]
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F. Derived data from adsorption isotherm

From nitrogen gas adsorption isotherm at 77K below atmospheric pressure, some textural parameters
can be determined: specific surface area and pore volume. While for pressures higher than 1 bar,
adsorption capacity as well as adsorption enthalpy can be obtained which are key parameters to select
adsorbent for a given gas separation. From single-gas adsorption isotherms, the selectivity of
adsorbent can be predicted based on IAST model.

1. Determination of specific surface area with Brunauer, Emett and Teller
(BET) method

The assessment of specific surface area of an adsorbent uses widely the BET equation for which the
model has been proposed in 1938 by Brunauer, Emett and Teller [12].

The model proposed by Brunauer, Emett and Teller stipulates that there is the growth of
supplementary layers after the formation of a statistical monolayer. The monolayer is considered as
adsorption sites for the next layers formed. As for the Langmuir theory, Brunauer, Emett and Teller
assume that there is one kind of adsorption sites as well as no lateral interactions between adsorbed
layers. However, they added one assumption which is that the second and others layers have the same
characteristics as the bulk fluid phase. Therefore, they consider that the adsorption energy of
monolayer is different from second and next layers which are equal to the liquefaction enthalpy.

From these assumptions, they have established a relation linking the amount adsorbed and relative
pressures p/p°.

1 _ 1 [ 0
na(1-p/p®) - né,c + [nf‘nC] (p/p ) (2.19)

The terms of equation 2.19 are:

> n%, the amount adsorbed

> p/p°, the relative pressure

» n%, the adsorbate amount needed to cover entirely the adsorbent surface to form a
monolayer

» C, the constant that takes into account the adsorption molar energy of monolayer(E;) as well
as liquefaction energy (E|) of adsorbate at the adsorption temperature fixed and R the constant
of ideal gas. C takes the expression:

El_El]

(2.20)

From equation 2.19 which is the transformed BET equation, the parameters ng, and C are obtained by

plotting as function of (p/p° ). The knowledge of monolayer capacity,n%, allows to get the

n®(1-p/p°)
specific surface area of a solid from the following relation:

a

Agpr = [%] Ny.op, (2.21)
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The terms of equation 2.21 represent:

aggr, specific surface area, m?/g

mS, mass of adsorbent solid, g

ng,, monolayer capacity/mol

N,4, the Avogadro constant (= 6,023.10%° mol?)

O, average area occupied by each molecule adsorbed at the adsorbent surface into the
monolayer/m?

YV V VY

The BET equation is applied for a range of relative pressures p/p° from 0.05 up to 0.35 which matches
to the linear region of the BET plot. It is in this region that the BET equation is verified and usually
applicable for non-porous and mesoporous adsorbents. For microporous solids, the BET equation is
often applied for lower relative pressures, p/p° < 0.05. The relative pressures range is reduced due to
limited linearity of the BET plots. This assumes that a monolayer is formed inside micropores as flat
surface. In the particular case of microporous adsorbents, the specific surface area can be over- or
under-estimated owing to the presence of ultra- or super-micropores. The ultra-micropores are
defined as the ratio w/d below 3 while for super-micropores this ratio is above 3, where w represents
the opening of pore and d the diameter of the probe molecule. Therefore, the term ‘equivalent BET
surface area’ is basically used for microporous material [1], [13].

The specific surface area determination using the BET method can be validated through the calculation
of three criteria [13]. Firstly, the value of C parameter should be positive. A negative value indicates
that the BET equation is not applied in the good range of relative pressures. Secondly, the term n?(1 —
p/p°) should increase gradually with p/p° in the pressure range chosen for the BET equation
application. Last the value of relative pressure p/p°, whose the expression is 1/v/C +1, which matches
to n%,, should be included in the calculation range of BET equation.

2. Determination of external surface area and pore volume

The external surface area of a solid, a(t), is defined as the surface outside the pores (i.e, non-
microporous surface) as well as pores large enough to allow the adsorbed multilayer formation. The
external surface area determined for non-porous and mesoporous materials coincides with this
calculated from BET equation. In the case of microporous adsorbents the difference between the
equivalent BET surface area and the external surface area gives assess to the microporosity.

To assess the external surface area of an adsorbent, the t-[8] and as- [14]methods can be used. In this
work, the t-method was used and is detailed below.

The t-method has been proposed by de Boer and is based on the comparison of the thickness of
adsorbed layer of the adsorbent studied against this of a non-porous solid taken as reference, for each
relative pressures [15].

In this method, the thickness ‘t * of adsorbed multilayer is calculated from the number N of adsorbed
layers and the thickness ‘e’ of one layer, for each value of relative pressures.

t=N.e (2.22)

De Boer assumes that the adsorbed layer is in liquid state and each molecular layer has the same
thickness:

e = (M/p))/(Ny.0) (2.23)
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The number ‘N’ of adsorbed layer is given by: N = n%/n%,

Therefore in the case of nitrogen adsorption at 77K, the thickness of a monomolecular layer is of 0.354
nm. The parameters used are M = 28 g.mol™, p; =0,809 g.cm*®and ¢ = 0,162 nm? [13].

Thanks to the knowledge of the number (= n%/n%, ) of monomolecular layers, the expression of the
thickness becomes:

t/nm = 0,354(n%/n%) (2.24)

From adsorption isotherms obtained on non-porous adsorbent, the thickness ‘t’ can be plotted as
function of relative pressure p/p°. From nitrogen adsorption at 77K performed on non-porous oxides,
De Boer evidenced that the plots f(t) = p/p°are similar suggesting a ‘universal’ plot.

Some relations have been established to fit this universal plot and the most widely used is the one
proposed by Harkins and Jura [16]:

0,5
¢ 0,1399

—_— = — 2.25

nm <0,034—log(%)> (2.25)

For a given adsorbent, the t-plot is built by plotting n* measured as function of t. The slope, S;, of the
t-plot allows to calculate external surface area a(t) with the following equation:

a(t) = % xS, (2.26)

When adsorptive is N,, equation 2.26 becomes:
a(t) =34.6 xS; (2.27)

Typically, the t-plot for a microporous material shows a steep slope at low thicknesses follows by a
plateau that suggests an adsorbent saturation. Therefore, the amount adsorbed at this plateau is used
to obtain both the external surface area and the micropore volume. In most cases for microporous
adsorbents, the t-plot does not intercept the origin, it can be related to the strong adsorbent-
adsorbate interactions at low pressures. Usually for microporous adsorbents, the external surface area
is negligible and adsorption occurs mainly in micropores (i.e, pores filling). Thus, the difference
between BET and external surface area can be attributed to the area of the micropores.

3. Determination of Henry’s constant

For low enough pressures, the amounts adsorbed are small and governed by interactions between
superficial atoms at the adsorbent surface and adsorbate molecules. In this region, the surface excess
amount increases linearly with pressure and then Henry’s law can be applied:

n% = kyp (2.28)

In equation 2.28, n? is the surface excess amount obtained from adsorption isotherms, p is the
equilibrium pressure and ky the Henry’s constant [1].

Therefore, the determination of Henry’s law constant allows assessing the affinity of adsorbent-
adsorbate system.

In practice, for a given solid material the Henry’s law constant is obtained by plotting In(n?/ p) as
function of n?:

71



Chapter 2 - Adsorption, experimental techniques and derived data

— 7im ("
ky = Q_’,’é( > ) (2.29)
4. Determination of Working Capacity (WC)

The working capacity (WC) is determined from single gas adsorption isotherms and an example is
provided in Figure 2.12 for two gases. The working capacity represents the difference of amounts
adsorbed between two pressures, an upper and a lower ones. These pressures are fixed with respect
to pressure conditions of process. For example for conditions near to post-combustion we fixed the
upper and lower pressures respectively at 0.15-0.2 and 0 bar against 15 and 1 bar for conditions close
to pre-combustion.

Adsorption Upper
isotherm of gas 1 pressure

" | Working Capacity
5 | Lower of gas 1
E pressure
~—
®
Adsorption | Working Capacity
of gas 2

isotherm of gas 2

P/ bar
Figure 2.12 — Adsorption isotherms of gas 1 (blue) and gas 2 (green) plotting amount adsorbed against pressure

The unit of working capacity is expressed in cm*®.cm? to be in agreement with those used in industrial
processes. For this, crystallographic density (g.cm?) of an adsorbent determined experimentally or
from literature is used to calculate the working capacity.

5. Determination of adsorption enthalpy

The experimental measurements of adsorption enthalpy were performed via a manometry device
coupled with a Tian-Calvet microcalorimeter (section E.3.b). Adsorption is an exothermic process in
which each gas doses adsorbed leads to an exothermic effect. Thus, during adsorption experiments
the heat flow and pressure signals were recorded as function of time. An example of these recorded
signals is provided in Figure 2.13.
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Figure 2.13 —Recorded signals obtained from a microcalorimetry experiment at 303K: pressure (red) and heat
flow (green)

Note that, the return of the heat flow to baseline highlights that equilibrium between the gas and the
adsorbent is well established. The area under the heat flow curve against time is integrated to get the
‘pseudo-differential’ adsorption enthalpy for each gas doses.

6. Determination of selectivity

A high CO; selectivity over other components of the gas mixture is an essential factor for CO, capture
applications. For gas separation processes, the selectivity assessment is used as an indicator of
separation ability of porous materials. For a given pressure, the expression of selectivity (a) between
two species 1 and 2 is:

a2 = (x1/%2)/(Y1/2) (2.30)

In this equation, x; and x, are the mole fractions of species 1 and 2 in the adsorbed phase while y,
and y, are the mole fractions in the bulk phase.

The selectivity can originate from two mechanisms: based on size molecules and the difference in
affinity of various components present in gas mixture to be adsorbed on pore surface [11]. In practice,
it is not easy to measure directly the selectivity of an adsorbent for gas mixtures. Thus, the most
common method is to predict the selectivity based on experimental single-gas adsorption although gas
molecules competition on adsorption sites is not taken into account.

In this work, the selectivities were calculated using the ‘Ideal Adsorbed Solution Theory (IAST)’ model
developed by Myers and Prausnitz [17]. This model allows to predict co-adsorption isotherms based
on the use of only pure gas adsorption data and considers that the equilibrium between the adsorbed
phase and gas phase is similar to this between a liquid solution and a vapour phase. The IAST model
has been already used to study gas mixtures related to post-combustion [18]-[20] and pre-combustion
[21], [22] for CO; capture. Some works highlighted that the IAST model can be applied to flexible MOFs
as [Cu(dhbc)2(4,4’-bipy)] for hydrocarbons mixture [23], Cu-MOF equally for hydrocarbons mixture
[24] or for the MIL-53(Al) for CO,/CH4 mixture [25].

However to apply IAST model, the pure adsorption isotherms are fitted with empirical models:
Freundlich equation, Langmuir-Freundlich equation, Toth equation, Langmuir Multisite equation [26],
Jensen-Seaton equation [27]. Potential empirical models used in this work are described below.
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a) Freundlich equation

One of the first empirical equations has been proposed by Freundlich in 1926 and takes the following
form [1]:

Ngas = Ky (T)PH* (2.31)

Ky and t are constant parameters which are temperature dependent. In the Freundlich equation, the
t parameter takes into account the non-ideality. When t = 1, this reduces the Freundlich equation to
the Henry’s law equation. However, in most cases t is higher than 1 and there is an isotherm deviation
from linearity.

Usually, the Freundlich equation is used to describe organics adsorption on activated carbons from
aqueous streams[28], [29]. Nevertheless, this can be applied to gas adsorption systems in small
pressure ranges. Indeed, at low pressures it does not match with Henry’s law under dilute conditions
while at high pressures there is not limit values of amount adsorbed as function of pressure.

b) Langmuir-Freundlich equation

The Sips equation (1948) is the combination of the Freundlich and Langmuir equations in order to
improve the fit of adsorption isotherms at high pressures [30]. The expression of Sips equation is:

m  (Gp)Yt

ads T4 (ppyi/e (2.32)

Ngas =N

In this equation, the term n[l}, represents the limiting adsorption capacity.

c) Toth equation

The Toth equation is a popular empirical equation (1971), initially proposed for monolayer adsorption
(1962), which has the advantage to satisfy the limits for both low and high pressure ranges. The Toth
equation expression is:

bP

—_— (2.33)
(1+(bp)HHe

Nadas = nglds
In this expression, the t parameter describes the system heterogeneity as for the Langmuir-Freundlich
equation. Nevertheless, when t = 1, the Toth equation is reduced to the Langmuir equation.

The Toth equation describes accurately many adsorbate/ adsorbent systems and is widely used to fit
experimental adsorption isotherms.

d) Jensen-Seaton equation

Both the Langmuir and Toth equations deals with two conditions to have a thermodynamic and
experimental consistency of adsorption isotherm models: in the low pressure range, the models should
be reduced to the Henry’s equation while for higher pressure range, finite values of the amount
adsorbed should be reached with respect to adsorbent saturation capacity highlighting the
compressibility of adsorbate.

The expression of the Jensen-Seaton equation is:

Ky P it

nd = Ky P [1 +( faq1 + Kp)t] (2.34)
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In this equation, Ky represents the Henry’s constant and k refers to the compressibility of adsorbate.
The Jensen-Seaton takes the form of the Toth equation when k¥ = 1 and if t = 1 this becomes the
empirical Langmuir equation. Usually, the Jensen-Seaton equation provides good fit for microporous
adsorbents up to high pressure.

e) Langmuir Multisite equation

Amongst the variety of empirical model, the Langmuir equation is the simplest [4]. However in many
cases, the fit of experimental adsorption isotherm is not optimal. An approach was to consider the
experimental adsorption isotherm as the sum of several Langmuir-type isotherms having various
monolayer capacities and affinities. Thus, it is envisaged that the adsorbent possesses several distinct
types of homogeneous adsorption where Langmuir equation is applied to each. The expression of
Langmuir multisite equation is:

b;P

Ngds = Zinglds,i
In this relation, i represents the number of different types of adsorption sites, usually this does not
exceed three. In the literature, both dual-site (i =2) and triple-site (i =3) are commonly used to fit
accurately gas adsorption isotherm on zeolites and MOFs at room temperature[31], [32].

7. Determination of an Adsorbent Performance Indicator (API)

Owing to industrial processes as for gas separation applications, the development of new porous
materials grows as: MOFs, ZIFs, in addition to the improvement of traditional adsorbents as activated
carbons, zeolites and organo-silicas. These materials have a large variety of features such as pore size,
specific surface area and surface chemistry involving various isotherm shapes, adsorption capacities,
adsorption enthalpies and selectivities. Thus, it can be difficult to compare these adsorbents for a given
application. The ideal adsorbent deals with a high selectivity, a high adsorption capacity and a low
adsorption enthalpy. Therefore, an indicator of adsorbent performance was defined including these
parameters [33].

The aim of the ‘Adsorbent Performance Indicator (API)’ is to propose a parameter allowing an easy
comparison of adsorbents as well as the identification of the most promising materials for a given
separation. The API takes into account three parameters which are:

» The selectivity: this is the most important parameter because if porous materials are non-
selective, the separation will not be possible

» The working capacity: this determines the size of unit separation and the cost of the
installation. However this is dependent on the adsorbent volume, consequently, it is more
suitable to compare volumetric adsorption capacity of the adsorbents. To achieve volumetric
uptakes, the crystallographic density can be used

» The adsorption enthalpy: as the adsorption is an exothermic process, the knowledge of
adsorption enthalpy gives an information about the heat required for adsorbent regeneration

The expression of the adsorbent performance indicator is:

—1)AwcP

Ap] = a2

C
|AHads,1|

(2.36)

In the equation 2.36, a;,, WC;, AHy4 1, represent respectively the selectivity, the working capacity
and the adsorption enthalpy directly measured. While, 4, B, C are exponents related to the nature of
process.
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Summary

Firstly, this chapter defined adsorption phenomenon at the microscopic (i.e, intermolecular potential
function) and macroscopic levels (i.e, Gibbs Dividing Surface). The adsorption is a surface phenomenon
which occurs when a gas or a liquid is at the vicinity of a solid surface. During adsorption, interactions
of low energy can be involved as Van der Waals-type forces.

Experimentally, home-made and commercial apparatus were used to get adsorption isotherms below
atmospheric pressure and for higher pressures. From adsorption isotherms obtained below
atmospheric pressure, usually N; adsorption at 77K, textural parameters as BET surface area and pore
volume were calculated. While from adsorption isotherms obtained above atmospheric pressure, data
like adsorbents adsorption capacities, working capacities were determined as well as initial or average
adsorption enthalpies. The knowledge of adsorption enthalpy is an essential parameter for CO; capture
to assess ability of the adsorbent regeneration.

The prediction of selectivities can be carried out using experimental single gas adsorption isotherms
and IAST model, they may be compared to those obtained from type ‘Grand Canonical Monte Carlo’
modeling methods. The selectivity is a crucial factor for CO, gas separation applications which can be
governed by various mechanisms as: pore size involving molecular sieve effect, the affinity of
components with the surface and chemical interactions related to the adsorbent functionalization. For
microporous adsorbents, one can suppose that there is a combination of molecular sieve effect as
function of pore size as well as a high confinement effect owing to small pore size (chapter 3).
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Chapter 3 — Complete gas adsorption study of various MOFs

Metal-Organic Frameworks (MOFs) are three-dimensional (3D) crystalline porous structures built up
from metal clusters linked together through organic moieties [1] (see scheme in Figure 1.6, chapter 1).
Based on the diversity both of metal clusters and organic linkers, many thousands of MOFs can be
synthesized. In recent years, MOFs have received a considerable attention due to their high specific
surface area and pore volume that can exceed those of some traditional adsorbents as zeolites used
in industrial processes as ‘Pressure Swing Adsorption’ [2] or activated carbons [3]. For example, both
specific surface area and pore volume of MOF-5, a typical MOF that is a crystalline microporous
coordination polymer, are higher than those of NaX and Takeda 5A (defined as reference materials in
chapter 1). Indeed, specific surface area (m2.g?) and pore volume (cm3.g?) are respectively: 2800/1.2
(MOF-5) [4]; 710/0.25 (NaX) and 1180/0.46 (Takeda 5A) [5].

Microporous MOFs can be used for various gas separations (CO»/Nj; Hy/CO, CO,/CHg;
acetylene/ethylene; xenon/krypton; propylene/propane etc.). They are attractive, especially for CO,
capture from binary mixtures with, for example, N, (flue gas treatment) and CH4 (natural gas or biogas
purification) due to their potential confinement and molecular sieving effects [6].

During this thesis, we received 38 microporous MOFs from different partners of M*CO; project. The
preliminary study consisted of analyzing their thermal stabilities and textural properties thanks to
thermogravimetric analysis (TGA) and nitrogen gas adsorption at 77K. Thus, textural parameters as:
BET surface area, pore volume and external surface area were experimentally determined (listed in
Annex A). Following the textural characterization, a screening step of gas adsorption properties (i.e,
COy, N,, CH4) of MOFs was carried out using an home-made high-throughput system detailed in chapter
2 (section E.3)a)) to get quickly adsorption isotherms at 303K. Those analyzes allowed to identify ten
MOFs that combine a high thermal stability, a certain degree of porosity as well as interesting CO,
adsorption properties. Moreover, pore size of some MOFs suggest confinement or/ molecular sieving
effects in favor of CO; over N, and CH,. Therefore, we performed a study in-depth of gas adsorption
properties of those ten MOFs using a manometry system coupled to a Tian-Calvet microcalorimeter
(chapter 2, section E.3)b)). With this kind of apparatus, accuracy gas adsorption isotherms and
adsorption enthalpies were determined at 303K.

Those ten MOFs can be classified as function of organic linker nature:

» Carboxylate: NH,-MIL-53(Al), MIL-69(Al), MIL-91(Ti), MIL-96(Al) and Sc2(BDC-NO5)s
> |Imidazolate: ZIF-8, ZIF-94, ZIF-93, ZIF-11 and Zn[2-nIm];

In this chapter, CO, adsorption properties of carboxylate-based MOFs are discussed through five
aspects in view of post-combustion application (i.e, CO,/N; gas separation). Note that, CO, adsorption
properties of imidazolate family are detailed in chapter 4. Those five important aspects to select
adsorbents are:

> Working capacity (WC/ cm3.cm™)

Adsorption enthalpy at zero coverage (—Aadsoh/ kJ.mol?)
Selectivity (a)

Moisture conditions

An Adsorbent Performance Indicator (API)

YV VYV Y
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A. Working capacity (WC)

The working capacity was defined in chapter 2 (section F.4) as the difference of gas amount adsorbed
between two pressures (upper and lower) fixed by the targeted process conditions. In our study, the
upper and lower pressures were fixed respectively around 0.15-0.2 and 0 bar, near to post-combustion
conditions. The working capacities were calculated in volume unit (cm3.cm?3) by means of MOFs
crystallographic densities to be consistent with units used in industrial processes.

CO, working capacities around 0.15-0.2 bar at 303K were determined for the ten MOFs selected
amongst 38 MOFs of M*CO, project. They were compared to those of MOFs previously studied within
the laboratory as well as to reference materials NaX and Takeda 5A (Figure 3.1).
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Figure 3.1 — CO2 working capacities (cm3.cm) calculated for a low pressure range (0.15-0.2 bar) at 303K for
MOFs of M*CO: project (orange), MOFs previously studied within the laboratory (yellow) as well as NaX and
Takeda 5A (green)

The CO, working capacities of MOFs are considerably lower than this of NaX that is known to have an
excellent CO; adsorption capacity especially at low pressures [7]. Nevertheless, CO, working capacities
of MOFs are equal or outperform this of Takeda 5A. Amongst MOFs of the M*CO, project, the CO,
working capacities of some of them stand out such as: NH,-MIL-53(Al) (38.4 cm3.cm™3), MIL-91(Ti) (21.8
cmi.cm3), MIL-96(Al) (48.8 cm3.cm3), ZIF-94 (24.8 cm3.cm™) and Zn[2-nIm]; (42.5 cm3.cm3). The CO;
working capacities that have been reported in literature for some MOFs are equal or higher: MIL-
100(Fe) (136.2 cm3.cm?3) [8], MIL-68(Ga) (75 cm3.cm?3) [9], MIL-91(Al) (31.5 cm3.cm=) [10], STA-12(Ni)
(242 cm3.cm) [11] for CO2/N; gas separation in the pressure range of 0-1 bar at 303K.

From Figure 3.1, one can observe that the microporous aluminum trimesate MIL-96(Al) stands out with
the best CO, working capacity in those specific conditions (i.e, 0.15-0.2 bar, at 303K). In the revisited
structure of the MIL-96(Al) by Marvin et al., they showed that this material possesses some specific
adsorption sites that are: aluminum acid sites, hydroxyl groups as well as coordinating water,
potentially attractive for quadrupolar CO, over N, [12]. In literature, some MOFs with specific
adsorption sites have already been reported for CO, adsorption, typically: HKUST-1 [13], MOF-74 [14]
or MIL-100 [15] having ‘coordinative unsaturated site’ (CUS).
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1. CO; working capacity versus ‘BET’ surface area

Adsorption is a surface phenomenon at ambient temperature, thus, the CO, working capacities of
MOFs calculated in the pressure range 0.15-0.2 bar at 303K were reported against the BET surface area
(Figure 3.2) determined from nitrogen gas adsorption at 77K.
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Figure 3.2 — CO2 working capacities calculated for a low pressure range (i.e, 0.15-0.2 bar) at 303K as function
of BET surface area

One can observe that there is no obvious correlation between the CO, working capacities in these
specific conditions (i.e, 0.15-0.2 bar at 303K) and the BET surface area of the different MOFs studied.
However based on the study conducted by Marvin et al. on the MIL-96(Al) in which we have
contributed (publication and supporting information in Annex B, [12]), the BET surface area can be
correlated to crystals size. Indeed, they reported various crystals sizes of the MIL-96(Al) from
micrometric down to nanometric scale owing to requirement of pure nanoparticles for MMM
application. Amongst various synthesis routes investigated to yield the MIL-96(Al) nanoparticles
(experimental section [12]), water reflux conditions were retained for which no nanoparticle
aggregation were detected (Figure 5, [12]), while in the work conducted by Knebel et al. [16] MIL-
96(Al) nanoparticles aggregates were formed using solvothermal synthesis in a mixture of H,O/DMF
solvents. However, the presence of nanoparticle aggregates can affect negatively the working capacity
and selectivity of MMM.

During this thesis, | worked on two crystal sizes of the MIL-96(Al): microcrystals of dimensions 20 um
long, 5 um wide and nanocrystals with diameter of 200 nm + 30 nm denoted respectively ‘MIL-96(Al)-
HR’ as well as ‘MIL-96(Al)-NP2’ (Figure 3.3).
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Figure 3.3 — SEM images of the MIL-96(Al) particles: micro (‘MIL-96(Al)-HR, top) and nano (‘MIL-96(Al)-NP2,
bottom) (Figure 1, [12])

When crystal sizes decrease, one can expect an increasing of external surface area of adsorbents. It
has been verified for the MIL-96(Al) where the decrease of crystals size led to an increase of external
surface area accompanied by an increase of the BET surface area (table 3.1). Note that, external surface
areas were estimated via t-plot method.

Lots BET suriac_tla area External surface area (m2.g?)
(m*.g7)
MIL-96(Al)-HR 597 6
MIL-96(Al)-NP2 691 40

Table 3.1 — BET surface area and external surface area of the MIL-96(Al) for two crystals sizes (i.e, micro and
nano) deduced from nitrogen gas adsorption at 77K

In addition, the trend is confirmed by the external surface area estimated to 100 m2.g* for third batch
of the MIL-96(Al) nanocrystals (i.e, denoted MIL-96(Al)-NP3) with an average diameter of 70 nm.

Both the BET surface area and external surface area increased between micro- and nano-crystals
respectively of 13.6% and 85%. CO adsorption properties were investigated on the MIL-96(Al) particles
of micrometric and nanometric size and their matching CO; adsorption isotherms at 303K plotting
amounts adsorbed against pressure were represented in Figure 3.4.
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Figure 3.4 — Adsorption isotherms plotting CO2 amounts adsorbed as function of pressure at 303K for the MiL-
96(Al)-HR (blue circle) and the MIL-96(Al)-NP2 (purple square). Error bars were determined from the repetition
of CO: adsorption at 303K (two times) on the MIL-96(Al)-HR and MIL-96(Al)-NP2

For pressures up to 3 bar, the CO, amounts adsorbed are similar for the MIL-96(Al)-HR and the MIL-
96(Al)-NP2 suggesting almost zero effects of crystals size (i.e, micro- or nano-) in this pressure range.
For pressures above 3 bar, the CO, amount adsorbed is slightly higher for the MIL-96(Al)-NP2 than for
the MIL-96(Al)-HR and the difference was estimated around 11%. This seems to be in agreement with
the decrease of the specific surface area generated when crystals size decrease from micrometric
down to nanometric scale. Thus, one can suppose that there is a link between morphology and specific
surface area for the MIL-96(Al) particles.

2. COz working capacity versus ‘pore size *

From Figure 3.2, it has been observed that there is no precise correlations between CO, working
capacities and specific surface area as might be expected. This suggests that the adsorption
phenomenon at ambient temperature is governed by other textural parameters. Thus, the CO, working
capacities of MOFs were reported as function of pores size (Figure 3.5).
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From Figure 3.5, in those specific conditions near to post-combustion two aspects are noticeable:

» There are no precise correlations between the CO, working capacities and the pores size of
the ten MOFs selected.

> There is a kind of threshold for a pore size of 4 A matching to the highest CO, working capacity,
approximatively of 48 cm3.cm. This corresponds to the microporous aluminum trimesate MIL-
96(Al).

In the case of MIL-96(Al), an average pore size of 4 A was fixed by modelling method (group of
G.Maurin) due to its complex structure composed of three cavities whose general view with the three
types of cages are presented in Figure 3.6.

Figure 3.6 — General view of the MIL-96(Al) framework along the c axis (top) and scheme showing its three
cages A (white), B (yellow) and C (blue) (bottom) (Figure 2a and Figure S2, [12])

Initially, the MIL-96(Al) structure was described by Loiseau et al. as containing four non-equivalent
aluminum sites [17]. Nevertheless, the Al-O distances of the fourth aluminum (denoted Al4) were
suspected as unrealistic because very short suggesting a crystallographic disorder of the MIL-96(Al)
initial structure. So, Marvin et al. revisited the MIL-96(Al) structure using synchrotron-based single X-
ray diffraction (XRD), solid state Nuclear Magnetic Resonance (NMR) and Density Functional Theory
(DFT).

As described by Loiseau et al. the MIL-96(Al) structure results from the assembly of two building units.
The first one is an oxo-centered trimer octahedra (called Al(1)) coordinated to bridging trimesate and
us3-0O ligands. While the second building unit is composed of a 2D hexagonal network containing 18-
membered rings built by sinusoidal chains of aluminum octahedra. These chains contain two non-
equivalent types of aluminum, respectively called Al(2) and Al(3). The Al(2) octahedra is coordinated
to four trimesate oxygen and two bridging p.-hydroxo moieties while the Al(3) octahedra is
coordinated to two and three trimesate oxygen and bridging p.-hydroxo moieties. The hexagonal 18-
membered rings are interconnected each other by another type of trimer that is an ‘unusual’ Al(3)
composed of three Al(3) octahedral that are corner-linked by p,-OH groups. Various aluminum trimers
present in the microporous MIL-96(Al) are exposed in Figure 2 (i.e, c), d) and e)) of publication [12].
The connection of Al(1) octahedral with 2D hexagonal network (i.e, Al(2) and Al(3)) through the
trimesate ligands lead to a 3D framework with a complex arrangement of three types of cavities
denoted A, B and C (Figure 3.6).
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Morphology and dimensions of three types of cavities were estimated as follows (Figure S2, Table S1
[12]):

> Cage A: sphere with a free diameter of 11 A and a volume cell of 520 A3
> Cage B: ellipsoid with dimensions 9.5%12.6*%11.3 A and a volume cell of 700 A3
» Cage C: bipyramid with dimensions of 3.6*4.5 A and a cell of volume of 10 A3

Nevertheless, all cages of the MIL-96(Al) framework are not connected each other as one would
expect:

» The cages of same type (i.e, A-A, B-B or C-C) are not connected.

» The cage A is assumed as no connected to the cages B and C due to the narrow windows size
below 2 A. Windows dimensions between two cavities were estimated from the Van der Waals
radius from oxygen atoms (for more details see Figure S4 [12]).

However, the cages B and C are connected and dimensions of windows size are of 3.6 A horizontally
(distance between two oxygen atoms of p,-OH trimer) and 4.5 A vertically (distance between two
oxygen atoms of ps-oxo trimer) (Figure S4, [12]). Therefore, based on those estimations of windows
size an average of pore size of 4 A has been fixed for the MIL-96(Al) framework.

Due to the fact that the cavity A is isolated within the structure, the MIL-96(Al) presents a two-
dimensional (2D) porous network that consists of ‘zig-zag’ channels between cages B and C (Figure S3,
[12]). Consequently, this will be probably the diffusion path during gas adsorption. In view of windows
size and kinetic diameter of CO; and N, one can suppose that the CO; adsorption will be favored within
the MIL-96(Al).

B. Adsorption enthalpy

The adsorption enthalpy was defined in chapter 2 (section D.2) characterizing adsorbent surface to
highlight state changes of adsorbed layer or deformation of an adsorbent under pressure [1]. As a
reminder, the adsorption enthalpies were measured experimentally at 303 K by means of manometry
device coupled to Tian-Calvet microcalorimeter (chapter 2, section E.3.b)) [18]. The adsorption
enthalpy profiles plot a ‘pseudo-differential’ enthalpy of adsorption as function of amount adsorbed
(chapter 2, section D.3). From the extrapolation of adsorption enthalpy profile at y-intercept, one can
get an adsorption enthalpy at low surface coverage (-Aagsoh, kJ.mol?).

In this section, the difference of adsorption enthalpies between CO, and N at low surface coverage
will be discussed considering CO, and N, are predominant gas of post-combustion. Adsorption
enthalpies were taken at zero coverage due to the low CO; partial pressure in the post-combustion
process (i.e, around 0.15-0.2 bar), this allows to assess the strength of adsorbent-adsorbate initial
interactions. Thus, those differences were reported for the MOFs selected and compared to MOFs
already studied within the laboratory as well as reference materials NaX and Takeda 5A (Figure 3.7).
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Figure 3.7 - Difference of adsorption enthalpies between COz and N2 extrapolated at zero coverage for various
MOFs: M*CO: project (orange), previously studied within the laboratory (yellow) as well as NaX and Takeda
5A (green)

Amongst MOFs, the greatest difference of adsorption enthalpies between CO; and N, extrapolated at
zero coverage is attributed to the MIL-69(Al) (-37 kJ.mol?) outperforming those of NaX (-31 kJ.mol?)
and Takeda 5A (-10.6 kJ.mol?). This is followed by those of the Scy(BDC-NO,)s and NH>-MIL-53(Al),
respectively of -29.7 and -20.6 kJ.mol!. One can observe that the difference of adsorption enthalpies
between CO;and N; at zero coverage for the MIL-69(Al), the Sc,(BDC-NO;)s and the NH,-MIL-53(Al) are
close or higher of those of adsorbents containing specific CO, adsorption sites as CPO-27, HKUST-1,
MIL-101(Cr) with coordinative unsaturated sites ‘CUS’ or NaX with counter cation Na*. The comparison
of initial adsorption enthalpies with those of others adsorbents reported in literature show that they
are lower: MIL-100(Fe) (-16.7 kJ.mol™) [8], MIL-140A(Zr) (-11.7 kJ.mol ) [19], STA-12 (-19 kJ.mol?) [11]
or NaY (-14.7 kl.mol?) [20]. This can suggest the presence of strong CO; interactions at low coverage
for the MIL-69(Al), the Sc2(BDC-NO3)s and the NH-MIL-53(Al).

One can suppose that there are some textural parameters that play a role during CO, adsorption.
Therefore as for working capacity, the difference of initial adsorption enthalpies between CO; and N3
were reported as function of pore size (Figure 3.8).
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Figure 3.8 - Difference of adsorption enthalpies between CO2 and N: extrapolated at low coverage as function
of pore size

One can observe that the difference between CO; and N adsorption enthalpies extrapolated at low
surface coverage increase when pore sizes decrease. The greatest differences of initial adsorption
enthalpies between CO, and N, are attributed to MOFs having small pore sizes around 4.0-6.0 A: the
MIL-69(Al), the Scz(BDC-NO;)s and the NH,-MIL-53(Al). This suggests that there are a combination of
confinement and molecular sieving effects. Note that, the MIL-69(Al) and the MIL-53(Al) are
isostructural MOFs, however in our case linker of the MIL-53(Al) was functionalized by amino (-NH3)
groups.

Thus, the MIL-69(Al) and NH»-MIL-53(Al) which have analogues structures as well as Sc,(BDC-NO,); are
detailed.

1. Scandium-based MOFs family: Sc;BDCs and functionalized counterpart Sca(BDC-NO3)3

Initially the scandium-based terephthalate adsorbent, of chemical formula Sc;(0,CCeH4CO3)s, was
synthesized by Miller et al. in 2005 [21]. The scandium terephthalate is built up of isolated ScOe
octahedra interconnected by BDC (1,4-benzenedicarboxylate) linkers to give three-dimensional (3D)
small pore structure with openings about 3A in free diameter. Miller et al. demonstrated that the
scandium terephthalate possesses a high thermal stability up to 400°C as well as a significant pore
volume of 0.26 cm3.g? making it very attractive for gas separation of small molecules as CO,.
Thereafter, the adsorption behavior of the scandium terephthalate was investigated by Miller et al. for
small fuel-related molecules: CO;, N3, Hz, O3, CH4, CoHs, C3Hs [22]. Amongst those gas molecules, they
showed that the scandium terephthalate adsorbs more strongly CO; than light carbons and others gas
(Hz, N2, O;). In addition during CO; adsorption, they also identified a symmetry change from monoclinic
to orthorhombic. Then, Mowat et al. [23] have demonstrated that crystal form of the scandium
terephthalate can be stabilized by functional groups (amino and nitro).

Based on those data, the structures of scandium terephthalate and its amino- and nitro- derivative
were optimized by Density Functional Theory (DFT) calculations from single-crystal X-ray diffraction
data. Their adsorption properties, especially initial CO, adsorption enthalpies at 303K, were
investigated during the M*CO; project. The results have been published by Pillai et al. [20] in 2015 in
which our contribution concerns the experimental measurements of adsorption enthalpies on the
scandium terephthalate functionalized by nitro groups (publication and supporting information in
Annex C).
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Our study was focused on the Sc;(BDC-NO,)s. As it has been demonstrated by Cmarik et al. [24] on
functionalized UiO-66, the polarizing groups as nitro contribute to enhance CO; isosteric heat of
adsorption. Indeed, values of isosteric heats of adsorption are -25.5 against -32 kl.mol? respectively
for UiO-66 and UiO-66-NO,. One can expect a similar effect for the Sca(BDC-NO3)s.

Firstly, the structures of Sc;BDCs and Scy(BDC-NO,)s optimized by DFT calculations are presented in
Figure 3.9 when structures are CO;-loaded (Figure S3, [20]).

Figure 3.9 — Unit cell crystals structures of the CO: loaded Sc:BDCs (left) and Sc2(BDC-NO:)s (right) (Figure S3
[20]) resolved by DFT geometry optimization from experimental unit cell parameters obtained from X-ray
diffraction measurements[21], [23]

The optimization of the Sc,BDC; and Sc(BDC-NO)s structures by DFT allowed to identify two kind of
channels denoted A and B as well as two suspect CO; adsorption mechanisms. In the case of Sc;BDC;,
CO; is aligned in channel A in such way that oxygen atoms of CO, interact with hydrogen atoms of the
phenyl rings. While in channel B, CO, adsorption involves a tilting of organic linker. This is in agreement
with the symmetry change (i.e, monoclinic to orthorhombic) identified by Miller et al. induced by CO,
adsorption and leading to two kinds of channels A and B [25]. While for the Sc,(BDC-NO,)s;, Mowat et
al. [23] suspected a reorientation of nitro groups when CO; adsorption occurs. This is supported by the
good agreement between experimental and simulated adsorption isotherms obtained when the
oxygen atoms of the nitro groups are considered as not pointing anymore toward the center of the
channel (Figure 3, [20]).

For the Sc,BDC; and Scy(BDC-NO,)s, CO; adsorption enthalpies extrapolated at low surface coverage
were determined from modeling methods. However, initial CO, adsorption enthalpy for the Sc,(BDC-
NO:); was equally determined from experiment (complete CO, adsorption enthalpy profile in Figure
S27 [20]). Thus, values of initial CO, adsorption enthalpies were reported as function of pore size
(Figure 3.10).
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Figure 3.10 — CO: adsorption enthalpy extrapolated at low coverage against pore size (left) for the Sc2BDCs (full
grey triangle) and the Sc2(BDC-NO2)s (full green lozenge) determined by simulation methods. The empty green
lozenge represents the initial CO2 adsorption enthalpy determined experimentally using a manometry device
coupled with a Tian-Calvet microcalorimeter on which error bars were calculated from CO: adsorption cycles
repeated at 303K (Figure 5, [20]). On right figure were plotted COz adsorption isotherms at 303K showing CO2
uptakes against pressure respectively for Sc2BDCs (full grey triangle) and Sc2(BDC-NO:)s (full green lozenge)

From Figure 3.10, one can observe that simulated CO, adsorption enthalpy at zero coverage of the
Sc2(BDC-NO3)s is slightly higher than for the unfunctionalized scandium terephthalate. Indeed,
simulated initial CO, adsorption enthalpies are of -32 and -35 kJ.mol ™ respectively for the Sc,BDCs and
the Scy(BDC-NO3)s. However, the comparison between simulated and experimental initial CO;
adsorption enthalpies for the Sc2(BDC-NO3)s shows a slightly difference. The experimental value of CO,
adsorption enthalpy at zero coverage is -39.2 kl.mol with an error bar of + 1.8 kl.mol™. Note that, the
error bar was calculated from the repetition of three CO, adsorption cycles at 303K (Figure 5, [20]) that
have equally emphasized a full regeneration of the Sc;(BDC-NO,)s under mild conditions (i.e, primary
vacuum at 303K for 1h between each cycle).

The functionalization of scandium terephthalate by nitro groups contributed to a slight increase of
initial CO, adsorption enthalpy, this is not as high as expected as for UiO-66 adsorbent [24]. This
suggests that confinement effects are predominant within the Sca(BDC-NO,); due to its small pore size,
2.9 A, hindering stronger CO, adsorption enthalpy. Although the presence of nitro groups contributed
in a slightly increase of CO, adsorption enthalpy this led to a decrease of CO; uptakes (Figure 3.10).

2. Aluminum-based MOFs: the NH,-MIL-53(Al)/ MIL-69(Al) system

Some MOFs such as the MIL-53(Al, Cr) have the characteristic of being flexible in response to external
stimuli as temperature change [26], mechanical pressure [27] as well as probe molecule [28]. The MIL-
53(Al) possesses interesting CO, adsorption properties over N> and CHs with an initial adsorption
enthalpy of -35 kJ.mol™ as well as a breathing phenomenon (i.e, narrow to open form) around 6 bar at
304K [28]. However in our study, MOFs with a rigid rather than flexible frameworks are explored to
ensure a good cohesion between MOFs and polymers to avoid potential collapses of mixed matrix
membranes (MMMs) in the studied pressure range. In order to maintain the MIL-53(Al) structure in
narrow pore form, two strategies were setup:

» Functionalization of linker (i.e, 1,4 benzenzdicarboxylate) by amino (-NH,) groups leading to
the NH,-MIL-53(Al) (Figure 3.11)
> Linker exchange by 2,6 naphtalenedicarboxylate leading to the MIL-69(Al) (Figure 3.11)
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Consequently, this involved a decrease of pores sizes: respectively 6 and 3 A for the NH,-MIL-53(Al)
and the MIL-69(Al) against 8 A for the MIL-53(Al).

In the context of this thesis, we characterized adsorption properties of ‘narrow form’ of the MIL-69(Al)
(provided by the Lavoisier institute). Note that Senkovska et al. [29] demonstrated that the MIL-69(Al)
phase possesses an ‘open form’ when DMF is used instead of water as solvent during synthesis.

Various types of interaction that can play a role when CO; adsorption occurs within the NH,-MIL-53(Al)
and the MIL-69(Al) are shown in Figure 3.11.
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Figure 3.11 - The MIL-53(Al) structure where organic linkers: 1,4 benzenedicarboxylate (BDC) are
functionalized by amino (-NH2) groups (left) [30] and MIL-69(Al) structure modeled by G. Maurin group (ICGM).
Black arrows represent various interactions: hydrogen bonds between NH: groups and [AlOs] for the NH2-MIL-
53(Al) as well as n-mt interactions between 2,6 naphtalenedicarboxylate (NDC) for the MIL-69(Al)

Regarding the NH»-MIL-53(Al), its surface acidity was characterized by means of spectroscopic
methods by the Bulgarian Academy of Sciences (BAS) group (Sofia) of the M*CO, project. They
evidenced that relatively strong hydrogen bonds are created between a part of hydroxyl and amino
groups and then do not interact with weak bases as CO,. One can assume that amino groups play an
indirect role on CO; adsorption. Those results are in agreement with these of Stavitski et al. [31]
regarding adsorption mechanisms identification involved when CO; adsorption occurs on MIL-53(Al)
and NH,-MIL-53(Al). According to the authors, the contracted state (i.e, narrow pore form) of NH,-MIL-
53(Al) is the most stable form, mainly assigned to efficient hydrogen bonds between NH, moities and
[AlQg]-- rather than Van der Waals (VdW) interactions. While the open form (i.e, large pore) of MIL-
53(Al) is more stable than its narrow pore state due to low strength of additional VdW interactions
between terephtalate joints.

In the case of the MIL-69(Al), the BAS group characterized CO, adsorption sites as one type of isolated
bridging hydroxyl groups (1,-OH) which are main CO; adsorption sites.

Therefore, narrow pore form of the MIL-53(Al) was maintained via hydrogen bonds or nt-it interactions,
respectively the NH,-MIL-53(Al) and the MIL-69(Al) on which we performed measurements of CO,
adsorption enthalpy at 303K (Figure 3.12).
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Figure 3.12 — CO adsorption enthalpy profiles plotting differential adsorption enthalpies against uptakes (left)
and matching adsorption isotherms representing amounts adsorbed as function of pressure (right) at 303K for
the NHz2-MIL-53(Al) (empty circles) as well as for the MIL-69(Al) (full circles)

Regarding adsorption enthalpy profile of the MIL-69(Al), there is a slight increase of CO, adsorption
enthalpies up to -41 kl.mol? for a range of CO, amounts adsorbed 0-0.5 mmol.g. While, at low
pressures, the average CO; adsorption enthalpy is approximatively -38.9 kJ.mol which is higher than
UiO-66 (Zr)-BTEC (-34.8 ki.mol?) [32] and lower than NaX (-49.0 kl.mol?) [5]. This suggests that there
are strong CO, adsorption sites within MIL-69(Al) which is probably coupled to a high degree of
confinement. Between 0.8 and 1.5 mmol.g?, CO, adsorption enthalpies show a horizontal plateau
which can be explained by a MIL-69(Al) structure expansion. Beyond 1.5 mmol.g’, there is a strong
decrease of CO, differential adsorption enthalpies which matches to adsorbent saturation. For
pressures above 1 bar, CO; adsorption isotherm of the MIL-69(Al) describes a step around 1.6 bar
which seems to be analogous to the inflection observed for the MIL-53(Al) that appears around 4 bar.

While in the case of the NH,-MIL-53(Al), CO; adsorption enthalpies are relatively homogeneous around
-40 kJ.mol! in the uptake range 0-1.5 mmol.g. In this area, this suggests there are no CO, specific
adsorption sites and probably a filling of the micropores. For uptakes higher than 1.5 mmol.g, CO,
adsorption enthalpy decrease until -25 kl.mol™. This might indicate that adsorption occurs at a certain
distance of adsorption sites on external surface as well as adsorbate-adsorbate interactions. CO;
adsorption enthalpy of NH,-MIL-53(Al) is amongst the highest of microporous MOFs related so far:
MIL-91(Ti) (-47.1 kJ.mol) [33]; Sc2(BDC-NH>)s (-45.3 kl.mol?) [20] lower than NaX (-49 kJ.mol?) [5] and
higher than Takeda 5A activated carbon (-33.8 kJ.mol?) [5].

C. Selectivity

The selectivity (a) was defined as the ratio of mole fractions between the adsorbed (x) and bulk (y)
phases (see chapter 2, section F.6.)). As a reminder, the prediction of selectivities arises from ‘IAST’
model that uses the best fit of pure gas adsorption isotherms to predict co-adsorption isotherms. Note
that, only pure gas adsorption isotherms obtained from manometry device coupled to Tian-Calvet
microcalorimeter were used to predict selectivities.

The predicted selectivities were determined for a low pressure range, around 0.15-0.2 bar at 303K, for
CO,/N, gas separation near to post-combustion conditions, as mentioned in the introduction. Those
CO>/N, predicted selectivities for the ten MOFs selected were compared to those of others MOFs
already studied within the laboratory and equally to the NaX and Takeda 5A (Figure 3.13).
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Figure 3.13 - Predicted CO2/N: selectivities around 0.15-0.2 bar at 303K for various MOFs: M*CO; (orange),
previously studied within the laboratory (yellow) and NaX and Takeda 5A (green)

One can observe that the predicted CO,/N; selectivities of MOFs that we have studied so far are equal
or higher than those of others MOFs or NaX and Takeda 5A, except for the Sc;(BDC-NO;)s. Indeed for
the Scy(BDC-NO,)s, the predicted value of CO»/N, selectivity based on experimental adsorption
isotherms does not match with this obtained from simulation that predicted an infinite value. This
suggests the presence of defects inside the Sc,(BDC-NO3)s MOF. Amongst the M*CO, MOFs, one can
note that the MIL-91(Ti) and the ZIF-94 have good predicted CO,/N, selectivities respectively of 150
and 170. They are comparable to those of the MIL-127(Fe) and NaX respectively of 176 and 200.
However, those predicted CO,/N; selectivies are lower than those reported for others MOFs in
literature as (15% CO,, 0-1 bar, 303K [33]): MIL-100(Fe) (47), MIL-102(Cr) (41), MIL-68(Ga) (12) and
MIL-91(Al) (68).

As for the working capacity and the adsorption enthalpy, the predicted CO»/N, selectivities were
reported as function of pores size (Figure 3.14).
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From Figure 3.14, one can observe that there are no significant correlations between CO,/N,
selectivities at 0.15-0.2 bar and pore size of various MOFs characterized. However, the highest CO,/N>
selectivities are obtained for MOFs with small pore size around 5-10 A (i.e: NH,-MIL-53(Al), MIL-69(Al),
MIL-96(Al), MIL-91(Ti), Zn[2-nIm];, ZIF-94) with the exception of the Sc,(BDC-NO;); MOF. This suggests
that various factors play a role: MOFs chemistry at low pressure as well as confinement and molecular
sieving effects.

Amongst MOFs having the highest CO,/N, selectivities, the MIL-91(Ti) seems to be promising for CO,
capture with a pore size of 4 A.

1. The small pore bis-phosphonate MIL-91(Ti)

The CO; adsorption properties of the small pore bis-phosphonate MIL-91(Ti) were investigated and
published in 2016 [33] (publication and supporting information are in Annex D). Therefore, in this
section will be discussed only adsorption mechanisms leading to a good predicted CO,/N, selectivity.

The MIL-91(Ti) of chemical formula, TiO(O3PCH,NHC4HsNHCH,PQ3), is built up of TiOs octahedral chains
connected through bis-phosphonate linkers (N,N’-piperazine bismethylenephosphonic acid) to get a
three-dimensional (3D) structure (Figure 1, [33]). Pore size dimension of the MIL-91(Ti) were estimated
approximatively to 0.35*0.40 nm? from crystallographic data.

To attempt to elucidate adsorption mechanisms involved in the good CO,/N; selectivity of the MIL-
91(Ti), several tests were performed: single gas adsorption, molecular simulation and co-adsorption
experiments [33]. CO, and N; interactions with the MIL-91(Ti) framework from binary mixture are
illustrated by means of GCMC simulation (Figure 3.15).
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Figure 3.15 — Snapshot obtained during GCMC simulated arrangements of CO2 and N2 molecules from binary
mixture on the MIL-91(Ti) for a molar composition of 0.05/0.95 at 303K (Figure 5, [33])

Both in situ PXRD and GCMC data suggested that the CO, adsorption mechanism is the following:
during adsorption CO, molecules are aligned in such a way that carbon atoms of C=0 groups (CCO;)
interact with oxygen atoms present in the environment of the P=0 group and the N atom (PO::-H--:N).
However, analysis of the CO,/N, co-adsorption mechanism showed that the CO, behavior is similar to
this of single gas adsorption scenario. Indeed, CO, molecules are mainly located in the vicinity of the
PO---H--N sites with distance between CCO, and OPO---H---N of 2.69 A similar to this of 2.7 A for pure
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CO, adsorption. Moreover, N, molecules are located in the center of pore with characteristic
host/guest distances exceeding 3.2 A (N, - PO---H--:N, Figure 523 [33]). The co-adsorption mechanism
proposed was validated by the good agreement between experimental and simulated CO,/N,
selectivities.

Within the MIL-91(Ti), the CO,/N, separation is driven by preferential CO, adsorption sites around P-
OH and NH groups of the phosphonate linkers. This is combined with a high degree of confinement of
the MIL-91(Ti) due to its small pore size (i.e, 4 A) and low pore volume which favor the CO, adsorption
with smaller kinetic diameter compared to N,. Therefore, the good CO,/N; selectivity of the MIL-91(Ti)
is explained by the combination of those several parameters.

D. Moisture conditions

As mentioned in chapter 1 (section B.1), flue gases contain traces or small amounts of water (i.e,
around 10%) which affects usually negatively CO, adsorption capacity of adsorbents as zeolites and
some MOFs. Therefore, one important factor to take into account is the CO; adsorption behavior of an
adsorbent under moisture conditions, especially when post-combustion conditions are targeted.

A work of screening was carried out within the laboratory on 43 MOFs and 4 reference materials using
a laboratory-scale protocol to assess the percentage loss in CO, uptake between ‘wet’ and ‘dry’
samples (Figure 3.16) [34].
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Figure 3.16 — Histogram showing CO2 amounts adsorbed (wt%) for the 43 MOFs and 4 reference materials (i.e,
zeolites and activated carbons). Orange bars correspond to the CO. amounts adsorbed determined in the
activated state while blue bars correspond to the COz uptakes obtained under moisture conditions (water pre-
adsorbed). COz uptakes were ranked as function of CO: percentage loss between ‘activated’ and ‘wet’ states:
zone A corresponds to a decrease of CO: adsorption capacity by less than 25%, zone B between 25 and 50%,
zone C between 50 and 75% and zone D by more than 75%.

One can observe that some of CO; adsorption capacities of MOFs are strongly affected under moisture
conditions, especially for the MIL-91(Ti) and the NH,-MIL-53(Al) where CO; adsorption capacities are
reduced respectively of 75% and 49%. In the case of MIL-91(Ti), its CO, adsorption behavior under
moisture conditions appears to be close to those of zeolites for which CO, adsorption capacities are

100



Chapter 3 — Complete gas adsorption study of various MOFs

negatively affected in presence of water. While CO, adsorption behaviors of some of MOFs in presence
of water as the Scz(BDC-NO;)s and the MIL-69(Al) are slightly affected as activated carbons. However
in the zone C, one can observe that the MIL-96(Al) stands out with the best CO, adsorption capacities
under moisture conditions. In terms of percentage loss between ‘dry’ and ‘wet’ states for the MIL-
96(Al), this represents 33%.

To assess the competition between CO, and H,0 adsorption sites, we reported CO, capacity loss
against Henry’s constant of water (Figure 3.17) for various MOFs.
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Figure 3.17 — CO: capacity loss (wt%) that represents the difference of CO; uptakes between ‘dry’ and ‘wet’
states of MOFs as function of logarithm of Henry constant (Ku) of water determined from water adsorption
isotherms at 298K [34]

Firstly, one can observe on figure 3.17, that there is a linear trend between CO; capacity loss and
logarithm of Henry constants suggesting that CO, and H,O adsorption sites are similar for the MOFs
studied. The upper part of graph corresponds to the MOFs for which CO, adsorption capacities are
strongly affected under moisture conditions. However, one can observe that the MIL-96(Al) derives
from the linear trend assuming adsorption mechanisms of CO, and H,O more complex, probably a
competition between those adsorption sites.

Therefore, we have performed a study on CO, adsorption properties of the MIL-96(Al) in presence of
water under static and dynamic conditions near to post-combustion conditions this work was
published [35] (publication and supporting information in Annex E). In this context, we used the MIL-
96(Al) microparticles synthesized within Lavoisier institute by M.Benzaqui and called ‘MIL-96(Al)-HR’
[12].

A preliminary study was conducted on CO; adsorption properties of the MIL-96(Al) in the presence of
water under static conditions. Prior to gas adsorption, the MIL-96(Al) is placed within a desiccator for
48h to be pre-equilibrated and one considers that the MIL-96(Al) is fully hydrated. Then, the
calorimetric cell containing the pre-equilibrated MIL-96(Al) is placed inside the Tian-Calvet
microcalorimeter where CO, gas adsorption is measured at 303K. Therefore, static conditions mean
that both ef CO, partial pressure and the rate of relative humidity cannot be controlled for those
specific conditions. More experimental details are provided in the experimental section of article [12].
The comparison of CO, adsorption isotherms between the activated and pre-equilibrated states of the
MIL-96(Al) (Figure 5, [35]) showed a loss of adsorption capacity of 80% at 8 bar (i.e, 5.7 against 1.2
mmol.g? respectively. This is emphasized by the Henry’s constant calculation leading to 16 and 5
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mmol.gl.bar? respectively for the outgassed and pre-humidified states. Although CO, adsorption
capacity is affected by water, CO, adsorption enthalpy increases up to -40 kJ.mol showing a positive
effect of H,O pre-adsorbed on CO; interactions during pore filling. The higher CO, adsorption enthalpy
can be attributed to a higher confinement effect and/or an increase of hydrophilicity surface owing to
pre-adsorbed water.

With the home-made apparatus, CO; cycling adsorption measurements were performed on the pre-
equilibrated MIL-96(Al) at 303K under static conditions. Cycling (Figure 6, [35]) showed that CO,
uptakes increase with cycles suggesting that CO, adsorption gives a water displacement involving a
porosity release. However, CO; uptakes remain lower than those of the activated MIL-96(Al).
Regarding CO, adsorption enthalpies during cycling, they remain above that of the activated MIL-
96(Al).

The study of CO, adsorption properties on the pre-equilibrated MIL-96(Al) has been pursued under
dynamic conditions at 303K to tend towards post-combustion conditions. Results are presented in the
next section.

Unlike static conditions, in the case of dynamic conditions the CO, partial pressure as well as the rate
of relative humidity can be fixed. Experimentally, the MIL-96(Al) was pre-equilibrated at a fixed relative
humidity in a nitrogen flow prior to blending in CO; for a partial pressure of 0.2 bar, at 303K. Details
about the full experimental home-made apparatus used are provided in supporting information (Figure
S18, [35]). Thus, CO, amounts adsorbed at 0.2 bar and adsorption enthalpies were measured on the
MIL-96(Al) for various rates of relative humidity that are: 3, 10, 20 and 40 % (Figure 3.18). Note that
for 3% relative humidity, the MIL-96(Al) is CO,-loaded around 1.6 mmol.g™ at 0.2 bar-matching to this
determined under static conditions.

2 50

3 10 20 40 3 10 20 40
Relative humidity (%) Relative humidity (%)

Figure 3.18 — CO2 amounts adsorbed at 0.2 bar and matching adsorption enthalpies obtained under dynamic
conditions at 303K for various rate of relative humidity (%): 3 (considered as ‘outgassed state’), 10, 20 and 40
for which errors were estimated and represented (black)

One can observe a decrease of CO, amounts adsorbed when the percentage of relative humidity
increases. The losses of CO, adsorption capacities were established at 33%, 49% and 72% respectively
for relative humidities of 10%, 20% and 40% and match with water uptakes from water adsorption
isotherm (Figure 2 top, [35]). Then, this suggests that the CO, entirely fill the remaining pore volume
that the water leaves after pre-adsorption at each relative pressure.
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At a fixed relative humidity of 10% there is an increase of CO, adsorption enthalpy that is of -40 kJ.mol
! against -35 kJ.mol.? for a relative humidity of 3% that corresponds to the outgassed state. One can
observe that above 10%, when relative humidities increase this led to a decrease of CO, adsorption
enthalpies measured. Due to dynamic conditions, one can assume that a part of water pre-adsorbed
is partially displaced during CO; adsorption, consuming energy, and leading to lower adsorption
enthalpy than would be expected for CO; adsorption alone. Moreover, a closer examination of the
measured enthalpy signal showed an unusual signal which seems to be the resultant of initial rapid
exothermic CO, uptake followed by a more gradual endothermic H,O desorption (Figure S20,
supporting information).

Therefore, a relative humidity of 10% seems to be a trade-off between a decrease of CO, uptake and
a maximum of CO;, adsorption enthalpy. Thus, the analysis of water adsorption isotherm allowed
identifying water adsorption sites within the MIL-96(A), especially at 10% of relative humidity (Figure
3.19).
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Figure 3.19 — Adsorption (empty symbol) and desorption (full symbol) isotherms of water at 298K. Map of the
H:0 occupied positions in 1000 equilibrated frames extracted from the GCMC simulations at 298K at p/p°=0.1
(Figure S4)

To assess the hydrophilicity/ hydrophobicity of the MIL-96(Al), water adsorption was performed at
298K on adsorbent beforehand outgassed (i.e, at 423K for 16 hours under primary vacuum). From
Figure 3.19, one can observe an overlaying of the adsorption and desorption isotherms of the MIL-
96(Al) suggesting that water adsorption is a reversible phenomenon without pore blocking effects or
chemisorption. There is a fairly good agreement between experimental and simulated water
adsorption isotherms at 298K although the MIL-96(Al) saturation is reached at lower relative pressure
for the simulated isotherm (Figure 2 bottom, [35]).

Water adsorption isotherm of the MIL-96(Al) shows several steps:

> Aninitial uptake up to p/p° = 0.03, this step can be related to specific water adsorption sites
(Figure 3a and 3b).

> A first relatively sharp adsorption step between p/p° = 0.03 and 0.12 that is linked to the
formation of water clusters within the most hydrophilic cages of the MIL-96(Al)

» A second more gradual uptake between p/p°=0.12 and 0.2-0.5

» A final plateau-like region
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Thus, a relative humidity of 10% corresponds to the filling of the most hydrophilic cages within the
MIL-96(Al). We performed CO, adsorption cycling under flow conditions at 10% of relative
humidity (Figure 3.20).

12 60 -
1F 50 F
- 08 [ T an L
ag r L
— r E C
Q [ ; [
Eos [ =30 F
E C = C
o C E C
To4 <20 [
02 F 10 F
oL oL
1 2 3 4 1 2 3 4
Cycles Cycles

Figure 3.20 — CO2 amounts adsorbed at 0.2 bar (left) and matching adsorption enthalpies (right) measured
during cycling at 303K

Figure 3.20 shows a slight decrease of CO, amount adsorbed between the first and second cycle (1.03
and 0.89 mmol.g). This suggests that there are some CO, molecules irreversibly adsorbed within the
MIL-96(Al). However after the second cycle, the CO, uptakes remain relatively constant until fourth
cycle. There is also an increase of CO, adsorption enthalpies to achieve a constant value after the
second cycle. This can be attributed to some CO, irreversibly adsorbed under those dynamic conditions
during the first step. This may be accompanied by a water displacement, which may be not involved in
the following cycles, leading to a relative endothermic contribution for the first cycle. However, a
guasi-steady state seems to be reached beyond the second cycle.

In order to place the performances of the MIL-96(Al) for post-combustion type conditions, it has been
compared with those of others MOFs from literature (Figure 3.21).
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Figure 3.21 — Relationship between CO: adsorption enthalpies extrapolated at zero coverage and matching
uptakes at 0.2 bar for: several MOFs of literature (grey circles, see Table S7 for values, [35]) and carboxylate
MOFs of M*CO: project (orange circles). For the MIL-96(Al): pink circle represents the outgassed state while
purple and red circles show respectively the first and fourth cycles after pre-equilibration with 10% of relative
humidity during cycling under flow conditions

For MOFs reported from literature and carboxylate-based MOFs of M*CO, project, one can observe an
overall linear trend with a certain degree of scattering. The CO; adsorption enthalpy at zero coverage
as well as uptake at 0.2 bar for the outgassed state of the MIL-96(Al) falls into this trend. However, the
slight loss of CO, adsorption capacity accompanied by a significant increase of CO; adsorption enthalpy
when the MIL-96(Al) was pre-equilibrated at 10% of relative humidity led to an upward deviation from
this trend. Figure 3.21 emphasizes that the CO; adsorption capacity of the MIL-96(Al) is affected
moderately with an increase of adsorption enthalpy placing it above many other, non CUS containing,
MOFs in terms of interaction strength. Thus, such relationship may help to identify adsorbents of
potential interest for this kind of study.

GCMC simulations allowed te investigating co-adsorption mechanism for the ternary CO,/N,/H,0
mixtures. This showed that CO; molecules are initially distributed in the same region of the pores than
in the pure components, meaning that pore containing u,-OH (Figure S13 and Figure S14, [35]). GCMC
simulations of the ternary mixture were performed at a relative humidity of 8.5% (Figure 3.22).
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Figure 3.22 — Maps of the occupied positions of CO2 (orange), N2 (blue), and Hz20 (cyan) in 1000 equilibrated
frames extracted from GCMC simulations for co-adsorption of CO2/N: (20/80) in the MIL-96(Al) at 303K and
1.0 bar in presence of humidity, RH = 8.5% (Figure 9, [35])

Figure 3.22 evidences that CO, and N, molecules are adsorbed inside cavities containing similar
adsorption sites that are W,-OH. While, H,0 molecules are preferentially adsorbed inside cavities made
by terminal sites that are Al1-H;Oterminal, Al(3’)-OHterminal and Al(3)-H;Oterminal. This suggests that at the
initial stage of adsorption, CO, and H,O molecules have distinct adsorption sites. When relative
humidity increases, H,O molecules interact with all the available porosity due to its higher interaction
energy compared to CO,. Thus, H,O molecules can occupy all adsorption sites explaining the decrease
of CO; adsorption capacity with the increase of relative humidity (see Figure 3.18).

E. An Adsorbent Indicator Performance (API)

Within the laboratory, an Adsorbent Performance Indicator (API) was developed taking into account
the selectivity(a), the working capacity (WC,cm3.cm™2) and the average of adsorption enthalpy
(—Aadsoh, kJ.mol™t ) (chapter 2) weighted by coefficients as function of targeted process [5]. In view
of post-combustion application, we fixed the coefficients A, B and C (chapter 2, section F.7) to 2, 1 and
1 respectively for the selectivity, the working capacity and the adsorption enthalpy. The stronger
coefficient was attributed to the selectivity because CO, selective adsorbents over N, are researched.
Thus, the APIs of MOFs were calculated and compared to those of NaX and Takeda 5A (Figure 3.23).
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Figure 3.23 — Logarithm of Adsorbent Performance Indicator (API) for various MOFs: M*CO: (orange),
previously studied witihin the laboratory (yellow) and NaX and Takeda 5A (green)
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Amongst various MOFs presented in Figure 3.23, one can observe that MOFs with small pore size
between 3.0 and 6.0 A, have the highest APIs apart from Sc,(BDC-NO,)s. As indicated for selectivity
(section Ill, Figure 3.13), crystals defects are suspected for the Sc,(BDC-NO,); explaining the difference
between experimental and simulated values of selectivity and therefore APIs. However, the highest
APIls determined for the NH,-MIL-53(Al), the MIL-69(Al), the MIL-91(Ti) and the MIL-96(Al)) are similar
to this of NaX that is very high selective towards carbon dioxide. Thus, this highlights the characteristic
of those MOFs to be CO; selective. One can observe that those APIs are higher to this of Takeda 5A
and others MOFs previously studied within the laboratory, apart from the MIL-127(Fe) for wich it is
comparable. From Figure 3.23, one can observe that some of ‘Zeolitic Imidazolate Frameworks (ZIFs)’
seems to be CO; selective for which their CO, adsorption are discussed in chapter 4.
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Summary

As mentioned at the beginning of the chapter, a first experimental screening (i.e, home-made high-
throughput system) allowed us to identify some carboxylate-based MOFs potentially interesting for
CO; capture. In this chapter, CO, adsorption properties of those MOFs were explained with respect to
several parameters that are crucial for the choice of an adsorbent, especially in view of post-
combustion application. Those parameters are: Working capacity (WC, cm3.cm3), Adsorption enthalpy
extrapolated at zero coverage (-Aaasoht, kJ.mol?); CO2/N; selectivity (a) and moisture conditions. They
are summarized in Figure 3.24.
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Figure 3.24 — CO: adsorption properties of carboxylate-based MOFs were ranked as function of several
parameters: Working capacity; Adsorption enthalpy, selectivity and moisture conditions

In the case of working capacity, the MIL-96(Al) has the best CO; adsorption capacity in those specific
conditions (i.e, a range pressure of 0.15-0.2 bar, at 303K) although it does not outperform this of NaX.
We have performed CO; adsorption on two different crystal sizes of the MIL-96(Al): micro- and nano-
particles (denoted respectively ‘MIL-96(Al)-HR’ and ‘MIL-96(Al)-NP2’). This allowed to correlate
particles morphology with external surface area and BET surface area. We have observed that the
decrease of crystals size involved both of external surface area and BET surface area. Note that, an
increase of 85% of external surface area was not expected.

Regarding the difference of adsorption enthalpies between CO; and N, extrapolated at zero coverage,
three MOFs stand out: the NH,-MIL-53(Al), the MIL-69(Al) and the Scy(BDC-NO3)s;. We have measured
experimentally CO, adsorption enthalpy at 303K on the Scz(BDC-NO3); whose the value is -39.2 kJ.mol
1. When we compare to CO, adsorption enthalpy of the Sc,(BDC); of -32 kJ.mol? (determined from
modelling), we can deduce that nitro groups have a low contribution to increase CO, adsorption

108



Chapter 3 — Complete gas adsorption study of various MOFs

enthalpy unlike one would expect. One can assume that it is attributed to a strong confinement effect
related to small pore size (i.e, 2.9 A).

In the literature CO; adsorption properties of the MIL-53(Al) were investigated. Unlike the MIL-53(Al),
the NH-MIL-53(Al) and the MIL-69(Al) are not flexible in the pressure range studied. We have
measured CO; adsorption enthalpies at 303K. This emphasized high initial CO, adsorption enthalpies
of -42 and -37 kl.mol? respectively for the NH,-MIL-53(Al) and the MIL-69(Al). This suggests high
confinement effects and molecular sieve especially for the MIL-69(Al) in view of pore size of 3 A.

Amongst predicted selectivities reported for various MOFs, the small pore bis-phosphonate MIL-91(Ti)
shows a comparable CO,/N; selectivity. The good CO,/N, selectivity of MIL-91(Ti) results of various
parameters that are: preferential CO, adsorption sites (i.e, P-OH and NH groups of phosphonate
linkers), a high degree of confinement related to its small pore size of 4 A and consequently molecular
sieve that favors the adsorption of molecules with small kinetic diameters.

Flue gas contains some traces or amounts of water that can affect negatively CO, adsorption properties
of adsorbents. A screening was performed within the laboratory and allowed us to compare CO;
adsorption capacities of 43 MOFs under ‘dry’ and ‘wet’ states. From this screening, we have identified
the MIL-96(Al) as a good compromise with a noticeable loss of CO; adsorption capacity approximatively
of 33%. On the MIL-96(Al), CO, uptakes at 0.2 bar and adsorption enthalpies were measured at 303K
under flow conditions in the presence of water for various relative humidities (i.e, 10%, 20%, 40%).
Maximum of CO, uptake and adsorption enthalpy are observed for a relative humidity of 10% that
corresponds well with water percentage in post-combustion application. High CO, adsorption enthalpy
suggests strong host/guest interactions. CO; adsorption cycling was performed at 10% of relative
humidity and shown constant adsorption properties.

For each parameters reported, we have identified one or several MOFs that stand out. That is why we
have used an additional parameter developed within the laboratory, an Adsorbent Performance
Indicator (APIl) to identify best MOFs for targeted application. In the context of post-combustion
application, we have fixed the stronger coefficient to the selectivity because selective MOFs are
required. This showed that MOFs with smallest pore sizes have highest APIs. Nevertheless, the APl is a
parameter at the lab scale that gives an overall information on gas separation performances.
Moreover, the APl does not take into account specific conditions as the presence of water. This does
not allow also to correlate textural parameters with CO, adsorption properties as well as to predict
adsorption properties.

During this chapter, some correlations were envisaged between textural parameters and CO;
adsorption properties as:

Working capacity vs BET surface area

CO; uptake vs pore size

Difference of initial adsorption enthalpies between CO, and N, vs pore size
Logarithm (CO»/N, selectivity) vs pore size

CO; capacity loss vs logarithm of Henry’s constant of water

CO; initial adsorption enthalpy vs uptake at 0.2 bar

YVVVYVYVYVY

While adsorption is surface phenomenon, we do not have observed correlation between CO, working
capacity and BET surface area. However for correlations with pores size, one can observe the highest
CO, adsorption capacity is obtained for an average of pore size of 4.0 A (i.e, the MIL-96(Al)). Both ef
the initial CO, adsorption enthalpies and predicted CO,/N; selectivities are obtained for a range of pore
size between 3.0-6.0 A.
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Such relationships may help to identify materials of potential interest for gas separation applications.
This provides data base to the establishment of ‘Quantitative Structure-Property Relationship (QSPR)’
to predict adsorption properties and/or new structures. In this context, new correlations are
developed in the chapter 4 for another kind of separation, CO,/CHa, with imidazolate-based MOFs
(‘Zeolitic Imidazolate Frameworks’).
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Chapter 4 - Correlations establishment to assess MOFs CO,
performances

l. Introduction

In the same way as for low pressure conditions, each parameters: working capacity, adsorption
enthalpy, selectivity and an adsorbent performance indicator (APl) were calculated for high pressure
conditions (between 1 and 15 bar) approaching to pre-combustion process (i.e, reforming of methane
from natural gas) for the ten selected MOFs from screening (chapter 3). The Figures corresponding to
each parameters with a comparison to others MOFs and reference materials are provided in Annex F.
Although the APl is more useful at the laboratory scale, it gives an indication on CO, separation
performances of adsorbents [1]. Thus, the APIs for the ten MOFs selected were calculated for CO,/CH4
gas separation and equally compared to those of others MOFs whose CO, adsorption properties have
been already characterized within the laboratory as well as to those of reference materials NaX and
Takeda 5A (Figure 4.1). To determine APls, we fixed coefficients as follows: 0.5, 1 and 1 respectively
for the selectivity, the working capacity and the adsorption enthalpy (details provided in chapter 2,
section F). For CO,/CH, separation at high pressures, adsorbents with good CO; adsorption capacities
are favored and that is why a high coefficient was not fixed for selectivity unlike to CO,/N; separation
as noted in chapter 3.
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Figure 4.1 — Logarithm of adsorbent performance indicator (API) against various adsorbents: M*CO2 MOFs
(orange), MOFs previously characterized within the laboratory (yellow) as well as NaX and Takeda 5A (green)

From Figure 4.1, one can observe that the APIs of carboxylate-based MOFs and Zeolitic Imidazolate
Frameworks (ZIFs) are in the same order of magnitude and comparable to those of MOFs already
characterized within the laboratory and those of NaX and Takeda 5A. Note that, the characterization
of CO, adsorption properties of some MOFs (yellow) was performed earlier the M*CO, project within
the laboratory with the aim to assess best MOFs for CO,/CH, separation [2].

As mentioned in chapter 3, lots of data were collected experimentally during this thesis both on
textural properties and on adsorption properties of MOFs: BET surface area, pore volume, CO, uptakes,
and adsorption enthalpies for which some of them are used to determine selectivity that is a major
factor in the choice of an adsorbent for a gas separation. However such amount of experimental data,
requires tools based on models, usually mathematical, allowing to predict separation performances of
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adsorbents (i.e, for gas separation applications) against structural or/ and physicochemical features. In
recent years, those types of models were developed and called quantitative structure-properties
relationship (QSPR).

Firstly in this chapter, we provided principles and interests of QSPR models to various fields. Thereafter
those QSPR models were explained for a specific application: CO, capture by Metal-Organic
Frameworks as adsorbents.

Secondly, we attempted to correlate textural properties with adsorption features of MOFs towards a
‘QSPR’ or a ‘descriptor-property’ approach that did not require specific models. Indeed, microscopic
features as: pore size, surface polarity and pore volume were correlated with a macroscopic property:
CO,; maximum excess uptake (i.e, CO; amount adsorbed at adsorbent saturation) to highlight some
linear trends. Owing to the variety of MOFs (pore shape, pore size, chemistry ...) studied in this thesis,
those correlations were restricted to a sub-class of microporous MOFs: Zeolitic Imidazolate
Frameworks (ZIFs) due to their well-defined porosity as well as their chemical and thermal stability.
Amongst the variety of ZIFs based on zeolite topologies, we have focused this work on two kinds of
topologies: Sodalite (ZIF-8, ZIF-94) and Rhomboedral (ZIF-93, ZIF-11).

Il.  Quantitative structure-property relationship (QSPR) models
1. History of QSPR models

Quantitative structure-activity relationships (QSAR) and quantitative structure-property relationships
(QSPR) are based on correlation developments between the structure and targeted properties of
compounds. The strategy of QSAR and QSPR models is to obtain the optimum quantitative relationship
which can be used to predict compound properties including those which are unknown. This approach
would allow to adjust and to select compounds with desirable properties for given applications.

The development of quantitative structure-property relationships dates back more than one century
with some pioneering works. Indeed, Crum-Brown and Fraser provided the first formulation of a
guantitative relationship between ‘physiological activity’ and ‘chemical structure’ in 1868 [3]. Later,
Mills developed structure-property relationships to predict both melting and boiling points of a
homologous series of organic molecules in 1884 [4]. In 1935, Hammett highlighted the existence of a
relationship between the rate of reaction and equilibrium constants of organic compounds [5].

In this field, a breakthrough was made with the works of Hansch and Fujita [6] and Free and Wilson [7]
in 1963 and 1964 where mathematical models were developed to describe structure-activity
relationship in biological systems. Hansch and Fujita used regression analyses to correlate the
hydrophobic, electronic and steric properties on biological activity. While, Free and Wilson employed
mathematical models to describe the effect of series of chemical analogs on biological activity.

Structure-activity relationship have been widely developed in the pharmaceutical field drug design [8],
[9]. However, QSPR models are currently being extended to of single molecules, polymers, surfactants
properties, interaction between various species, gas adsorption [10].

The principle of QSPR and QSAR analysis is to correlate macroscopic properties against microscopic
guantitative molecular properties denominated descriptors by means of mathematical models:

Properties = f(Descriptors) (4.2)
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2. QSPR models applied to porous materials

In the field of gas separation, some studies have been reported so far which set up quantitative
structure-property relationship (QSPR) models for various porous materials [11]-[16].

A study has been conducted by Gogotsi et al. on microporous carbide-derived carbons (CDCs)
comparing their H, adsorption capacities (at 77K, 1 atm) for different materials with tunable pore size
and specific surface area varying respectively from 0.5 to 1.5 A and 500 to 2000 m2.g™* [17].

They observed a linear trend when H; adsorption capacities are normalized with respect to specific
surface area and plotted as function of the pore size. This evidenced that highest H, adsorption
capacities are obtained for smallest pores (< 20A) rather than larger pores (> 20A). Thus, H, adsorption
which occurs on CDCs seems to be governed mainly by small pores and indirectly to specific surface
area.

In another study performed by Gogotsi et al.on CDCs for H, storage, they also observed a linear trend
when H; excess uptakes are plotted against specific surface area [18]. However, when H, uptakes at 1
bar are plotted there is no linear trend suggesting that pore size or pore shape can play an important
role. From the plot of H, excess uptakes normalized to specific surface area against pore sizes, they
identified that a pore size range centered on 7 A are more efficient for H, adsorption. Indeed, they
suggest that H, adsorption is governed by smallest pores in which strong carbon-hydrogen interactions
(pore wall) occur. For larger pores, H»-H, interactions have a low contribution to H, adsorption.

Hydrogen adsorption at 77K on various MOFs has been performed by Noguera-Diaz et al. [19]. They
demonstrated relatively linear relationships when H, maximum excess uptakes are plotted as a
function of specific surface area and pore volume. Indeed, maximum H, amounts adsorbed are
obtained for MOFs having highest specific surface area and pore volume with a certain degree of
scattering. These linear trends show a higher degree of scattering for lower surface specific areas which
can be explained by small pore size and the difference of pore volume. When H, maximum excess
uptakes are plotted against specific surface area, the UiO-66 and UiO-67 materials outperform trend
line highlighting the effect of topology compared to other MOFs as: MOF-74, HKUST-1, ZIF-11 etc.
While, the linker functionalization effect is evidenced with the IRMOF-1 and IRMOF-3 materials, where
H, maximum excess uptake is slightly higher for IRMOF-1. However, no relationships have been found
which correlate H, maximum excess uptakes with pore size, probably due to the diversity of pore sizes
or pore shapes of the MOFs under consideration.

Some works have reported QSPR models based on computational tools devoted to methane storage
in a huge database of theoretical Metal-Organic Frameworks. Fernandez et al. conducted a
guantitative structure-property relationship (QSPR) analysis on 130 000 hypothetical MOFs for which
geometric descriptors are: volumetric surface area, pore diameter and void fraction against methane
adsorption capacity as property at 1, 35 and 100 bar at 298K [20]. They used various mathematical
tools including multilinear regression (MLR), decision trees (DTs) and nonlinear support vector
machines (SVMs).

They performed a univariate analysis that correlates individually geometric descriptors: volumetric
surface area, pore diameter and void fraction against methane adsorption capacity at 35 and 100 bar
at 298K. This showed that maximum methane uptake are obtained for MOFs having pore diameter
ranges of 4-9 A and 8 A respectively at 35 and 100 bar. Methane uptakes increase linearly as a function
of volumetric surface area at 35 and 100 bar with regression coefficient of R? = 0.789 and 0.837
respectively.
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Regarding void fraction, no relationship was found because methane uptakes increase for void
fractions up to 0.8 and then decrease. However, the main drawback of a univariate analysis is that this
does not allow to identify the interactions between properties which play a role on methane uptakes.
Thus, MLR analysis provided two models to predict methane uptakes at 35 and 100 bar combining the
dominant pore diameter, the void fraction and the gravimetric surface area as geometrical descriptors.
In view of regression coefficients, MLR models predicts more accurate methane uptakes than the
univariate analysis. The void fraction seems to have a strong contribution in the MLR models
determined.

Some trends emerged from the construction of decision tree models: high methane uptakes are
obtained at 35 bar for MOFs having densities and void fractions above 0.43 and 0.52 g.cm™respectively
against 0.33 g.cm™ and 0.62 at 100 bar.

Thus, the choice of MOFs should be based on predicted performance and experimental constraints
(i.e, synthesis conditions, equipment, cost ...).

In the context of CO; capture, the study conducted by Wu et al. established a QSPR model for a large
series of MOFs (105) to predict selectivity of a binary mixture CO,/N; (15/ 85%, 1 bar, 298K) near to
post-combustion conditions by means of computational tools [21].

Several descriptors have been considered: the difference in isosteric heats between CO; and N; at
infinite dilution (AQ%), the specific accessible surface area (S,..), the free volume (Viree) and the
porosity (¢) against the CO,/N; selectivity (S) at 1 bar, 298K as predicted property. Among these
descriptors, only AQY and ¢ were chosen to build a QSPR model which are more representative of
industrial pressure conditions. The optimal QSPR model is an exponential relation connecting (S) and
the ratio AQ% /. There is a good agreement of predicted CO,/N, selectivities obtained from this
exponential relation, those simulated and those found in literature validating this QSPR model. From
a careful analysis of this QSPR model, some trends emerged: a decrease of porosity involves an
increase of CO,/ N; selectivity; a AQZ, minimal value of 8 ki.mol™ is needed to get CO,/ N, selectivity
above 40, an increase of AQY; and a decrease of ¢ can contribute to improve CO,/ N, selectivity. They
validated these conclusions by applying this model to UiO-66(Zr) and its functionalized analogues UiO-
66(Zr)-NH, and Ui0-66(Zr)-(CFs),. Indeed, the AQY, increase, the ¢ decrease or the combination of both
(AQY, increase and ¢ decrease) contribute to enhance CO,/ N, selectivity.

Figure 4.2 is a scheme summarizing microscopic and macroscopic descriptors which can be considered
in QSPR models for gas separation applications of MOFs.
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Microscopic descriptors:

Pore size, Macroscopic descriptors:
*  BET surface area, * CH,4 adsorption capacity
Porosity, *  H; max excess uptake
Void fraction, +  Selectivity of CO3/ N; (15 : 85) mixture
* |sosteric heats difference, .
o= .
( 3
%> |_‘_'L%}l

Mathematical models:
Multiple linear regression analysis
(MLR)
Decision tree regression (DT)
Neural Network (NN)

Figure 4.2 - lllustration of microscopic descriptors, macroscopic properties as well as mathematical models
which can be used in QSPR models applied to MOFs

lll.  Strategy set up to get correlations towards ‘descriptor-property’

During this thesis, we attempted to correlate various parameters of adsorption to get type ‘descriptor-
property’ trends. Note that in this context, only correlations and no mathematical models specific to
QSPR field were investigated, that is why we mention a ‘QSPR’ or a ‘descriptor-property’ approach.

The first descriptor selected was pore size often used to describe adsorbents in the field of adsorption.
Indeed, one can suppose that size and shape of pores contribute to various effects as: confinement
and molecular sieve that are determining for gas separation of small molecules. We investigated
various types of ‘property’ that determine the choice of an adsorbent as: CO; uptakes at 0.15-0.2 bar
(see chapter 3), difference of initial CO, and N, adsorption enthalpies (see chapter 3) for which no
linear trends were observed against MOFs pore size although MOFs with pore size around 4.0-5.0 A
stand out.

However, we reported initial CO, adsorption enthalpies against pore size for specific MOFs (Figure 4.3)
to investigate various effects: functionalization, change of linker and metal to get trends. The MOFs
corresponding to various effects studied are respectively: NH,-MIL-53(Al), MIL-69(Al), MIL-47(V)
compared to the reference MIL-53(Al). Initial CO; adsorption enthalpy was selected as the property
because it gives an information on adsorbent-adsorbate interactions strength within pores during
adsorption.
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Figure 4.3 — Initial CO2 adsorption enthalpies against pore size for four MOFs: MIL-69(Al), NH2-MIL-MIL-53(Al),
MIL-47(V) and MIL-53(Al)

Figure 4.3 shows that there is no linear trend between initial CO; adsorption enthalpies and pores size
for the NH>-MIL-53(Al), the MIL-69(Al), the MIL-47(V) and the MIL-53(Al). Pores size of the MIL-69(Al)
and the NH,-MIL-53(Al) are smaller via linker change (NDC against BDC) as well as linker
functionalization (amino groups grafted). However, one can observe that this does not contribute to
outperform initial CO; adsorption enthalpy of the MIL-53(Al). As mentioned in chapter 3, amino groups
of the MIL-53(Al) have a low interaction with CO> molecules due to their role to maintain the structure
in narrow pore [22]. One can suppose that the small pore size of the MIL-69(Al) prevents stronger CO,
interactions against this of MIL-53(Al). While the metal change, aluminum against vanadium,
contributed significantly to improve initial CO, adsorption enthalpy from 23.2 ki.mol? up to 43.9
kJ.mol? respectively for the MIL-47(V) and the MIL-53(Al).

There is no clear correlation that can be deduced from Figure 4.3 regarding linker change, linker
functionalization or metal change for those MOFs. However, it would be interesting to extend this type
of ‘pore size-initial CO, adsorption enthalpy’ correlation to others MOFs systems to emerge trends.

Amongst various parameters to select an adsorbent, selectivity is a determining factor highlighting
affinity of an adsorbent for a gas in a mixture. Thus, we reported CO,/CH, predicted selectivities
(50/50%) calculated at 15 bar as the property against pores size (Figure 4.4).
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Figure 4.4 — CO2/CHs predicted selectivities (50/50%) at 15 bar as function of pore size for various MOFs

From Figure 4.4, one can observe that there is no trend between CO,/CH, predicted selectivities and
pores size as for CO,/N, predicted selectivities for low pressure conditions (chapter 3). This suggests
that MOFs pores size do not govern their performances in terms of selectivity.

Based on the work of Gogotsi et al. [23], we have reported CO; maximum uptakes normalized to
specific surface area as function of pore size (Figure 4.5).
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Figure 4.5 — A type of ‘descriptor-property’ trend illustrating CO: uptakes at the isotherm plateau (maximum)
normalized-to BET surface area against pore size for various MOFs

From Figure 4.5, there is no linear trend between CO, maximum uptakes normalized to BET surface
area and pores size for MOFs. One can suppose that it is related to the diversity of pore shape and
pore size distribution of those MOFs. Moreover this is in agreement with some works highlighting
equally no correlation with pore size as descriptors due to the diversity of pore shape and pore size of
MOFs [18], [20], [21].
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Those three correlations of type ‘descriptor-property’ with pores size as descriptor showed no trends
probably due to the diversity of pore sizes and pore shapes of these MOFs. However amongst these
MOFs, four zeolitic imidazolate frameworks (ZIFs) were identified as potential adsorbents to establish
‘descriptor-property’ trends due to their well-defined porosity and to their topologies [24]. Indeed as
mentioned in chapter 1, these ZIFs (i.e, ZIF-8, ZIF-94, ZIF-93 and ZIF-11) possess the same metal ion
(i.e, Zn?*), various linkers and two types of topologies that are sodalite (SOD) and rhomboedral (RHO)
yielding to well-defined windows and cages.

Since MOFs pores size do not appear to have an influence on their performances for high pressure
conditions, we selected two others descriptors that are surface polarity and pore volume. Based on
literature we chose CO, maximum uptake as property due to the possibility of various isotherm shapes
as already observed for MIL-53 [29], ZIF-7 discovered in 2003 [30] that undergo a gate-opening effect
upon variation of CO, partial pressure or temperature. Moreover as mentioned earlier for high
pressure conditions, adsorbents with a good CO, adsorption capacity are favored, then ‘descriptor-
property’ correlations are presented in the following section.

IV.  Investigation of correlation based on ‘descriptor-property’
1. First factor: surface polarity

The surface polarity of an adsorbent was defined as the difference of initial adsorption enthalpies
between a quadrupolar (CO,) and an apolar (CH4) molecule. Therefore, CO, maximum uptakes against
the differences of initial adsorption enthalpy between CO, and CH, were plotted in Figure 4.6 for
selected ZIFs and other porous materials. The aim is to probe the effect of adsorbent surface polarity
on CO; adsorbed amounts at saturation (i.e, uptakes taken at 15 bar).
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Figure 4.6 - CO2 maximum uptake as function of differences of initial CO2 and CHs adsorption enthalpies or
surface polarity effect for ZIFs materials characterized and others materials

From Figure 4.6, a linear trend seems to emerge with a certain degree of scattering, indeed the
regression coefficient is not optimal. One can observe that ZIFs possess low surface polarities that are
in the same order of magnitude with others adsorbents apart from the Mg-MOF-74, the MIL-100(Cr)
or the NaX. These latest contain specific adsorption sites: some CUS for the Mg-MOF-74 and the MIL-
100(Cr) while Na* counter cation for NaX. This suggests that CO, uptakes at adsorbent saturation
increases as the adsorbent surface becomes polarizable.
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The analysis of interactions of those ZIFs with CO; is provided in Figure 4.7 via CO; adsorption enthalpy
profiles at 303K.
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Figure 4.7 — CO: adsorption enthalpy profiles at 303K plotting differential adsorption enthalpies against
amounts adsorbed for the ZIF-8 (blue circle), the ZIF-94 (green triangle), the ZIF-93 (purple square) and the ZIF-
11 (red lozenge)

From Figure 4.7, the CO, adsorption enthalpy profile of ZIF-93 seems to be relatively heterogeneous;
shown by a decreasing enthalpy of adsorption with coverage. The CO, adsorption enthalpy
extrapolated to zero coverage is around -35 kJ.mol? against -27.5 kl.mol? at high surface coverage
respectively for the ZIF-93 and ZIF-11, whereas the CH4 adsorption enthalpies are comparable (see
Annex F). This can suggest that ZIF-93 possesses some specific CO, adsorption sites at low coverage.
Unlike to the ZIF-93, CO, adsorption enthalpy profile of ZIF-11 is relatively homogeneous, i.e. with a
relatively horizontal profile, highlighting adsorption sites of same magnitude. The average value of CO,
adsorption enthalpy for ZIF-11 is approximatively of -23.5 kJ.mol™.

As observed in Figure 4.6, in both cases with the ZIF-11 and the ZIF-93, CO, amounts adsorbed at
saturation increase proportionally with the surface polarity. These two compounds differ mainly by
the functionalization on the imidazole unit, a benzene ring and a carbonyl group respectively for the
ZIF-11 and the ZIF-93. This suggests that carbonyl groups contribute to the increase of the surface
polarity and consequently to the adsorbent affinity for a quadrupolar molecule such as CO,. Moreover,
this is consistent with water adsorption isotherm profiles suggesting a more hydrophilic surface for the
ZIF-93 (see Annex F).

From Figure 4.7, CO, adsorption enthalpy profiles of the ZIF-8 and ZIF-94 seem to be relatively
homogeneous. This highlights that there are no CO, specific adsorption sites especially at low
pressures. This is confirmed by the negligible difference between the values of CO, adsorption enthalpy
extrapolated to zero and higher coverage which are -33 and -32.2 kJ.mol* for the ZIF-94 as well as -20
and -19.3 kl.mol™* for the ZIF-8 (larger than the liquefaction adsorption enthalpy of CO,, -17.2 kJ.mol"
1). The higher CO, adsorption enthalpy for the ZIF-94 could be explained by the influence of organic
ligand chemistry as well as the lower cage size. CO; adsorption enthalpies of the ZIF-94 and especially
of the ZIF-8 are lower than some other microporous MOFs and zeolites such as: MIL-91(Ti) (-47 kJ.mol
1) [25], Sc2(BDC-NH,); (-45.3 ki.mol?) [26], NaX (-49 kl.mol? [27]. The CO, adsorption enthalpy of the
ZIF-94 is however comparable to that of UiO-66(Zr)-BTEC (-34.8 kJ.mol) [28]. Regarding CHs
adsorption enthalpies, the average for the ZIF-8 and the ZIF-94 are respectively -15.0 kJ.mol* and -25.8
kJ.mol? (see Annex F).
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Regarding the ZIF-8, a low surface polarity is observed that is in agreement with its hydrophobic surface
deduced from water adsorption isotherm (see Annex 7) and results found in literature. Higher CO,
maximum excess uptakes of the ZIF-8 (compared to these of the ZIF-11, the ZIF-93 and the ZIF-94) can
be explained by its higher pore volume rather than its surface polarity.

However, for comparable surface polarities (ZIF-93/ ZIF-94 and ZIF-76/ ZIF-7), CO, amounts adsorbed
at saturation seem to be governed by another parameter rather than the surface ability to be
polarizable. One assumes that it is related to pore volume, this is the second descriptor that we
selected and detailed in the following section.

2. Second parameter: pore volume

The pore volume was selected as a descriptor and were determined from the exploitation of the
nitrogen adsorption isotherm at 77K using Brunauer Emett and Teller (BET) method. CO, maximum
uptakes measured at 303K were plotted as a function of pore volume for the ZIF-8, -93, -94 as well as
other materials found in literature (Figure 4.8) (references in Annex F).
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Figure 4.8 — Linear trend towards a ‘descriptor-property’ approach plotting CO2 maximum uptake as function
of pore volume

From Figure 4.8, one can observe a relatively linear correlation with a certain degree of scattering
between CO; maximum uptakes and pore volume. Similar correlations were observed for hydrogen
adsorption in the case of microporous MOFs [19]. CO; maximum uptakes increase proportionally to
pore volume suggesting that there are no specific CO; interactions which predominate at high pressure
unlike to low surface coverage. Therefore, CO, adsorbent saturation does not seem to be governed by
the materials chemistry.

Regarding ZIF's materials characterized and reported from literature of this work, CO, uptake of ZIF-
76 outperform those of others ZIF’s. The cage size of ZIF-76 (12.2 A) is lower than those of ZIF-93 (17.9
A) and ZIF-11 (14.6 A) but comparable to those of ZIF-8 (11.4 A), ZIF-90 (10.8 A) as well as pore volume.
This highlights that ‘LTA (Linde Type A)’ topology outperforms ‘SOD’ and ‘RHO’ topologies for CO,
adsorption.

CO; maximum uptakes of the ZIF-93, ZIF-8 and ZIF-90 are comparable to this of zeolite NaX and lower
than those of activated carbon such as Takeda 5A. While CO; uptake of the ZIF-94 is in the range of
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other microporous MOFs having small pore sizes such as ZIF-7, CAU-13(Al) or MIL-91(Ti) and is
consistent with its pore volume.

CO; adsorption capacities of the ZIF-8, the ZIF-94, the ZIF-93 and the ZIF-11 were analyzed via
adsorption isotherms in Figure 4.9.
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Figure 4.9 — CO; adsorption isotherms at 303K plotting amounts adsorbed against pressure for the ZIF-8 (blue
circle), the ZIF-94 (green triangle), the ZIF-93 (purple square) and the ZIF-11 (red lozenge)

For pressures below 4 bar, CO, adsorbed amounts are higher for the ZIF-94 than for the ZIF-8. For
instance at 1 bar, CO, uptakes are approximatively of 0.6 and 1.8 mmol.g* respectively for the ZIF-8
and the ZIF-94. Indeed, for pressures below 1 bar, the ZIF-94 adsorption isotherm shows a steep slope
compared to this of the ZIF-8 suggesting stronger adsorbent-adsorbate interactions for ZIF-94/CO,
than for ZIF-8/CO,. To conclude, in the 0-4 bar pressure range, there is a stronger affinity of the ZIF-
94/CO, system than for the ZIF-8/CO,.

For pressures above 4 bar, CO, adsorbed amounts are higher for the ZIF-8 than for the ZIF-94. CO,
maximum excess uptakes are of 6.7 and 3.2 mmol.g! respectively for ZIF-8 and ZIF-94. In the case of
the ZIF-94, CO; uptakes seem to reach a plateau suggesting adsorbent saturation. This can be explained
by the pore volume which is lower for ZIF-94 (0.17 cm?3/g) than for ZIF-8 (0.48 cm?/g) (see table, Annex
F). These Pore volumes experimentally measured are in the same magnitude as those found in
literature, respectively of 0.22 cm3.gtand 0.50 cm3.g for the ZIF-94 and the ZIF- 8 [33], [34].

In the pressure range studied 0-20 bar, CO, adsorption isotherms obtained for ZIF-93 and ZIF-11 show
CO; uptakes higher for ZIF-93 over ZIF-11. For instance at 1 bar, CO, uptakes are 1.5 and 0.77 for ZIF-
93 and ZIF-11. The pore volume measured on ZIF-93 from nitrogen adsorption at 77K is
approximatively 0.27 cm3.g%. Oppositely nitrogen adsorption showed that ZIF-11 is nonporous due to
its pore aperture (3.0 A) smaller than nitrogen kinetic diameter (3.6A) in agreement with literature
[35], [36]. However CO, adsorption carried out at 273K on ZIF-11 allowed to obtain a pore volume of
0.16 cm?3/g [36]. This suggests that smaller CO, adsorbed amounts are related to a lower pore volume.
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Summary

Over the past century, quantitative structure-property relationship (QSPR) models have been widely
developed in various fields (pharmaceutical, gas separation etc.) by means of mathematical analysis.
These models aim to get some correlations between microscopic features of materials and studied
macroscopic properties. Therefore, QSPR models are useful tools: to identify best materials with
targeted properties, to predict materials performances and to design unknown compounds.

Metal-Organic Frameworks (MOFs) are very promising crystalline porous materials especially for gas
separation applications. There is a great diversity of MOFs due to metal nodes and organic linkers
available, thus there is a need to be able to predict their separation performances to improve MOF
design in view of CO; capture from CO,/ N2 or CO,/ CH4 gas mixtures.

Recently, some studies set up QSPR models to assess and to predict MOF separation performances for
hydrogen, methane and carbon dioxide adsorption.

In this work, we demonstrated that there is no correlation with pore size as descriptor due to the
diversity of pore shape and pore size distribution of MOFs. Therefore, a ‘descriptor-property’ approach
has been performed on ZIF materials, a sub-class of MOFs, which possess: a well-defined porosity, high
specific surface area and pore volume, thermal and chemical stability. Some linear trends have been
observed when CO, maximum uptakes are correlated to pore volume. Thus, the highest CO, uptakes
at saturation are obtained for highest pore volume. CO, uptakes at saturation seem to be governed by
pore volume rather than surface polarity.

The ZIF-8, known for its molecular sieving property, has been widely studied as nano-fillers into mixed
matrix membranes (MMMs) in various separations: propylene/ propane [35]; dehydration of alcohols
[36]; dehydration of isopropanol [37]; CO2/N; [38]; CO,/CH,4 [39]-[42].

Indeed, Vankelecom et al. conducted a study on the ZIF-8 as nano fillers and Matrimid® as polymer for
dense and asymmetric MMM for binary gas mixture separation [43]. The ZIF-8 was included into
Matrimid® polymer with 30% of loading. They reported a selectivity around 22 for CO,/CH, binary gas
mixture separation at 35°C and 10 bar. This selectivity is in the same magnitude of these obtained for
the [Cus(BTC);] and the MIL-53(Al) used as nano fillers in the same conditions which are
approximatively of 24. While for CO,/N, gas separation, the selectivities obtained are 20, 24 and 23
respectively for the ZIF-8, the [Cus(BTC);] and the MIL-53(Al). This slightly difference can be attributed
to the strong CO, interactions: (1) with unsaturated sites into the [Cus(BTC);] and (2) with hydroxyl
groups of MIL-53(Al). This leads to higher CO, adsorption enthalpies of 25 and 26.4 kJ.mol ™ respectively
for the [Cu3(BTC),] and the MIL-53(Al) [44] compared to the ZIF-8 where it is of 16 kl.mol. Beyond
adsorption properties of nano fillers, separation performances of MMMs depend on the polymer/ filler
interaction and the presence of voids at the interface which can decrease the membrane efficiency.

The ZIF-8 has been considered with others types of commercial polymers especially for CO,/N> gas
separation: Ultem®[38], Pebax® [45]. Indeed, CO,/N: selectivities obtained are 36 (17% of ZIF-8
loading) et 32.3 (35% of ZIF-8 loading) respectively for Ultem® and Pebax® commercial polymers.

As for the ZIF-8, the ZIF-11 has been shaped with various polymers: PBI with a ZIF-11 loading of 55 wt%
with a selectivity of 7 at 150°C for H,/CO, separation [46]; Pebax® with the ZIF-11 loading of 77% with
a selectivity is of 12.64 at 20°C for CO,/CH,4 separation [47].
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Up to now, there is no meaningful work regarding the ZIF-93 and the ZIF-94 for gas separation using
mixed matrix membrane applications and the present work suggests that these materials are indeed
worth further study in this area due to their good CO; adsorption capacities and adsorption enthalpies.
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Conclusion

Carbon dioxide (CO,) capture based on amine scrubbing technology is the current recognized standard
method. Nevertheless, several disadvantages are associated to this approach including the
regeneration cost due to the heating of a solution, amine degradation leading to corrosion and health
issues. This therefore adds a significant energy cost to the separation cost, a considerable carbon
footprint and installation problems. In recent years, gas separation based on membrane processes
were developed due to their potential benefits over conventional technologies: smaller units involving
both a lower mechanical complexity and carbon footprint.

Currently, only polymeric membranes are implemented to the industrial scale for gas separation
application. Nevertheless, in terms of separation performance there is a trade-off between
permeability and selectivity that does not allow to exceed the Robeson upper bound. In order to
outperform this limit, mixed matrix membranes (MMMs) were designed to combine advantages in
separation performances both polymeric and inorganic membranes: easy processing and mechanical
strength as well as high selectivity. As a reminder, a MMM is a composite of filler particles in a
polymeric matrix. In recent years, various types of inorganic particles are considered as fillers: carbon
nanotubes, activated carbons, mesoporous silicas, and metal-organic frameworks (MOFs).

The main objective of M*CO; project is to design MMMs based on Metal-Organic Frameworks (MOFs)
the most sophisticated family of nanostructured materials as fillers for CO, capture. A large variety of
MOFs exists thanks to the diversity of metal centers and ligands to build tri-dimensional structure (3D).
MOFs were chosen owing to their good stability (i.e, thermal and chemical) as well as their high surface
area and pore volume often above those of zeolites. Moreover, pore sizes of MOFs can be fine-tuned
to gas selective adsorption by the incorporation of the appropriate building blocks, post-synthetic
modification as well as ligand functionalization. This allows equally an optimization of MOF-polymer
compatibilities, interesting for MMMs applications.

During this thesis, we have been involved in characterization of textural properties and CO, separation
performances assessment (i.e, working capacity, adsorption enthalpy, selectivity and moisture
conditions) of microporous MOFs for which pore size does not exceed 20 A, that can potentially be
used as fillers. The strategy developed and experimental techniques used during this project are
described in the following Figure C.1:
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Textural characterisation (N, at 77K)
¥ Specific surface area (m2.g)
v" External surface (m2.g?)
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Figure C1- Strategy set up during M*CO: project to characterize CO2 adsorption properties of MOFs with the
approaches carried out in MADIREL in the blue boxes. The modeling was carried out in Montpellier
(collaboration with G. Maurin group) and the mixture adsorption was carried out in Mons (G. De Weireld).

Prior to each gas adsorption, the porosity of MOFs were probed via nitrogen gas adsorption at 77K
allowing to determine textural parameters such as surface area and pore volume. The next step
consists of a rapid screening of MOFs allowing to determine approximate adsorption isotherms (CO,,
N, and CH,) at 303K using a home-made device. That can analyze up to six samples simultaneously.
From this step, MOFs having promising CO; adsorption capacities were selected to be further analyzed
using a manometry device coupled with a Tian-Calvet microcalorimeter. With this set-up, adsorption
enthalpies as well as more accurate single gas adsorption isotherms were determined. Indeed, the
adsorption enthalpies determination give an information on the heterogeneous or homogeneous
surface energetic nature. Further, the high or small difference between CO; and N, or CH, adsorption
enthalpies provide an indication on CO; selective adsorption of MOFs.

For the screening, 38 MOFs were analyzed using the high-throughput system to get their adsorption
properties at 303K. Amongst them, ten MOFs stand out with good CO, adsorption capacities and were
ranked in two families according to the nature of the linker: carboxylate or imidazolate. During this
project, CO, adsorption properties of those ten MOFs were investigated for two types of conditions at
303K: for low (i.e, 0.15-0.2 bar) and high (i.e, 15 bar) pressure conditions approaching respectively the
post-combustion and pre-combustion conditions.

At this stage of the project and based on literature, we attempted to correlate microscopic features of
MOFs as pores size with a macroscopic property as CO, adsorption capacity at saturation to tend
towards a type of ‘QSPR’ or ‘descriptor-property’ approach. Nevertheless, there is no correlation
between pores size and maximum of CO, uptakes, probably due to the diversity of pores shape and
pores size distribution of the MOFs considered. Consequently we focused our study on Zeolitic
Imidazolate Frameworks (ZIFs), a sub-class of MOFs that possess a well-defined porosity. Moreover,
the analysis of an Adsorbent Indicator Performance (API) for high pressures conditions evidenced that
ZIFs adsorbents have CO, adsorption capacities similar to those of carboxylate-based MOFs. This
‘descriptor-property’ approach highlighted that for high pressure conditions, CO, uptakes seem to be
governed by the pore volume of materials while surface polarity has a moderate effect.
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While for low pressure conditions, around 0.15-0.2 bar, and each macroscopic features: working
capacity, adsorption enthalpy and selectivity that support the choice of an adsorbent, various MOFs
stand out. In this work, no linear correlations were noted between each of those macroscopic features
and pores size as descriptor. However, we identified a range of pore size around 4.0 A that stands out
for CO, adsorption at low pressure. Towards post-combustion conditions, we investigated CO;
adsorption under moisture conditions whose screening highlighted promising CO, performances of the
MIL-96(Al) despite a loss of adsorption capacity. Moreover, the MIL-96(Al) has a pore size around 4.0
A.

The MIL-96(Al) nanocrystals were selected to prepare mixed matrix membrane (MMM) due to their
good CO; adsorption capacity under dry and moisture conditions, especially for 10% of relative
humidity, corresponding to relative humidity of flue gas. In addition, they show an excellent colloidal
stability (for the two batches: ‘MIL-96(Al)-NP2’ and ‘MIL-96(Al)-NP3’).

MMMs based on the MIL-96(Al) nanocrystals were prepared with the 6FDA-DAM as polymer matrix by
the group of Delft. For each MMM, 25 wt % of the MIL-96(Al) nanocrystals -NP2 or —NP3 were
incorporated into the 6FDA-DAM and for which CO»/N; (15/85 (vol%)) gas separation properties were
investigated at 298K at 2 bar (Figure C2) [1].

30
. 28 MIL 98(A1) NP3 MMM
s >
o ML -98(AN-NP2 MMM
§' 24 A
O 8FDA-DAM
22
800 1000 1200

Permeability CO, | Barrer

Figure C2 — SEM image of the ‘MIL-96(Al)-NP2’/6FDA-DAM membrane showing a homogeneous distribution (left)
as well as Robeson 2008 upper bound and the gas separation performance of 6FDA-DAM with 25 wt.% loading
of ‘MIL-96(Al)-NP2 and —=NP3’ [1]

The cross sectional SEM image evidences a homogeneous distribution for the MIL-96(Al) nanocrystals
(-NP2) in the volume of the membrane, similar results are determined for the ‘MIL-96(Al)-NP3’. This
shows that there are no defects or voids at the MIL-96(Al) nanocrystals/ polymer interface that could
affect CO,/N, gas separation. Performances of the composite membranes based on the MIL-96(Al)
nanocrystals, in terms of permeability and CO,/N> selectivities, do not exceed the Robeson upper
bound (Figure C.2). Although the Robeson limit is not outperformed, it has been demonstrated that
addition of the MIL-96(Al) nanocrystals as fillers contributes to enhance the overall CO,/N, separation
performances compared to the neat polymeric membrane (Figure C2). Such results pave the way for
the processing of composite membranes with a higher MOF loading.
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Regarding M*CO; project, the MOFs ZIF-94 as well as the MIL-140A(Zr)-Br and ZIF-8 were selected as
filler for mixed matrix membrane respectively for post- and pre-combustion. These choices are based
on the MOF/ polymer interaction, the formation of aggregates, the stability of the system.
Nevertheless, one of the main issues found during this project was the problem of the interface
between the polymer and the MOF filler with the formation of gaps due to poor compatibility or even
polymer chain penetration into the MOF pores for overly compatible systems.?

For future research activities, it can be interesting to investigate: various ‘green synthesis’ of MOFs for
upscale and use at the pilot scale. The humidity on CO, adsorption capacity is another parameter to
investigate due to that an indicator as APl does not take into account this effect. In addition, modeling
methods are critical to identify adsorption mechanisms as the competition between CO, and H,0O
molecules on adsorption sites.

Another aspect that can be pursued is the development of quantitative structure-property relationship
(QSPR) using mathematical models in order to extend the understanding and prediction of the
interactions between various parameters such as specific surface area, surface polarizability on CO,
adsorption capacity and selectivity.

1 Multiscale Modeling of the HKUST-1/Poly(vinyl alcohol) Interface: From an Atomistic to a Coarse Graining Approach, R. Semino, J.P.
Durholt, R. Schmid, G. Maurin, J. Phys. Chem. C, 2017, 121(39), 21491-21496

Toward an Understanding of the Microstructure and Interfacial Properties of PIMs/ZIF-8 Mixed Matrix Membranes, M. Benzaqui, R.
Semino, N. Menguy, F. Carn, T. Kundu, J.-M. Guigner, N. B. McKeown, K. J. Msayib, M. Carta, R. Malpass-Evans, C. Le Gnillouzer, G. Clet, N.
A. Ramsahye, C. Serre, G. Maurin, N. Steunou, Appl. Mater. & Interf., 2016, 8(40) 27311-27321

Microscopic Model of the Metal Organic Framework/Polymer Interface: A First Step toward Understanding the Compatibility in Mixed
Matrix Membranes, R. Semino, N. A. Ramsahye, A. Ghoufi, G. Maurin, Appl. Mater. & Interf., 2016, 8(1) 809-819

[1] M. Benzaqui et al., « Revisiting the Aluminum Trimesate-Based MOF (MIL-96): From Structure Determination to the Processing of
Mixed Matrix Membranes for CO2 Capture », Chem. Mater., vol. 29, n° 24, p. 10326-10338, déc. 2017.
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Annex A — Experiments and textural properties

N . . N, at 77K H20 at Gas adsorptionat | Gas adso.rption coupled to Magne?ic
Sample Origin Thermogravimetric (Belsorp- 298K 303K (home-made Tian-Calvet suspension
(reference) Analysis (TGA) (Belsorp- high throughput microcalorimeter at 303K balance
max)
max) system) (home-made system) (Rubotherm)
CO; N2 | CHa CO; N, CH,4 H, | CO; | N2 | CHq
MIL-69(Al) ILV (FA554) X x X X x x x x
MIL-69(Al) ILV (NK8) x X x x x
NH,-MIL-53(Al) Delft X X X X X
MIL-69(Fe) ILV X X
MIL-121(Fe) ILV x x x x x
MIL-130(Al) ILV x x
MIL-68(Ga) ILV x x
MIL-102(Cr) ILV (FM463) X X
MIL-103 ILV (td889) x x
MIL-160 ILV (NPC-M- x x
3)
MIL-88 ILV (b-2CF3)
MIL-91(Ti) STA x x x
MIL-91(Ti) - STA (AO-1- y y § § §
DMSO 88B)
M:(I;flgl,ll)f-g! STA (AO-1- X X x x x
88C)
propanol
MIL-91(Ti) STA6(7AI;C))-1- X X X x x x x x
MIL-91(Ti) —
20% N,N-2- STA (AO-1- x x x x x
102)
methyl
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MIL-91(Ti) —
30% N,N-2- ST‘;(;X)M' x x
methyl
MIL-91(Ti) —
50% N,N-2- STAS(SAC())'l' x x
methyl
MIL-91(Ti) —
100% N,N-2- ST’%BAA()M' x x
methyl
MIL-91(Ti) —4x | STA (AO-1- y y
linker 62C)
MIL-91(Ti) —4x | STA (AO-1- y y
linker 72A)
MIL-96(Al) ILV x x x
MIL-96(Al)-NP2 ILV x x
MIL-140A ILV X X
MIL-140A-Br ILV X X
MIL-61(Fe) ILV x x
Al-pda ILV X X
STA (AO-1-
>e2BDGs 103 (A+B)) . .
STA (AO-1-
Sc,(BDC-Br); 66D) x x
STA (AO-1-
Sc,(BDC-Br)s 8(1 A x x
STA (AO-1-
Sc,(BDC-Br)s 1116) x x
STA (AO-1-
SCz(BDC-NH2)3 68A) X X
STA (AO-1-
SCz(BDC-NOz)3 965) X X
ZIF-8 IM
ZIF-93 IM
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ZIF-94 JM X X X X X X X X X X X

ZIF-11 USTAN
Z”[l\zﬂ':(')”:l]z ; STA x x y x | x
Zn2-nimlz = oy (0.1
Solvothermal x x X X X X X X

. 108A)
synthesis
STA
Z1F-300 (MMLM114) x X X X X

Table A.1 — List of samples studied during this thesis project as well as various analysis performed and symbolized by crosses. ILV: Lavoisier Institute; STA: University of
St Andrews; JM: Johnson Matthey Institute; Delft: University of Delft; USTAN: the University court of the University of S' Andrews
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Activation Pore Volume
Name Origin Temperature Seer (M2.g7%) -
o (cm’.g™)
(°Q)
MIL-69 (Al) ILV 250 26 0.01
MIL-53 (Al)-NH, ILV 150 394 0.154
MIL-91 (Ti) STA 200 362 0.129
MIL-96 (Al) ILV 150 448 0.162
MIL-140A-Br ILV 150 141 0.05
MIL-121 (Fe) ILV 200 14 0.005
MIL-61 (Fe) ILV 120 0.91 0.0003
Sc, (BDC-NO3)3 STA 200 42 0.012
ZIF-8 M 110 1439 0.48
ZIF-93 M 125 773 0.28
ZIF-94 M 180 462 0.17
ZIF-11 M 200 - -
Zn[2-nIm]; STA 200 123 0.04

Table A.2- Origin, activation temperature, specific surface area and pore volume for MOFs studied during this
thesis
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ABSTRACT: A microporous Al trimesate-based metal—organic
framework (MOF), denoted MIL-96-(Al), was selected as a
porous hybrid filler for the processing of mixed matrix mem-
branes (MMMs) for CO,/N, postcombustion separation.
First, the structural model of MIL-96-(Al) initially reported was
revisited using a combination of synchrotron-based single-crystal

X-ray diffraction, solid-state nuclear magnetic resonance spec- e%
troscopy, and density functional theory (DFT) calculations. In a = MIL-96(A1)-6FDA-DAM
second step, pure MIL-96-(Al) crystals differing by their size membranes

and aspect ratio, including anisotropic hexagonal platelets and
nanoparticles of about 70 nm in diameter, were prepared. Then, a combination of in situ IR spectroscopy, single-gas, and CO,/N,
coadsorption experiments, calorimetry, and molecular simulations revealed that MIL-96-(Al) nanoparticles show a relatively high
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CO, affinity over N, owing to strong interactions between CO, molecules and several adsorption sites such as AP* Lewis centers,
coordinated water, and hydroxyl groups. Finally, the high compatibility between MIL-96-(Al) nanoparticles and the 6FDA-DAM
polymer allowed the processing of homogeneous and defect-free MMMs with a high MOF loading (up to 25 wt %) that outperform

pure polymer membranes for CO,/N, separation.

B INTRODUCTION
Metal—organic frameworks (MOFs) have developed rapidly due
to their outstanding properties and myriad of potential
applications such as gas storage, separations, catalysis, bio-
medicine, electronic devices, and information storage among
others."” These hybrid porous crystalline materials consist of
periodic coordination networks composed of inorganic building
blocks and organic multifunctional ligands and can be rationally
designed through crystal engineering. The explosion of interest
in this class of materials stems from their endless chemical
variability and unprecedented diversity of pore structure (shape
and diameter of pores) and topology (two to three periodic
extended frameworks), enabling the fine-tuning of their
physicochemical features for a targeted application." ™ As a
result of their crystallinity, these materials are well suited to in-
depth characterization of their structure as well as establishing
clear structure—property relationships.”® However, the synthesis
and/or structure determination of numerous MOFs remains a
hurdle, particularly due to the high reactivity of their precursors
and thus their low crystallinity.” In addition, the complexity of
their architecture associated with a possible structural disorder
(water molecules, guest molecules, free jons, and defects, etc.)
and, more importantly, the existence of crystals with large unit
cells and low symmetry have led to the development of meth-
odologies that combine X-ray or neutron diffraction to advanced
complementary experimental (solid-state NMR, EXAFS, and
transmission electron microscopy, etc.) and computational
tools.® For instance, solid-state NMR experiments integrating
high magnetic field, specific pulse sequences, multiple-resonance
decoupling and ultrafast magic-angle spinning (MAS) have
become a powerful tool to provide information on the local
environment of atoms (symmetry, coordination shell, and so
on) and probe their spatial proximity and connectivity, thereby
constraining the possible structural solutions.”'’ Moreover,
modeling tools involving energy minimization techniques at the
force field (interatomic potential) and/or electronic (quantum)
levels were combined with experimental information for the
structure resolution of numerous MOFs with low symmetry
and/or poor cryst;1]lir1il'y.£‘}’11_14

Here, this work intends to reinvestigate the crystallographic
structure of the microporous aluminum trimesate MIL-96-(Al),'
with a subtle combination of advanced experimental (X-ray dif-
fraction, solid-state NMR, and infrared spectroscopy ) techniques
and density functional theory calculations. The periodic
aluminum—oxo framework including the coordination sphere
of Al centers was carefully determined. Moreover, the location of
water molecules and hydroxo groups has allowed the description
of the hydrogen-bond network in the porosity of the material.
Narrow pore MOFs are a subclass of porous materials of special
interest owing to their pore aperture sizes below 4—7 A that
can potentially address key challenges such as carbon capture
and separation of olefin/paraffin, acetylene/ethylene, linear/
branched alkanes, and xenon/krypton.'® The separation ability
of MIL-96-(Al) was previously demonstrated for several relevant
applications of interest.'”~*' Moreover, its rigid framework with
relative small pores incorporating diverse potential adsorption

sites (Al acid sites, hydroxyl groups, and coordinating water)
makes this MOF attractive for the selective capture of CO, over
N,. This has been here further confirmed by a subtle combina-
tion of single-component CO, and N, and their binary mixture
adsorption measurements and grand canonical Monte Carlo
simulations.

Due to its high thermal and hydrothermal stability, MIL-96-
(Al) was further envisaged for the processing of mixed matrix
membrane (MMM) for postcombustion CO, capture. These
composite membranes which consist of filler particles dispersed
into an organic polymer phase potentially combine the gas
transport and separation properties of the incorporated particles
with the good processability and mechanical properties of the
polymers. Indeed, MOFs were recently proposed as fillers due to
their outstanding gas separation Pmperties.S However, MOF-
based MMMs suffer from several limitations mainly related
to a possible physicochemical mismatch between MOFs and
polymers.”> ™ Such a lack of chemical compatibility between
both components limits the MOF loading of numerous MMMs
and thus their performance.”° Indeed, for numerous MOF-
based MMM, the transport properties and thus the selectivity of
the membrane are driven by the polymer matrix which is the
dominant component. In addition, a poor dispersion of MOF
fillers in the polymer matrix may take place, thereby creating
interphase defects (macro- or nanovoids).”?* Such voids
provide bypasses through the MMMs that reduce the separation
efficiency and compromise performance.”” In the present study,
the shaping of MMMs requires the synthesis of MIL-96-(Al)
particles at the nanoscale. Therefore, the synthesis of MIL-
96-(Al) crystals of different morphology and diameter was
achieved in water or water/DMF solvents. Two sets of nano-
particles of MIL-96-(Al) with a monodisperse size distribution
(200 and 70 nm in diameter) were then selected as inorganic
fillers for the processing of MMMs. The glassy and high free-
volume polyimide 6FDA-DAM was selected owing to its high
CO, permeability, good mechanical properties, and easy pro-
cessability. Defect-free membranes were prepared that con-
sisted of homogeneously distributed MIL-96-(Al) particles in the
polymer matrix with adequate interfacial properties. Their gas
sorption properties were fully characterized, showing very
encouraging performances for postcombustion CO,/N, separa-
tion. Such results are very promising in the field of MMMs for
CO, capture.

B EXPERIMENTAL SECTION

Microwave Synthesis of MIL-96-(Al) Hexagonal Platelets.
MIL-96-(Al) hexagonal platelets (MIL-96-(Al)-HPs) were synthesized
by microwave-assisted hydrothermal synthesis. Aluminum nitrate
nonahydrate (191.7 mg, 0.511 mmol) and trimesic acid (704 mg,
0.335 mmol) were dissolved in distilled water (45 mL) under vigorous
stirring. Acetic acid (14 uL, 025 mmol) was added, and the reaction
mixture was stirred for 10 min at room temperature (RT) and then
introduced into the microwave oven. After hydrothermal treatment at
200 °C (1600 W) for 2 min, the resulting mixture was cooled with an ice
bath and centrifuged at 14500 rpm for 15 min. The liquid fraction was
discarded, and the white product was washed twice with deionized water
(30 mL) and twice with EtOH (30 mL). After a final centrifugation, the
powder was dried in air at RT.
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Figure 1. SEM images of the different MIL-96-(Al) particles: (a) hexagonal rods (HR); (b) hexagonal platelets (HP); (c) nanoparticles from reflux in
water (NP1); (d) nanoparticles from reflux in H,O/DMF (NP2); (e) SEM image of NP3; (f) TEM-bright field image of NP3.

Figure 2. (a) Framework of MIL-96-(Al) along the ¢ axis; (b) framework of MIL-96-(Al) along the a axis; (c—e) structural description of the different
inorganic subunits of MIL-96-(Al) [(c) {Al(1)}-trimer; (d) sinusoidal chain composed of two Al(3) bridged by Al(2); (e) {Al(3)} trimer].

Synthesis of MIL-96-(Al) Nanoparticles in Water. A first solution
was prepared by dissolving trimesic acid (210 mg, 1 mmol) in 70 mL of
deionized water under reflux conditions. A second solution was obtained
by dissolving aluminum nitrate nonahydrate (570 mg, 1.5 mmol) in
65 mL of deionized water. Both solutions were heated separately under
reflux, and then the Al solution was poured into the ligand solution.
Reflux was kept for about 3 h, and the white powder was cooled in an ice
bath before centrifugation at 14500 rpm for 15 min. The solid was
washed twice with deionized water (30 mL) and twice with EtOH
(30 mL). Pure MIL-96-(Al) nanoparticles (MIL-96-(Al)-NP1s) were
finally obtained and dried in air at RT.

Synthesis of MIL-96-(Al) Nanoparticles in Water/DMF.
Aluminum nitrate nonahydrate (4.5 g 12 mmol) and trimesic acid
(2.52 g, 12 mmol) were dissolved in 300 mL ofa H,O/DMF (1/1 (v:v))
mixture. Acetic acid (1.68 mL, 30 mmol) was added, and the mixture was
heated under reflux for 16 h. The resulting white mixture was cen-
trifuged at 14500 rpm for 15 min and then washed once with deionized
water (30 mL) and one more time with a H,O/EtOH (1/1) mixture
(30 mL) and finally with EtOH (30 mL). The obtained white powder

was dried at RT, and pure MIL-96-(Al) NPs (i.e., MIL-96-(Al)-NP2s) of
200 nm in diameter were obtained, with no traces of trimesic acid,
nitrates, or DMF. MIL-96-(Al) NPs of 70 nm in diameter (i.e., MIL-96-
(A1)-NP3s) were also prepared at the gram scale by using the same
reactants but with concentrations two times lower.

Preparation of MIL-96-(Al)-6FDA-DAM MMMs. A high free-
volume 6FDA-DAM copolymer supplied by Akron was used. 6FDA-
DAM was degassed at 453 K under vacuum overnight. A polymer
solution was prepared by dissolving 0.4 g of polymer in 3 mL of tetra-
hydrofuran (THF). MIL-96-(Al) crystals (NP2 and NP3) were dis-
persed in 1.5 mL of THF by ultrasonication and stirring for 30 min.
Then, 10% of the volume of the polymer solution was added to the MOF
suspension followed by further stirring for 2 h (priming). The remaining
volume of polymer solution was added to the MOF suspension and
stirred overnight. This slurry solution was poured on the glass plate and
cast by Doctor Blade technique tuning the thickness to about 80 ym.
The solvent/(filler + polymer) weight ratio was kept constant (90/10)
for all MMMs. MMM s were prepared with a MOF loading of 25 wt %.
Then, membranes were covered with a top-drilled box and dried
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Hydrated MIL-96(Al)
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Figure 3. Experimental (Exp., top) and deconvoluted (Dec., middle) *"Al MAS NMR spectra of (a) hydrated MIL-96-(Al) and (b) dehydrated
MIL-96-(Al) (i, previously dried overnight at 423 K) and (bottom) individual contributions. “Al—"’Al DQ-SQ_correlation NMR spectra of
(¢) hydrated MIL-96-(Al) and (d) dehydrated MIL-96-(Al) (slop of diagonals, 2). For panel c the autocorrelations Al(3)—Al(3) and Al(1)—Al(1) are
the diagonal peaks while the cross-correlation Al(3)—Al(2) is indicated by the dashed line. For panel d the autocorrelations Al(3)—AlI(3") and Al(1)—
Al(1) are the diagonal peaks while the cross-correlations Al(3)—Al(3") and Al(3)—AI(2) are indicated by the dashed lines. Views of the {Al(1)} and
{Al(3)} trimers subunits of (e) hydrated MIL-96-(Al) and (f) dehydrated MIL-96-(Al).

overnight under THF-saturated atmosphere. Finally, they were peeled
off and heat treated at 433 K for 24 h under vacuum.

B RESULTS AND DISCUSSION

Synthesis of MIL-96-(Al) and Structure Resolution by
Combining Single-Crystal X-ray Diffraction Analysis,
Solid-State NMR Spectra, and DFT Calculations. The micro-
porous MIL-96-(Al) (see Figures 1 and 2) was first reported
using hydrothermal conditions from a mixture of trimesic acid
(BTC) and aluminum nitrate."® However, these conditions
have to be strictly controlled since two larger pore Al trime-
sates, MIL-100-(Al) and MIL-110-(Al), among others, can be
produced in the same reaction system.'”*®"%* Indeed, it was
reported that MIL-100-(Al) is the kinetic phase of this system
and forms at short reaction times and low pH, whereas MIL-96-
(Al) is mainly obtained for longer reaction times following a

10329

crystallization—hydrolysis —recrystallization process.”’ In addi-
tion, this route involves the use of HF and tetraethoxysilane.'
We also failed to reproduce single crystals of MIL-96-(Al) of a
suitable size following this method. Thus, we developed first an
alternative easier and friendlier hydrothermal route by using a
mixture of trimesic acid and aluminum nitrate in water at 180 °C
(rather than 210 °C), which led to hexagonal rods (MIL-96-(Al)-
HR) up to 20 pm long and § pm wide (see Figure la and
Figure S1 of the Supporting Information (SI)).

The structure of MIL-96 (Al), initially described by Loiseau
et al,'> presents four non-equivalent aluminum sites. The fourth
aluminum, labeled as Al4, exhibits very short and unrealistic
Al-O distances which suggest a crystallographic disorder of the
initial structure. Therefore, in the present article, this structure
has been reinvestigated using first microfocused beam synchro-
tron-based single-crystal X-ray diffraction (see the SI for details).

DOI: 10.1021/acs.chemmater.7b03203
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As previously described, the structure results from the assembly
of two distinct building units (see Figure 2a,b). The first one is an
oxo-centered trimer {Al(1)} of crystallographically equivalent
Al(1) octahedra which are coordinated to bridging trimesate and
#5-O ligands (see Figure 2¢). The second building unit consists
of a 2D hexagonal network containing 18-membered rings built
by sinusoidal chains of aluminum octahedra. These chains con-
tain two non-equivalent types of aluminum, Al(2) and Al(3),
which are coordinated to four and two trimesate oxygen atoms
and two and three bridging y,-hydroxo moieties (Figures 2d, e)
respectively. The hexagonal 18-membered rings are intercon-
nected with each other by another type of trimer. This “unusual”
{A1(3)} trimer, seldom observed so far in the field of MOFs, is
composed of three Al(3) octahedra that are corner-linked by
#o-OH groups. The connection of the {Al(1)} trimer with the
2D network of Al(2) and Al(3) octahedra through the trimesate
ligands results in a 3D framework with a complex arrangement of
three types of cavities (see Figure S2 and Table S1 of the SI).

The microporosity of MIL-96-(Al) consists of one spherical
cage A with a cavity-free diameter of about 11 A, an elongated
cavity B with dimensions of 9.5 X 12.6 X 113 A, and a narrow
cavity C with dimensions of 3.6 X 4.5 A. The complex pack-
ing and connectivity between cavities as described in Figure S3
show that cavities of the same type (A-A, B-B, or C-C) are not
connected. According to the size of the windows between two
cavities that could be estimated from the van der Waals radius of
oxygen atoms, windows between cavity B and cavity C are
relatively narrow (=4.5 A X 3.6 A) and hence accessible to H,,
CO,, and, to a lesser extent, N, (Figure S4), which is crucial for
high CO,/N, selectivity. On the other hand, no connection
between cavity A and cavities B/C is possible, which means that
cavity A is isolated in the structure. Consequently, MIL-96-(Al)
presents a two-dimensional (2D) pore structure that consists of
“zig—zag” channels between cavities B and C (Figure S3). The
nitrogen adsorption isotherm of MIL-96-(Al) at 77 K (Figure S5a)
is of type I-(a) from the IUPAC classification which is char-
acteristic of a microporous adsorbent. A BET area of ~600 +
10 m*g ! and a pore volume of 0.23 cm*.g ™! are obtained. In
addition, the semilogarithmic plot of the N, isotherm is con-
sistent with a narrow pore size distribution (Figure S5b).

In contrast to the previously reported structure,’® no electronic
residue could be attributed to a fourth octahedral aluminum site.
This observation contradicts the initial set of ¥Al MAS NMR
spectroscopy data which evidenced the presence of four Al
NMR signals in MIL-96-(Al)." In order to explain such a devia-
tion, this phase was thoroughly investigated by combining solid-
state NMR and thermogravimetric analysis (TGA) and density
functional theory (DFT) calculations. First, the Al MQMAS
NMR spectrum (see Figure Séa of the SI) of the hydrated
MIL-96-(Al) shows only three *’Al signals at &, of 3.2, 34, and
6.2 ppm, which, according to the deconvolution of the 2’Al MAS
NMR spectrum (Figure 3a), have respective relative intensity
close to 1:1:2 (see Table S2 for the NMR parameters). This is
consistent with the presence in the crystal structure of three Al
sites with different multiplicities (the multiplicity of Al(1) and
Al(2) is 6 while that of Al(3) is 12) and indicates that Al(3) cor-
responds to the line at 6.2 ppm. Al(1) and Al(2) can be dis-
tinguished based on the *’Al-*’Al double-quantum—single-
quantum (DQ-SQ) NMR spectrum, in which close spatial proxi-
mities between ¥ Al nuclei are observed. This spectrum (Figure 3c)
shows a pair of cross-peaks between Al(3) and the line at 3.4 ppm,
which is thus assigned to the connected Al(2) center. A strong
diagonal peak for the Al(3) resonance is observed, in agreement

with the presence of connected Al(3) octahedra. For Al(1), only
a diagonal peak is detected in agreement with the presence of
isolated AI(1) sites. Upon dehydration of the MIL-96-(Al) at
423 K, removal of water molecules entrapped in the porosity
of MIL-96-(Al) takes place without altering the crystallo-
graphic structure of MIL-96-(Al) as shown both by TGA and
temperature-dependent powder X-ray diffraction (PXRD; see
Figures $7 and $8). However, the dehydration provokes a modi-
fication of the local environment of AP* cations since a fourth
Al resonance (labeled Al(3")) is detected in the Al 1D MAS
(Figure 3b), MQMAS (Figure S6b of the SI), and ¥Al-*"Al DQ-SQ_
NMR spectra (Figure 3d).

Moreover, deconvolution of the Al MAS NMR spectrum
indicates that the four signals at &, = 3.0, 3.1, 3.4, and 5.3 ppm
have respective relative intensity of 1.3:1:1:0.66 (Figure 3b and
Table S2) and thus are assigned to Al(3"), Al(2), Al(1), and
Al(3), respectively. Note that the *’Al NMR spectrum reported
previously by Loiseau et al.'® was similar to our spectrum with the
presence of four signals (one was assigned to the fourth alumi-
num site not present in our new model). However, the relative
intensity of the signals is different, suggesting that the cor-
responding NMR spectrum was initially collected on a partially
hydrated sample. This observation points out the importance of
accurately controlling the hydration state of hydrophilic MOFs
prior to NMR measurements. In the Al—-"Al DQ-SQ NMR
spectrum, the Al(3) resonance is no longer associated with a
diagonal peak but strongly correlates with the signal of Al(3").
All these results are consistent with the presence of one Al(3)
and two equivalent Al(3) sites in each {Al(3)} trimer of the
dehydrated MIL-96-(Al).

According to the single-crystal X-ray structure and TGA
analysis (Figure S7), MIL-96-(Al) with the chemical formula
Al O-(OH) 4(H,0)5[BTClgnH,O (n = 29) contains one
{AI(1)} trimer for two {Al(3)}-trimers. The oxo core of this
formula unit is composed of one p;-0, 12 ,-OH, and nine
terminal oxygen ligands (OH or H,0). For electroneutrality
purposes, these terminal groups correspond to four hydroxyl
groups and five water molecules that are linked either to Al(1) or
Al(3)/A1(3") sites. Indeed, Al(2) cations are not coordinated to
any terminal oxygen ligands. Since Al(1) centers are chemically
equivalent in the dehydrated MIL-96-(Al), they are coordinated
to one type of terminal oxygen ligand (OH or H,O) while the
non-equivalent Al(3) and Al(3') centers are presumably not
linked to the same terminal oxygen groups. Taking into account
the total number of terminal OH and H,O and the symmetry of
the Al(1) } and {Al(3) } trimers, the only possible configuration is
that both AI(1) and Al(3) centers are coordinated to terminal
water molecules while Al(3)’is covalently attached to a hydroxyl
group. However, a statistical distribution of hydroxyl groups and
water molecules over the terminal oxygen ligands of Al(3)/
Al(3") cannot be ruled out.

The structural model of the anhydrous MIL-96-(Al) thus pro-
posed was geometry optimized at the DFT-level (Figure S29).
These calculations included the relaxation of the atomic
positions of the MOF framework while the unit cell (u.c.)
parameters were fixed at the values determined experimentally.
The same procedure was applied to the hydrated form of
MIL-96-(Al) starting with the experimental structural model
containing a concentration of free water present in the pores as
determined by TGA (58 H,0/u.c.; Figure S7). In this case, the
positions of both the atoms of the MOF framework and the
free water molecules were relaxed. The so-obtained structural
models were further validated by a good agreement between the
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Figure 4. Crystal structure of MIL-96-(Al) in its hydrated form (gray, carbon; white, hydrogen; red, oxygen; pink, aluminum): (a) DFT optimized
model; (b) refined experimental model. Interatomic distances are in angstroms. The dashed lines represent a selection of representative interactions
between the water molecules themselves (black), between water and water coordinated to the framework (blue), between water and hydroxyl group
coordinated to the framework (orange), between water and the y£,-OH functions (green), and between the water and the carboxylate group Oc (purple).
Hydrogen bonds are involved between free water molecules and coordinative water molecules at the Al(1) sites (blue). Water molecules located near the
Al(2) sites are arranged in such a way that they form hydrogen bonds with the framework between (1) their oxygen atoms Ow and the proton of the
#2-(OH) functions (orange) and (2) their protons Hw and the oxygen atoms of the carboxylate group (purple). In addition, the water molecules located
near Al(3) sites make hydrogen bonds with framework between (1) their protons Hw and the oxygen atoms of either the hydroxyl group (orange) or
water coordinated to Al(3") and/or Al(3) sites (blue) and (2) their oxygen atoms Ow and the proton of the nearby water molecules (black).

first-principle-calculated Al NMR parameters including iso-
tropic chemical shifts as well as quadrupolar coupling constants/
asymmetric constants and the corresponding experimental data
(see Table S2). The DFT predicted structure for the hydrated
form reveals that the free water molecules make strong hydrogen
bonds with the framework (Al centers or hydroxy groups, tri-
mesate ligands, or coordinating water molecules; see Figure 4a).

The characteristic distances between two water/host oxy-
gen atoms range from 2.6 and 3.05 A, which fit well with
those evidenced from the experimentally refined structure.
The confined water molecules form a relatively strong hydrogen-
bond network with corresponding Ow—Ow distances (2.77 A)
as short as those usually observed for water in the bulk state. This
H,0 network is extended throughout the porosity by hydrogen-
bonded water molecules between cavities B and C as shown
in Figure S9. Finally, a theoretically accessible surface area of
700 m?-g~! was evaluated, in fair agreement with the BET area of
600 m*g™" (see vide supra), thereby providing additional evi-
dence of the reliability of the so-built structural models.

Control of the Particle Size and Morphology: Synthesis
of Nanoparticles of MIL-96-(Al). The characteristic morphol-
ogy of MIL-96-(Al) crystals, as initially described, is that of a
truncated hexagonal bipyramid.’ Several solvo- and hydrother-
mal routes led to MIL-96-(Al) crystals with such a morphology
but with different diameters (ranging from 0.8 to 40 pm) using
Me;BTC or trimesic acid. '3 Finally, nanoparticles of MIL-
96-(Al) (from 160 to 55 nm) were recently reported by Knebel
et al.'® following a solvothermal synthesis in a mixture of H,O/
DME solvents. We report here several synthesis routes yielding
pure MIL-96-(Al) with various morphologies and sizes, down
to the nanoscale as required for further MMM preparation.
Microwave (MW )-assisted synthesis is known to reduce the size
and the polydispersity of the particles due to fast and homo-
geneous heating favoring the nucleation process.* In contrast to
the synthesis conditions of MIL-96-(Al)-HR, the initial aqueous
solution of both aluminum and ligand precursors was diluted
and an amount of acetic acid was added. A 2 min microwave-
assisted hydrothermal synthesis performed at 473 Kled to pure
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MIL-96-(Al) hexagonal platelets (ie., MIL-96-(Al)-HP), with a
diameter of a few micrometers and an average thickness of a few
100 nm as determined by SEM (see Figure 1b). This process
shows that MIL-96-(Al) can be isolated even at short reaction
times as a pure phase without the presence of MIL-100-(Al) or
MIL-110-(Al). Noteworthy, PXRD of both MIL-96-(Al)-HR
and -HP (Figure Sa) show changes in the relative intensity of
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Figure 5. (a) PXRD of the different MIL-96-(Al) particles [all patterns
normalized using the (012) reflection]; (b, c) 3D representations of the
crystal morphology and the (hiki) planes of MIL-96-(Al) [(b) hexagonal
rods and (c) hexagonal platelets]; (d) SAXS curves of MIL-96-(Al)NP2
(black squares) and MIL-96-(Al)-NP3 (green triangles) solutions at
0.1 g/L in water obtained at Alba and Soleil synchrotrons, respectively.
The red lines correspond to the best fit with the ellipsoid form factor with
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several Bragg peaks indicating a preferential orientation of such
crystals with a shape anisotropy. This phenomenon is noticeable
by comparing PXRD recorded with reflection (Bragg—Brentano
method) and transmission (Debye—Sherrer method) geometry
for HR (Figure $10) and HP (Figure S11). Hexagonal rods
present a strong (010) reflection, while the intensity of (001)
peaks is reduced and (002) almost extinct. On the other hand,
(001) and (Okl) reflections are much more intense in crystals with
hexagonal platelet morphologies. Therefore, (0k0) (and thus
(h00)) reflections can be assigned to the long facets of hexagonal
rods while (0kl) (and by symmetry (h0l)) reflections correspond

to the trigonal facets present on top of the hexagonal platelets
(see Figure Sb,c), in agreement with that previously reported for
MIL-96-(Al) crystals of similar rnorpl‘nology.lS Since acetic acid
may act as a modulator as reported for several polycarboxylate-
based MOFs,””¥ it can be suggested that the presence of acetic
acid impacts the nucleation and growth of MIL-96-(Al) crystals
and thus its morphology. However, even without this modulator,
MIL-96-(Al)-HP was also obtained along with MIL-100-(Al)
as a byproduct. Such results emphasize that the formation of
trimesate Al-based MOFs strongly depends on the speciation of
molecular Al complexes in solution. The MW synthesis con-
ditions were transferred to reflux synthesis in water. An aqueous
diluted solution of Al salt, trimesic acid, and acetic acid
was heated at reflux (~100 °C) for a variable period of time.
After only 3 h at reflux, the colorless solution becomes cloudy
indicating the formation of MIL-96-(Al) nanoparticles (ie.
MIL-96-(Al)-NP1s) as shown by PXRD (Figure 5a). As observed
by SEM (Figure 1¢), hexagonal nanorods with a dimension up to
500 nm are formed by this route. This is, to our knowledge, the
first synthesis producing pure MIL-96-(Al) nanoparticles in
water under reflux conditions, with however a quite low yield
(150 mg, ¥ = 45% based on Al). Increasing the concentration of
the reactants failed to produce MIL-96-(Al). The formation of
MIL-96-(Al)-NP1 under reflux in water is certainly mainly limited
by the poor solubility of trimesic acid in pure water. Therefore,
half of the volume of water was replaced by DMF to dissolve the
entire 12 mmol of trimesic acid. After 16 h of reflux, nanoscale
MIL-96-(Al) crystals were obtained as indicated by the pre-
sence of broad Bragg peaks on the XRD pattern (i.e, MIL-96-
(Al) NP2; see Figure 5a). As shown by the structureless refine-
ment (Figure $12) and SEM images (Figure 1d and Figure S13),
MIL-96-(Al) NP2 consists of pure nanocrystals with a diameter
of 200 + 30 nm. It is worth noting that synthesis conditions
without acetic acid led to MIL-96-( Al) nanocrystals with a similar
size and shape, however with a larger polydispersity in diameter
(i.e, diameter of particles of 190 + 100 nm; see Figure S14).
Such results are consistent with those previously reported by
Sindoro et al.**

Following this synthetic route, a large amount of MIL-96-(Al)-
NP2 (eg, 13 g in one batch with ¥ = 96% based on Al) was
obtained. By decreasing by 2-fold the concentration of the
reactants, smaller MIL-96-(Al) NP were synthesized at the gram
scale (yield similar to that for NP2) as shown by PXRD (ie,
MIL-96-(Al)-NP3; see Figure Sa). The structureless refinement
(Figure S15) indicates MIL-96-(Al) nanocrystals with an average
diameter of 70 nm, in agreement with the size distribution of
67 + 40 nm given by SEM and TEM images (Figure lef and
Figure S16 of the SI). Nitrogen adsorption/desorption measure-
ments (77 K) can be used to extract an “external surface area”
(i, without the porosity), and it would be expected that the
smaller the particles are, the higher the external surface area is.
The t-plot analysis was used which leads to values of 6, 40, and
100 m*.g~! for the -HR, -NP2, and -NP3 samples highlighting the
increasing nanoparticular size of this series (Figure S17). Dilute
solutions of MIL-96-(Al)-NP2 and MIL-96-(Al)-NP3 in water
were then studied by small angle X-ray scattering (SAXS). The
SAXS curves (Figure 5d) are fairly well fitted on the whole
g-range by the form factor of ellipsoids with rather low index of
polydispersity. The dimensions extracted from fit (R, = 55 nm
(PD = 0.1) and R, = 48 nm (PD = 0.2) for MIL-96-(Al)-NP3;
R, = 100 nm (PD = 0.01) and R, = 80 nm (PD = 0.15) for
MIL-96-(Al)-NP2) are in fair agreement with SEM observations.
Noteworthy, no nanoparticle aggregation could be detected in
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the available g-range. Finally, dynamic light scattering (DLS)
experiments with 1.25 wt % MIL-96-(Al)-NP2 and -NP3 dis-
persed in pure tetrahydrofuran (THF) were performed to better
characterize the colloidal stability. This solvent is currently used
for dissolving 6FDA-DAM. DLS measurements (Figure S18)
have shown only one population centered at 220 and 70 nm in
diameter for MIL-96-(Al)-NP2 and -NP3, respectively, indicat-
ing the absence of any aggregation even at such high
concentrations (1.25 wt % ~ 10 g-L™") that are used for
MMM preparation. The colloidal solution is stable for at least 6
h, which is of high interest for the preparation of MMMs since
the drying process takes generally a few hours.

In Situ IR Spectroscopy: Characterization of Adsorbed
Water, Hydroxyl Groups, and AP** Sites. FTIR spectra were
recorded to study the stability and location of adsorbed water,
characterize both the hydroxyl groups and Al sites of the MOF,
and finally probe the interactions between the MOF and different
guest molecules. Detailed interpretations of the IR spectra are
provided in the SI. The IR spectrum of the as-prepared hydrated
MIL-96-(Al)-HR sample (see Figure 6A, spectrum a) shows
(i) the lack of free trimesic acid (evidenced by the absence
of bands in the 1740—1710 cm™" region),**" (ii) a significant
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Figure 6. (A) IR spectra of MIL-96-(Al)-HR [(a) as-prepared sample
and (b) after activation at RT; (left inset) spectrum in the (1 + §) region;
(right inset) 5(D,0) mode with a deuterated sample (g) under D,O
vapor and (h) after activation at RT]; (B) IR spectra of MIL-96-(Al)-HR
in the v-(OH) and 6-(OH) regions [sample activated at (b) RT, (c) 373
K, (d) 423 K, and (e) 473 K; (£) deuterated sample activated at 473 K;
(left and middle insets) spectra in the (v + &) region of H,0 and OH
groups, respectively; (right inset) 6-(D,0) mode with a deuterated
sample after activation at (h) RT, (i) 323 K, (j) 348 K, (k) 373 K,
(1) 398 K, (m) 423 K, and (n) 448 K].

amount of adsorbed water (OH stretching band at 3388 cm™

and combination band at 5215 cm ™!, as well as a §-(D,0) band at
ca. 1205 cm™ recorded with the deuterated sample),dvl and
(iii) the existence of some amount of “free” -OH groups that are
not involved in H-bonding with adsorbed water (combination
band around 4690 cm™! and deformation band at 1071 em™").*!
The position of the latter IR bands indicates a very low acidity of
(at least part of) the OH groups. Since the activation procedure
for MOFs strongly impacts their sorption capacity, FTIR spectra
of the MIL-96-(Al)-HR sample were recorded after outgassing at
increasing temperature. Water trapped in the MOF is mostly
removed by outgassing at RT as evidenced by the strong decrease
in intensity of the bands at 5215 and 3388 cm™ (Figure 6A,
spectrum b). Only H,0 coordinated to Al sites remains in
the pores after evacuation at 323 K, as shown by a weak 2-(OH)
band at 3415 cm ™, two weak combination bands at 5364 and
5288 cm™’, and, for the deuterated sample, two 4-(D,0O) com-
ponents at 1218 and 1209 em! (Figure 6B, right inset).
Further, the remaining water is removed after evacuation at
423—448 K, in agreement with TGA results. The removal of the
water leads to the appearance of free OH groups, as shown by
two characteristic combination bands at 4688 and 4640 cm™.
In addition, a set of bands appears in the v-(OH) region (Table 1),

Table 1. Vibrational Bands of the Hydroxyl Groups of
MIL-96-(Al)

type of OH group notation »(OH) v(OD) &(OH) (v+8)(OH)
terminal T1 3695 2724 962 4640
terminal T2 3681 2714 997
bridging Bl 3650 2692 1011 4640
bridging B2 3639 2683 1075 4690
bridging B3 3623 2672 1087 4665
H-bonded in C cages C 3275 2448 1160

the assignment of which is more complicated due to the possible
overlapping between OH vibrations of adsorbed water and free
hydroxyl groups.*" For a correct assignment, partly deuterated
samples were also investigated, thereby showing that all bands
above 3600 cm™ " are due to -OH groups (see details in Figure S19
of the SI). Therefore, the water OH modes appear below
3600 cm™!, which suggests that the two protons of residual
adsorbed water are involved in H-bonding with basic sites
(presumably oxygen atoms of carboxylates) from the MOF
structure.

The T-type species (3695 and 3681 cm™) are assigned to struc-
tural terminal Al-OH hydroxyl while the B-type species (3650,
3639, and 3623 cm™) can be attributed to bridging 1,-OH-type
groups (see Table 1).*' In addition, stable H-bonded OH groups
(C-type) were also detected by a band at 3275 cm™. (Figure 6B,
spectrum d). The low v-(OH) frequency and the large band-
width indicate that these hydroxyls are also involved in strong
H-bonding with basic sites from the walls and are likely confined
in small pores (presumably cages C). The bands of the terminal
hydroxy develop after evacuation at RT as a result of the breaking
of OH-+(H,0) bonds , which confirms the very weak acidity of
these hydroxyls. Upon evacuation, the intensity of these bands
decreases above 323 K pointing out some possible dehydrox-
ylation process (for details see Figure 520). Bridging and C-type
hydroxy groups are thermally stable (see Figures S19 and 520
and the SI for more details). As shown by Al NMR spec-
troscopy, a modification of the Al environment takes place at
temperatures higher than 473 K: a *"Al resonance centered
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Figure 7. Experimental (empty symbols) and simulated (full symbols) CO, (black circle) and N, (red square) single-gas adsorption at 303 K on MIL-
96-(Al)-NP2 activated at 423 K: (a) adsorption isotherm (i.e., amount adsorbed as a function of pressure) and (b) adsorption enthalpies as a function of

the coverage collected by microcalorimetry.

around 35 ppm, corresponding to five-coordinated Al sites,
appears (Figure S21). Finally, we studied samples activated at
different temperatures and then subjected to water vapor and
evacuated again at ambient temperature (Figure S22). Note-
worthy, the reversibility of water adsorption/desorption and the
excellent stability of MIL-96-(Al) under water atmosphere or
after thermal evacuation treatments was confirmed as the final
spectra are essentially the same for samples evacuated up to 473 K.

In order to probe the accessibility of the cavities of
MIL-96-(Al)-HR for gas sorption and to assess the Bronsted
and Lewis acidity, adsorption of different probe molecules (CO,
N, and CO,) was monitored by in situ FTIR spectroscopy.
Before such experiments, MIL-96-(Al)-HR was evacuated
at different temperatures. Details are described in the SI
(Figures $23—526). While the pores of MIL-96-(Al)-HR evacuated
at RT are not accessible to CO or *N, at T = 100 K, a slight
accessibility of the pores is observed after activation at 423 K that
increases with the activation temperature (up to 573 K). Upon CO
adsorption, OH groups are detected through a carbonyl band at
2155-2152 e~ which develops with the pre-evacuation
temperature up to 473 K (due to an increase in accessibility) and
then decreases as a result of a possible dehydroxylation. Since two
kinds of terminal OH groups (T1 and T2) differ only in the extent
of H-bonding to the framework, the formation of OH--CO
adducts leads to a red shift of the two OH modes to one
band at 3669 cm™. This phenomenon indicates breaking of the
pre-existing H-bond and the shift value is consistent with the
very weak acidity of the hydroxyls. The same phenomena
are observed with the bridging hydroxyls. Some AI* coor-
dinatively unsaturated sites (CUS) are also detected by CO or
5N, (adsorbed at 100 K) with a sample evacuated at tempera-
tures as high as 423 K. In contrast to the low-temperature
experiments, adsorption of CO, on a sample evacuated at RT
leads to the formation of AI**--OCO (15(CO,) at 2345 cm™)
and OH--OCO adducts (2338 cm™).**** The amount of the
former species increases with the pre-evacuation temperature up
to 473 K due to the removal of coordinated water while that of
OH--0OCO decreases.

CO,/N, Gas Sorption Properties of MIL-96-(Al)-NP2:
Single-Gas Adsorption, CO,/N, Coadsorption, and Molec-
ular Simulations. According to IR spectroscopy, MIL-96-(Al)
needs to be activated by outgassing the sample to around 423 K
in order to remove all the free water or residual free trimesic
acid. Single-gas adsorption experiments were first performed
on MIL-96-(Al)-NP2 samples. Figure 7a shows the excess
adsorption isotherms of pure single-gas components CO, and
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N, obtained at 303 K for MIL-96-(Al)-NP2 activated at 423 K
(see Figure S27 for comparison with isotherms on MIL-96-( Al)-
HR). At 1 bar, the adsorption capacities are 3.2 mmol-g~" for
CO,, while a much lower capacity of about 0.2 mmol-g~* for N, is
obtained. Grand canonical Monte Carlo (GCMC) simulations
were carried out at 303 K to predict the single-component
adsorption of CO, and N, (see the SI for details). The experi-
mental findings are qualitatively reproduced by the GCMC
simulations (see Figure 7a), even though the calculated amounts
adsorbed slightly overestimate the experimental data for the two
gases. This discrepancy is likely due to the fact that GCMC
simulations consider that both gases can adsorb in the entire
porosity available in the solid. As explained above, the adsorption
of gas in MIL-96-(Al) might be restricted to cavities B and C since
cavities A seem to be isolated in the framework. Interestingly, the
experimental adsorption uptakes of CO, at 1 bar (~3.2 mmol-g™
at 303 K) and 10 bar (~63 mmol-g™!) are among the best
performances for small pore MOFs previously reported for
CO, separation such as MIL-91-(Ti) (~3.0 mmol-g ™ at 1 barand
303 Kand ~4.5 mmol-g™" at 10 bar and 303 K),* MIL-53-(Al)-
NH, (1.6 mmol-g™ at 283 K and 1 bar),* Sc¢,(BDC-NO,),
(1.1 mmol-g™" at 303 K and 1 bar),*” Ui0-66-(Zr)-2COOH
(1.0 mmol-.g™ at 303 K and 1 bar),® and SIFSIX-3-Zn
(2.3 mmol-g™! at 308 K and 1 bar).” However, this CO,
adsorption capacity value is lower than both that of a benchmark
zeolite 13X (5.0 mmol-g ™ at 1 bar and 298 K)*° and Mg-MOF-74
(8.0 mmol-g™" at 1 bar and 298 K), although the latter is not
water stable.”' The initial slope of the CO, adsorption isotherm
is significantly higher than that of N,, and this emphasizes a much
stronger affinity of MIL-96-(Al) for CO,. Such results are fully
consistent with FTIR, showing a strong adsorption of CO, at
both the Lewis acid A** sites (2345 cm™) and terminal/bridging
hydroxyl groups (2338 cm ™) of MIL-96-(Al)-HR (see Figure $26).
The enthalpy of adsorption for CO, in MIL-96-(Al)-NP2 as a
function of loading is given in Figure 7b. The high experi-
mental enthalpy values at low coverage are certainly due to the
interaction of CO, molecules with AP* CUS. Experimental
and simulated enthalpy values of CO, adsorption remain
between —3§ and —30 kJ-mol™" throughout the CO, uptake
except at lower coverage. This relatively flat energetic pro-
file indicates a homogeneous energetic interaction with the
adsorption sites. Interestingly, this adsorption enthalpy for CO, is
substantially higher or comparable to other MOFs (ie, UiO-
66(Zr), ~—26 k]-mol ;¥ Ui0-66-(Hf)-(OH),, —28.4 kJ-mol ;>
and Ui0-66-(Hf), ~—22.8 kJ-mol™),>* however lower than
other highly efficient CO, adsorbents such as zeolite 13X
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(=38 IkJmol™"),* and MIL91-(Ti) (~—43 kJ-mol™),* MIL-53-
(Al)-NH, (~—40 kJ-mol™1),*** Mg-MOF-74 (~ —50 IJ-mol )"
SIFSIX-3Zn (—45 kJ-mol™),” and SIFSIX-3-Co (—47 kJ-mol™).*
Such a moderate adsorption enthalpy suggests an easy rever-
sibility of adsorption—desorption cycles, which is highly desirable
for the adsorbent regeneration process as a balance between
separation performance and energy cost is required in real indus-
trial operations.

Experimental and simulated enthalpy values of N, adsorption
are lower than that of CO,, confirming the much lower affinity of
MIL-96-(Al) for this guest molecule. However, this value is
higher than many medium to large pore MOFs but less than
those containing CUS sites, suggesting that the small amount of
nitrogen adsorbed is relatively confined, as reported for other
MOFs with small pores size (3.0-4.0 A)."**

The sorption-based binary gas separation performance of
MIL-96-(Al)-NP2 was evaluated by considering postcombustion
CO, capture, in which 10-15% of CO, needs to be removed
from flue gas mixtures containing N,. Coadsorption measure-
ments were performed on about 10 g of MIL-96-(Al)-NP2. Such
real coadsorption data, rarely reported in the literature, were
collected by using an advanced homemade device that combines
avolumetric apparatus and gas chromatography analysis (see the
SIfor more details). The measurements were performed at 303 K
for a gas mixture CO,/N, = 10/90 and 15/85 at 1.0 and 3.0 bar,
i.e,, the typical industrial concentration and pressure conditions
for the membrane separation of flue gas emitted from power
plants or cement plants. Each mixture point was repeated several
times, and an average selectivity value was given. The coadsorp-
tion selectivity of ~36 was obtained at 1 bar and 303 K for the
case of CO,/N, = 10/90 and remains nearly constant on increas-
ing the CO, concentration (CO,/N, = 15/85). The selectivity
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values are slightly modified by increasing the pressure to 3 bar
(i.e., Spxp = 29 for CO,/N, = 15/85). Such results are in excellent
agreement with data obtained by GCMC simulations (i.e., Sgemc =
34 for CO,/N, = 15/85 at 1 bar and 303 K) (see Figure S31 of
the SI).

Processing of Mixed Matrix Membrane and Post-
combusion CO,/N; Separation. Due to the excellent colloidal
stability of MIL-96-(Al)-NP2 and -NP3 in THF, MMM:s with a
high MOF content (25 wt %) could be prepared by dispersing
both MIL-96-(Al)-NPs in a solution of 6FDA-DAM in THF.
PXRD of both MIL-96-(Al)-NP2/6 FDA-DAM and MIL-96-(Al)-
NP3/6FDA-DAM MMMs (Figure 8a) superimpose well with
the one of MIL-96-(Al)-NP, confirming that the crystalline
structure of MIL-96-(Al) is preserved upon its association with
6FDA-DAM. SEM images (Figure 8b and Figure $32) of the top
surface of MMMs show the excellent dispersion of MIL-96-(Al)-
NP2s in the polymer matrix with the absence of any significant
aggregation. Such results are confirmed by cross-sectional SEM
images (Figure 8c,d and Figure $32), showing a homogeneous
distribution of MIL-96-(Al) nanocrystals in the volume of the
membranes. The thickness of the supported membranes lies
between 60 and 65 ym. Similar results were obtained with
MMMs based on MIL-96-(Al)-NP3. According to SEM images,
no defects or voids of about a few nanometers in size could be
observed at the interface between the MIL-96-(Al) NP and
polymer.

The CO, adsorption isotherms of membranes with 25 wt %
loading of MIL-96-(Al)-NP2 and -NP3 in 6FDA-DAM are illus-
trated in Figure 9a. To illustrate the possible effect of filler on
adsorption properties of MMMs, theoretical isotherms were cal-
culated assuming the additive CO, adsorption in 25 wt % MOF
and 75 wt % polymer (see Figure 9a) corresponding to the
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Figure 9. (a) CO, adsorption isotherms at 273 K of MIL-96-(Al)-NP2 and -NP3, neat 6FDA-DAM, experimental and calculated isotherms of MMMs
with 25 wt % MIL-96-(Al)-NP2 and -NP3 loading; (b) permeation properties for a CO, and N, mixture (15/85) of MMMs comprising 25 wt %
MIL-96-(Al)-NP2 and -NP3 as filler and 6FDA-DAM as polymer matrixat 298 K and 2 bar feed pressure. Permeate side atmospheric with helium as sweep gas.

composition of the MMM. Noteworthy, the experimental CO,
adsorption capacity of MMM:s based on MIL-96-(Al)-NP2 is
lower than the theoretical one, whereas experimental and calcu-
lated CO, adsorptions are almost similar for MMMs based on
MIL-96-(Al)-NP3. This is tentatively attributed to a better dis-
persion of the smaller NP3 particles in the polymer and thus a
higher accessibility to gas molecules.

The CO, and N, separation (15/85 (vol %)) at 298 K, 2 bar
(abs) feed pressure and helium sweep gas was carried out to
study the permeation performance of the MMMs. Remarkably,
the addition of MIL-96-(Al)-NP2 and -NP3 to the high free-
volume polymer led to an ~37% enhancement of the CO,
permeability in 6FDA-DAM, attributed to the high CO, uptake
by MIL-96-(Al) (see above). The selectivity improved somewhat
as well, slightly more for the smaller particles (Figure 9). More-
over, to further examine the performance of MMMs in different
feed concentrations, the MIL-96-(Al)-NP3/6FDA-DAM MMM
was tested under 15/85, 50/50, and 85/15 ratios of CO,/N, in
the feed (Table S6). The almost unchanged CO,/N, selectivity
of MIL-96-(Al)-NP2/6FDA-DAM MMM for increased CO,
concentration is in line with the nearly constant selectivity
for the CO,/N, coadsorption of pure MOF (see vide supra).
Although the permeability of the membrane decreased (~27%)
with increased CO, concentration, ascribed to saturation of
adsorption sites in the membrane matrix,”” the CO, flux through
the membrane nevertheless increases with concentration. The
influence of the humidity on the CO,/N, separation properties
of the neat 6FDA-DAM and MIL-96-(Al)-NP3/6FDA-DAM
membranes was further evaluated (see details in the SI).
As shown in Table S7, similar results of CO,/N, permeability
and selectivity were obtained for MIL-96-(Al)-NP3/6FDA-DAM
membranes exposed to air humidity after two cycles of adsorption/
desorption of water. The impact of humidity on the permeation of
neat 6FDA-DAM membrane is almost negligible.

Finally, the performance in terms of permeability and selec-
tivity of the MIL-96-(Al)-based MMMs regarding the Robeson
2008 limit is illustrated in Figure 533557 A comparison of their
performance with membranes prepared with 6FDA-based poly-
mer is also shown (see Figure 533 and Table S8). Although the
Robeson upper bound is not exceeded, the addition of the filler
significantly improved the overall performance of the neat poly-
meric membrane. Moreover, in comparison to MMM:s previously

reported, the composite membranes based on MIL-96-(Al) pre-
sent promising performances for postcombustion application
with enhanced CO,/N, selectivity.

B CONCLUSION

In the present study, by using a wide variety of advanced com-
plementary experimental and computational tools, the crystalline
structure of the microporous Al trimesate MIL-96-(Al) (anhy-
drous or hydrated) was reinvestigated allowing a clear description
of the local environment of Al sites (symmetry, nature of oxygen
ligands). This refinement was required in order to fill gags in the
original structural model reported for MIL-96-(Al)," which
remained questionable due to inconsistencies between solid-state
NMR and single-crystal XRD experiments. The complex
hydrogen-bond network formed by the adsorbed water molecules
within the MOF framework and its hydroxyl groups was fully
described. Several synthesis routes were reported leading to pure
MIL-96-(Al) crystals with various morphologies and sizes, down
to the nanoscale as required for MMM preparation. Monodisperse
MIL-96-(Al) nanoparticles were obtained at high yield under
reflux conditions, and the colloidal solutions present an excellent
stability in different solvents (water and THF). The complete
characterization of the CO,/N, gas sorption properties of MIL-96-
(Al) including in situ FTIR, CO,/N, adsorption/coadsorption
experiments, calorimetry, and GCMC simulations has shown that
MIL-96-(Al) presents a high CO, uptake atlow concentration due
to the high affinity of CO, molecules to AI** CUS and OH ligands
of MIL-96-(Al). Finally, MMM:s based on MIL-96-(Al)-NP and
6FDA-DAM with a high MOF loading (~25 wt %) were cast,
showing an excellent dispersion of the MOF fillers in the polymer
matrix and very promising CO,/N, performance (permeability
and selectivity). Such properties are likely to be due to the excel-
lent chemical compatibility between MIL-96-(Al) and 6FDA-
DAM and the absence of any defects or voids at the MOF/
polymer interface. Such results pave the way for the processing of
composite membranes with a higher MOF content (>30 wt %).
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I-Synthesis of MIL-96(Al) and Structure Resolution by combining Single-crystal X-ray
Diffraction, Solid-State NMR and DFT calculations.

1-Materials. The chemicals in this work were obtained commercially and used without further
purification. The chemicals in this work were AI(NO3)3.9H,O (Merck, 98.5%), benzene
tricarboxylic acid (H3BTC) (Sigma Aldrich, 95 %), acetic acid (Sigma Aldrich, 99.7%),
dimethylformamide (DMF) (Sigma Aldrich, 99.8 %).

2-Hydrothermal synthesis of MIL-96(Al) hexagonal rods (MIL-96(Al)-HR). MIL-96(Al)
microcrystals were synthesized via a hydrothermal route. Trimesic acid (2.100 g, 10 mmol) was
poured into a 125 mL Teflon-lined steel autoclave with 40 mL of deionized water under vigorous
stirring. Aluminum nitrate nonahydrate (18.760 g, 50 mmol) was dissolved in 30 mL of deionized
water and poured into the ligand solution. The mixture was stirred for 10 min and heated to 180°C
for 24 hours under autogenous pressure. A yellowish powder (m = 2.98 g) was obtained after
filtration, washed with deionized water and dried in air at room temperature. Traces of remaining
trimesic acid and nitrates were removed by washing the product with 500 mL of EtOH/H,0 mixture

(1/1). White powder (m = 2.77 g) was obtained by filtration and dried in air at room temperature.

3-Characterization of MIL-96(Al) crystals. X-ray powder diffraction patterns (XRPD) were
collected using Bruker D8 diffractometer mounted with a rotating capillary (6-28) with Cu
radiation (MK, = 1.54059 A). Surface area of the materials was determined by N, adsorption in a
BELSORP-Max porosimeter at 77 K. Thermogravimetric analyses (TGA) were performed on a
Perkins Elmer SDA 6000 apparatus. Solids were heated up to 800°C with a heating rate of 3
°C.min" in an oxygen atmosphere. SEM images of MIL-96(Al) crystals have been recorded on a
JEOL JSM-7001F microscope using gold-coated samples equipped with an X-ray energy-dispersive
spectrometry (XEDS) detector with a X-Max SDD (Silicon Drift Detector) by Oxford. Dynamic
light scattering (DLS) measurements were performed on a Zetasizer from Malvern Instruments.
High angle annular dark field in the scanning transmission electron microscopy mode (i. e. STEM-
HAADF) and HRTEM experiments were recorded on a JEOL 2100F microscope operating at
200kV using a JEOL annular detector.

4- X-ray crystallography

The single crystal data of MIL-96(Al)-HR were collected on Proxima-2A microfocus beamline at
the SOLEIL Synchrotron (4 = 0.8266 A) at 100 K. The crystallographic data of MIL-96(Al)-HR
have been deposited at the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC 1558833,
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5-Crystallographic structure and characterization of MIL-96(Al)-HR

Figure S1. SEM images of MIL-96(Al)-HR crystals obtained by hydrothermal synthesis and used
for single-crystal X-Ray diffraction.

Figure S2. Scheme representing the three cavities of MIL-96(Al); cavity A (left, white sphere), B
(middle, yellow sphere) and C (right, blue sphere). Aluminum octahedra are represented in pink,
carbon atoms in grey, oxygen atoms in red and hydrogen atoms in white.

The first cavity (noted A) is centered on the special position 0 0 0 (2a), the second one (noted B), is
located at the special position 2/3 1/3 1/4 (2d) and the third one is centered on the position 1/3 2/3
1/4 (2¢).

Table S1. Structural description of the three cavities located in MIL-96(Al)

A B C
Morphology Sphere Ellipsoid Bipyramid
Dimensions (A) 11 9.5 ¥12.6 *11.3 3.6 *4.46
Volume 520 A’ 700 A’ 10 A’
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Figure S3. Blueprint of MIL-96(Al) with connections between cavities; White = cavity A, Yellow
= cavity B and Blue = cavity C

Figure S4. Scheme representing windows between two different cavities; left: view from cavity C
(blue cross) to cavity B (yellow sphere), right: view from cavity A (white cross) to cavity C (blue
sphere).

Windows dimensions are estimated based on the distances between two atoms minus their
respective van der Waals radius. For window between C and B, horizontal distance between two O
of the u»-OH trimer is 6.7 — 2%1,52 = 3.6A and vertical distance between two O from the U3-0X0
trimer is 7.6 — 2%1.52 = 4.5A.
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Figure S5. (a) Nitrogen adsorption isotherm at 77K of MIL-96(Al) (HR): (b) Semi-loogarithmic
plot.

Solid State NMR of MIL-96(A)-HR The 'H and ’Al MAS NMR spectra were recorded on an
Avance [II 850 MHz spectrometer (CEMHTI, Orléans) using a 3.2 mm double resonance
probehead at spinning frequency of 20 kHz. The spectra were recorded on a hydrated sample (i.e., a
sample stored in air after the synthesis) and on a sample previously heated at 150°C overnight. The
'H MAS NMR spectrum was recorded using a rotor-synchronized Hahn-echo sequence with a 3.0
ps 907 pulse length. 16 transients with | s recycle delay were accumulated. The T Al Hahn-echo
NMR spectra were recorded using a 4.0 ps 90° pulse length. 128 transients with 0.5 s recycle delay
were accumulated for each sample. The 7TAl multiple-quantum (MQMAS) NMR spectrum was
acquired using the z-filter sequence.l The durations of the first two pulses are 2.8 and 0.6 us, while
the last pulse is selective on the central transition. For each sample, 64 t; slices with 192 transients
each were co added (recycle delay of 0.5 s). The TALTTAL double-quantum single-quantum (DQ-
SQ) spectrum used the supercycled symmetry-based R21R2;! sequence2 with a recoupling radio-
frequency that matches a rotary resonance condition (n = 2). The duration of the recoupling period
is 1.2 ms. A 180° pulse during the t; evolution filters out the single-spin double quantum transitions
connected to satellite transitions.” For each sample, 90 t; slices with about 900 transients each were
co added (recycle delay of 0.5 s). For all 2D experiments, the States procedure’ was applied to
obtain phase sensitive NMR spectra. Further Al MAS NMR spectra were recorded on an Avance
500 Bruker NMR spectrometer (11.7 T) where solids were packed in 4 mm rotors and put in an
oven at temperature ranging between 100 and 300°C under 5 mbar vacuum. The rotors were then
rapidly closed to prevent rehydration and the measurements were performed at room temperature.
Finally. the sample heated at 300°C was let in air to rehydrate for a week and a *’Al MAS NMR
spectrum was recorded. The "H chemical shifts are referenced to TMS, while those of Al are
referenced to a 0.1 M solution of aluminum nitrate. The NMR spectra were analyzed using the
DMfit software.”
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Table S2. Al NMR isotropic chemical shift (3. ppm). quadrupolar coupling constant (Cq. MHz)
and asymmetry parameter (1q) of MIL-96(Al) determined from the reconstruction of the TAIMAS
NMR spectra. In italic are given the DFT-calculated values.

Site B (£0.1) ‘ Cq(£0.1) ‘ Na (£ 0.1) ‘ Relative Intensity
Hydrated MIL-96(Al)

All 3.2 4.6 (5.2) 0(0.3) 1

Al2 3.4 9.1(11.3) 0(0.1) 1

Al3 6.2 0.2 (3.7) /(0.6) 2

Dried MIL-96(Al)

Al 3.4 3.4(1.1) 0.7 (0.7) 1

Al2 3.1 6.8 (9.5) 0(0.2) 1

Al3 5.3 0.2 (2.6) /(0.8) 0.66

Al3’ 3.0 2.7(7.1) 0.5 (0.4) 1.34
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Figure S6. 21l MQMAS NMR spectrum of (a) MIL-96(Al) hydrated and (b) MIL-96(Al)
previously dried at 150°C overnight under 5 mbar vacuum. The individual components (blue) along
with their reconstruction (red) are shown on the right part of each spectrum. The lines are assigned.
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Figure S7. Thermogravimetric Analysis of MIL-96(Al) particles; hexagonal rods (dashed line),
MIL-96(A1)-NP2 from H,O/DMEF reflux (full line).

Thermogravimetric analysis was performed to validate the new structural model as well as the
number of free H>O molecules. TGA (under pure O, at 3°C/min) indicates a first weight loss from
25°C to 150°C corresponding to the removal of free water trapped in the porosity. The second
weight loss follows a two steps process and corresponds to the degradation of the framework
starting from 330°C. 25% of Aluminum oxide (Al,O3) is obtained at temperatures above 550°C
which is consistent with the proposed formula. From the first weight loss, we estimate the number
of free HO molecules as 58 per unit cell (n=29).
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Figure S8, Temperature dependent XRPD collected at ambient pressure on hexagonal rods
(hydrothermal) showing the rigid framework of MIL-96(Al).
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a)

228 B

b)

ped

Figure S9. Scheme showing a) close contacts (< 2.9 A) between oxygen atoms from framework
and free water molecules forming a H-bond cluster in cavity C: b) H-bond network throughout the

porosity by connection between cavity B and C.

II- Control of the particle size and morphology: synthesis of nanoparticles of MIL-96(Al).
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Figure S10. PXRD of MIL-96(Al)-HR recorded using reflection (black line) and transmission (red

line) geometry.
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Figure S11. PXRD of MIL-96(A1)-HP recorded using reflection (black line) and transmission (red

line) geometry.
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Figure S12. Structureless refinement of MIL-96(Al)-NP2 (H,O/DMF): a

AV

Particle size: 212 nm (calculated by the TOPAS software fitting the XRD line by a Lorentzian).

Figure S13. Size distribution of MIL-96(AIl)-NP2 as determined by STEM images

Figure S14. Size distribution of MIL-96(Al)-NP without acetic acid as determined by STEM

images.
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Figure S15. Structureless refinement of MIL-96(A1)-NP3: a = 14.3613 /D\, ¢ = 31.2697 15;, V =
5585.2 A%, space group: P6s/mme; experimental data in blue and calculated pattern in red. Particle
size: 70 nm (calculated by the TOPAS software fitting the XRD line by a Lorentzian).
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Figure S16. Size distribution of MIL-96(A1)-NP3 as determined by TEM images. Mean diameter =
67+40 nm
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Figure S17. N adsorption/desorption isotherm performed at 77 K on MIL-96(Al)-NP2 (H,O/DMF)
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Figure S18. Size Distribution (diameter in nm) of 1.25 wt% MIL-96(Al)-NP3 (red line) and 1.25
wt% MIL-96(A1)-NP2 (blue line) in pure THF by DLS.
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I1I- In situ IR spectroscopy analysis: characterization of sorbed water, hydroxyl groups and

Al* sites.

Two techniques were used to record the IR spectra. For most of the experiments the MIL-96(Al)-
HR sample was spread onto a KBr pellet. In these cases, due to the low amount of MOF in the IR
beam path, the maxima of the most intense bands are well detected. For some experiments, the
sample was supported on a tungsten grid. In this case the bands were ca. 5 times more intense and
some bands of the functional group/fingerprint regions were out of scale. However, high quality
spectra were obtained in the overtone/combination modes region (> 4000 em”). The IR
measurements were performed with Nicolet Avatar 360 and Nicolet 6700 FTIR spectrometers. A
purpose made IR cell, allowing measurements at low and ambient temperature, was used for the
experiments. The cell was connected to vacuum-adsorption apparatus with a residual pressure lower
than 107 Pa.

Carbon monoxide (>99.5% purity) was supplied by Merck. Labeled dinitrogen ("N, isotopic purity
of 99.7%) was provided by Isotec Inc. (a Matheson USA company). D;O was purchased from

Cambridge Isotope Laboratories, Inc. and had an isotopic purity of 99.9%.

1- Interpretation of the IR spectra in the 1800 — 900 cm’ region (Fig. 6A)

The IR spectrum of MIL-96(Al)-HR, recorded after evacuation at ambient temperature is presented
in Fig. 6A from the main text. The two strong bands at 1660-1598 and 1460-1402 cm™ are assigned
to coordinated carboxylates. Contribution of the C=C aromatic bond is expected at ca. 1630 em™.
The band at 1117 cm™ is attributed to C—H in-plane bending modes. Finally, the bands at 1160,
1075, 1011 and 962 cm™ arise from OH deformation modes.

2- Spectra of partly deuterated samples

Partially deuterated samples were prepared in order to determine whether vibrations of adsorbed
water molecules are observed in the 3700-3600 cm’™ region (Fig. S19). If some of the bands in the
region were due to asymmetric H,O modes they should have decreased in intensity and OH modes
originating from DOH molecules should have appeared. However, such phenomenon was not
observed. Therefore, all bands in the 3700 — 3600 cm’™ region are associated with hydroxyl groups.
This leads to an important conclusion about the residual adsorbed water: the two protons of each
molecule are involved in H-bonding with basic sites from the MOF structure. Indeed, if one of the
water OH groups remains free, a stretching mode above 3600 cm™ should be observed.®
Noteworthy that the v,(OH) mode of water with the absence of H bonding should also be observed
at high frequencies . This conclusion is consistent with the crystal structure of the hydrated phase
revealing that protons of water molecules are involved in H bonding with oxygen atoms of

carboxylates.
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Figure S19. IR spectra in v(OH) and v(OD) regions of partially deuterated MIL-96(Al) (50 %
degree of deuteration) evacuated at different temperatures: (a) RT, (b) 323 K, (¢) 348 K, (d) 373 K,
(e) 398 K, () 423 K, (g) 448 K and (h) 473 K.

For sample evacuated at RT the principal band of terminal hydroxyls is T1, although a T2 band can
be distinguished as a weak shoulder. With increasing the evacuation temperature up to 473 K (Fig.
6 from the main text, spectra b-e and Figs. S19 and S20, spectra b-h), the T1 band progressively
decreases in intensity while the intensity of the T2 band passes through a maximum. These results
suggest that, in parallel with sample dehydration/dehydroxylation, the “free” OH groups (T1)
become involved in weak H-bonding being thus converted to T2 groups. To the best of our
knowledge, such a behavior can be explained by the following assumption: upon desorption of
water molecules (or removal of OH groups), basic oxygen sites from the carboxylate anions are

formed and can be further involved in H-bonding with OH groups:

Al-OH + 00C-C¢Hs-COO™---HOH— AI-OH---00C-C¢Hs-COO ... + H,0. (1)

This scheme explains the initial increase of the population of the T2 groups with rising the
evacuation temperature. Consider now the bridging hydroxyls. In this case again a tendency of
forming H-bonds is detected by increasing the evacuation temperature. The observation indicates
that the reaction (1) occurs also with the bridging hydroxyls. However, these species are thermally
stable and the overall intensity of their bands even slightly increases with the evacuation
temperature (Fig. S20). Although the band of the C-type hydroxyls is overlapped with those of
adsorbed water, it seems that the respective species are also stable by evacuation up to 473 K (Fig.
6B).
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3- Spectra of fully deuterated samples

The changes in intensities of different OD groups as a function of the evacuation temperature are
shown on Fig. S20.
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Figure S20. (A) IR spectra in v(OD) region of completely deuterated MIL-96(Al)-HR evacuated at
different temperatures: (a) RT, (b) 323 K, (c) 348 K, (d) 373 K, (e) 398 K. (f) 423 K., (g) 448 K and
(h) 473 K. (B) Dependence of the integral intensities of T type hydroxyl bands on the evacuation
temperature. (C) Dependence of the integral intensities of B type hydroxyl bands on the evacuation
temperature.
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Figure S21. Al MAS NMR spectra of MIL-96(Al)-HR recorded on the sample previously heated
in the range RT-573 K. After heating at 573 K, the sample was let in air for days to allow
spontaneous rehydration (top spectrum).

As shown by ZTAl NMR spectroscopy, a modification of the Al environment takes place at
temperatures higher than 473 K: a Al resonance centered around 33 ppm, corresponding to five-
coordinated Al sites, appears (Figure S21). This observation is fully consistent with the IR results,
although the experimental conditions for the two sets of experiments are not identical.
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4- Water adsorption/desorption cycles
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Figure S22. IR spectra of MIL-96(Al)-HR after adsorption-desorption of HoO at RT. Before water
adsorption the sample was evacuated at different temperatures: RT (a), 323 K (b). 373 K (c), 423 K

(d), 473 K (e), 523 K (f) and 523 K (g).

5- Low-temperature adsorption of CO
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Figure S23. IR spectra of CO adsorbed on MIL-96(Al)-HR by addition of small doses of CO up to
equilibrium pressure of 5 mbar at 100 K. Before adsorption the sample was evacuated at (A) 423

K. (B)473 K and (C) 573 K.

No carbonyl bands were detected after low temperature CO adsorption on a sample evacuated at
temperatures up to 373 K (spectra not shown). The results indicate that the pores of the sample are

inaccessible at these conditions (note the absence of any physically adsorbed CO). With sample

17
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evacuated at 423 K several carbonyl bands of low intensity were recorded (Fig. S23A): on open
APP* sites (ca. 2180 cm™); on OH groups (2155 - 2152 em™) and physically adsorbed CO (2137

-1
cm ).

With a sample evacuated at 473 K all of the carbonyl bands appeared with enhanced intensity. The
heterogeneity of the AP** sites is evidenced by the appearance of two maxima at 2186 and 2172
cm’. The most pronounced increase in intensity is that of the band associated with physically
adsorbed CO (2138 cm™') in agreement with an enhanced pore accessibility.

Further increase of the evacuation temperature up to at 573 K (Fig. S23C) is accompanied by a
decrease in the amount of CO attached to Lewis acid sites and to OH groups while the band due to
physically adsorbed CO further develops. These results are consistent with TGA showing a partial

degradation of the sample under vacuum treatment at 500- 523 K.
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Figure 824, Spectral changes in the v(OH) region of MIL-96(Al) activated at 473 K upon CO
adsorption at 100 K by addition of small doses of CO up to equilibrium pressure of 5 mbar (a-f).
The right inset shows the spectra in the v(CO) region. The left inset shows the v(OH) region but
upon CO desorption by short evacuations (g, h).

Consider the CO-induced changes in the v(OH) region (Fig. $24). We discuss the spectra obtained
with the 473 K evacuated sample since the observed bands are of high intensity (Fig. 523). Because
the experiments were performed at 100 K it is also important to note that the v(OH) bands were
slightly shifted at this temperature and detected at 3708, 3686, 3660, 3636 and 3621 em’'. The two
T-hydroxyl bands are shifted to one band at ca. 3670 cm’! and the B-type bands, to another band at
3596 em™. The results can explained by the fact that the two T-type hydroxyls are of the same
structural type but involved in H-bonding of different strength with the MOF framework.
Adsorption of CO leads to breaking (or considerable weakening) of the preexisting H-bond and, as
a result, the final v(OH) position for the OH---CO species coincides in both cases. The same

considerations are valuable for the B-type bands.
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6- Low-temperature adsorption of BN,
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Figure S25. IR spectra of °N, adsorbed on MIL-96(Al) by addition of small doses of N, up to
equilibrium pressure of 50 mbar at 100 K. Before adsorption the sample was evacuated at (a) RT,

(b) 473 K and (¢) 573 K.

As in the case of CO, no adsorbed "N, was observed after evacuation of the sample at ambient
temperature. The results on PN, adsorption on a sample evacuated at 473 K are consistent with the
CO adsorption results: N, on open Lewis acid sites was detected at 2263-2260 em’”
(corresponding to MNZ at 2341-2338 cm']), while lSNz on Bronsted acid sites, at 2253-2251 cnr’!
("*Ny at 2332-2328 cm’). In addition, a v(""N-"N) band at 2248 cm™ (2325 em™ for "Ny is

observed that may be assigned to "N, on coordinatively unsaturated O sites.

7-Adsorption of CO;

OH---0=C=0
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Figure 826. IR spectra of CO; adsorbed on MIL-96(Al) at different equilibrium pressures at RT.

Before adsorption the sample was evacuated at (A) RT, (B) 473 K and (C) 573 K
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The formation of AI**..OCO complexes on RT evacuated sample is associated with displacement
of coordinated water by CO, molecules. This is supported also by the decrease in intensity of the

water combination band at 5295-88 cm™ and development of a band at ~5180 ¢cm’™.

IV- COy/N, gas sorption properties of MIL-96(Al) nanoparticles

1- Pure gas adsorption measurements.

Pure component adsorption equilibrium measurements have been performed using a homemade
apparatus around a high-pressure magnetic suspension balance provided by Rubotherm GmbH
which allows measurements in a pressure range of 0—150 bar and in a temperature range of 233.15-
403.15 K>

The excess adsorbed masses are determined by correcting the buoyancy effect of the gas phase on

the adsorbent sample volume." The buoyancy effect on the adsorbed phase is not considered.
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Figure S27. CO; (back) and N (red) single adsorption isotherms at 303 K on both MIL-96(Al)-
NP2 (circle) and on MIL-96(Al)-HR (triangle) activated at 423 K

Calorimetric measurements

The device used for microcalorimetry experiments is able to measure both adsorption isotherms and
experimental adsorption enthalpies in the temperature range from 298 to 423 K.® The Tian-Calvet
microcalorimeter is coupled with a manometric device built to withstand pressures up to 100 bar
with a pressure gauge suitable for pressure measurements up to 50 bar. A point-by-point
introduction of gas is most adapted to this system. In this procedure, it is important to consider that
the gas is introduced reversibly. Each introduction of adsorbate to the sample is accompanied by an
exothermic thermal effect, until equilibrium is reached. The heat flow peak with time has to be
integrated to provide an integral (or pseudodifferential) molar adsorption enthalpy for each dose.
Errors in this calculation can be estimated at + | kJ mol.". The calorimetric cell (including the
relevant amounts of adsorbent and gas) is considered as an open system. Under these conditions it is

possible to determine the differential enthalpy of adsorption Aggsh. via the following expression:
_ (dQrev dp
Aadsh - ( dn? )T + Vc (dn“ )T, qul
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Here dQy, is the heat reversibly exchanged with the surrounding environment at temperature 7, as
measured by the calorimeter, dn” is the amount adsorbed after introduction of the gas dose, dp is the
pressure increase and V; is the dead space volume of the sample cell within the calorimeter itself
(thermopile). The term Vcdp can be obtained via blank experiments. For this kind of experiment the
amount of MIL-96(Al) introduced into calorimetric cell is around 0.250 g. Prior to each experiment,
the MIL-96(Al) was outgassed ex-situ at 423K or 483K for 16h under a vacuum of 10™ mbar. The
carbon dioxide (99.998% purity) and nitrogen (99.9995% purity) were provided from Air Liquide
(Alphagaz, France).

2- Co-adsorption measurements

In order to acquire mixture adsorption equilibrium data, we used a homemade volumetric apparatus

as shown in Figure S28.

V4

Figure S28. Mixture adsorption volumetric apparatus: (AdsC) adsorption cell; (PT) pressure
transmitter; (V1 and V2) three way manual valves; (V3 to V8) manual valves; (T) Pt-100
temperature probe: (F) filter; (HS) in-situ heating system:; (VP) vacuum pump: (CP) circulation
pump: (R) ruler; (PR) pressure regulator; (GC) gas chromatograph; (Rr) refrigerated room.

The principle of volumetric co-adsorption measurements'>'" is based on the same principle as
“classic pure compound manometric apparatus”.”’w The homemade installation allows the
measurement of isobaric-isothermal mixture adsorption equilibria in a pressure range from | to 10
bar and in a temperature range from 298 K to 353 K. The cylinder piston provides a variable
volume in order to keep constant the pressure on a set point value during the adsorption. A
circulation pump allows to homogenize the mixture and a gas chromatograph coupled with a
thermal conductivity detector, provided by Agilent (GC 6850), allows the determination of the gas
mole fraction of each component in the mixture. The pressure transmitter is provided by Endress-

Hauser (0 — 10 bar Cerabar PMP 731) with an uncertainty of 0.1% of the full scale. The adsorbent
21
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was outgassed by maintaining it under primary vacuum at ambient temperature for one hour and
then by heating the adsorption cell up to 423 K for 12 hours. The latter operation was still
performed under secondary vacuum to ensure the regeneration of the adsorbent without destructing
its structure. After that, the gas mixture was introduced in the installation without going through the
adsorption cell. When both equilibrium and homogenization were reached (checked by constant
values of both pressure and composition obtained using a chromatography device), the gas
composition was determined after ten chromatographic analyses and the pressure and temperature
values were recorded. With these measurements and the knowledge of the installation volume, the
adsorption amounts of both the components in each mixture are determined thanks to a mixture
equation of state."” In the second phase. the adsorption cell was controlled to be accessible via two
three-way valves. During the adsorption, the pressure was kept constant on a set point value by
adapting the installation volume using the cylinder piston. When the equilibrium was reached, same
operations were performed as in the first phase. The pressure, temperature and volume of the
system were recorded and the gas composition was determined by ten chromatographic analyses.
The total installation volume knowing, the amount of each component in the gas phase after
adsorption can be calculated using the same mixture equation of state. The adsorbed amounts were
determined by difference between the number of moles in the gas phase before and after adsorption.
Finally, the adsorbent was outgassed to repeat the above procedures with another composition of
the initial mixture. The relative uncertainties associated to the adsorbed amounts are lower than 3%
for CO, and 28% for N».

V-Molecular simulations

1-Density Functional Theory calculations on the structure.

The structural model of the anhydrous MIL-96(Al) form proposed experimentally was saturated by
the missing hydrogen atoms using Materials Studio software package (Figure S29). Indeed, the
hydrogen atoms were added to the carbon atoms of the organic linkers and to the p;-oxygen atoms
connecting Al sites Al2. Further, all Al sites both All and AlI3 were terminated by coordinative
water while Al sites Al3" were saturated by hydroxyl groups. The resulting structure model of MIL-
96(Al) was then geometry optimized at the Density Functional Theory (DFT) level using the CP2K
package.ls_z] These calculations included the relaxation of the positions of the atoms of the MOF
framework while the unit cell parameters were fixed at the values determined experimentally (see
CIF file, Table S1). The PBE* functional was combined with the use of Gaussian basis set and
pseudopotential. For Carbon, Oxygen, and Hydrogen, a triple zeta (TZVP-MOLOPT) basis set was
considered. while a double zeta (DZVP-MOLOPT) was applied for Aluminum.” The
pseudopotentials used for all of the atoms were those derived by Goedecker, Teter and Hutter.” The
van der Waals effects interactions were taken into account via the use of semi-empirical dispersion
corrections as implemented in the DFT-D3 method.”® The same methodology was applied to the
hydrated MIL-96(Al). The first-principles calculations of the NMR parameters were performed

from the structural models for both the dry and hydrated forms of MIL-96(Al) with CASTEP™*
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using the PBE functional and ultra-soft pseudo-potentials generated ‘on the fly’.” The wave
functions were expanded on a plane wave basis set with a kinetic energy cut-off of 610 eV. The

projector augmented waves (PAW)* and gauge included projector augmented waves (GIPAW)™

algorithms were used for the EFGs and NMR chemical shifts, respectively.
o -":.}

Figure S29. The simulation box considered for the DFT calculations (1x1x1 unit cells) viewed
along the a direction for MIL-96(Al) (Gray, carbon; white, hydrogen:; red, oxygen: pink,
Aluminum)

2-Force-field based molecular simulations
2.1 Microscopic models for the host framework.

The DFT-optimized structure for the anhydrous form of MIL-96(Al) was considered for the
prediction of the single component adsorption and binary co-adsorption behaviors of MIL-96(Al).
The atomic partial charges for all atoms of the MIL-96(Al) framework were further obtained by
fitting the electrostatic potential from a single point energy calculation with Dmol® on cluster model
appropriately cut from the periodic structure to fairly describe the inorganic and organic regions of
the MOF framework (see Table S3, Figure 4(a)). These calculations were also based on the PBE

functional and the double numerical basis set containing polarization functions (DNP).*'

Figure S30. Labels of the atoms for the organic (a) and the inorganic (b, ¢) parts of the MOF
structure. The color code is the same as the one reported in Figure 4.
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Table S3. Atomic partial charges for the MIL-96(Al) structure derived at the DFT/PBE Level.

Atomic types  All Al2 A3 C1 C2 Cc3 Cc4 Cs
Charge (e) 1.582 1.394 1.825 0.006 -0.197  0.098 -0.327  0.644
Atomic types HI1 H2 H3 H4 HS He 01 02
Charge (e) 0.176 0.441 0.433 0.445 0.444 0.421 -0.545  -1.173
Atomic types O3 04 05 06 o7 08 09

-0.581 -0.606  -0.782  -1.063  -0.964  -0.870  -0.841

2.2 Force fields

The interactions between MIL-96(Al) and the guest species (CO, and N») were modeled using the

sum of a 12-6 Lennard-Jones (LJ) contribution and a coulombic term. The Universal force field

(UFF) was adopted to describe the LJ parameters for the atoms of the MOF framework (see Figure

4 and Table $4).*? For the adsorbate molecules, CO; was described by a 3-sites charged L] model

as defined by Harris and Yung35 and N> was represented by a 3-sites charged model with two LJ

sites located at the N atoms while a third site present at its center of mass (COM) only involves

electrostatic interactions as previously described in the TraPPE potential model (Table S5).

Table S4. LJ potential parameters for the atoms of the MIL-96(Al).

Atomic UFF

type 7(A) Z [kg (K)

Al 4.399 0.000
3.431 52.841
2.571 22.143
3118 30.195

Table S5. Potential parameters and partial charges for the adsorbates

Atomic type 7 (A) ¢ kg (K) q (e)
N2 N 3.310 36.000 -0.4820
N2 COM 0.00 0.000 0.9640
co2_cC 2.757 28.129 0.6512
Cco2_0 3.033 80.507 -0.3256
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2.3 GCMC Simulations

Grand Canonical Monte Carlo (GCMC) simulations were carried out at 303 K to predict the single
component adsorption of CO; and N, and the co-adsorption of CO2/N; by employing the Complex
Adsorption and Diffusion Simulation Suite (CADSS) code.”® The simulation box was made of 4
(2x2x1) unit cells of MIL-96(Al) and the short-range dispersion forces described by LI potentials
were truncated at a cut-off radius of 12 A while the long-range electrostatic interactions were
handled using the Ewald summation technique. The fugacities for each adsorbed species at a given
thermodynamic condition were computed with the Peng-Robinson equation of state (E0S).” For
each state point, 5x10" Monte Carlo steps have been used for both equilibration and production
runs. Three types of trials were considered for the molecules: (i) translation or rotation, (ii)
creation/deletion and (iii) exchange of molecular identity. The adsorption enthalpy at low coverage
(AR) for each gas was calculated through configurational-bias Monte Carlo simulations performed

. . . . . . . . 3
in the NVT ensemble using the revised Widom’s test particle insertion method. s

2.4 Computational predictions
Separation of CO2/N; mixture

In separation processes, a good indication of the separation ability consists of estimating the
selectivity of a porous materml The selectivity (S) for CO; over Ng is defined by the following
expression: S(COo/N,) = (Xco, / ¥n,) (O, / Yoo, ) where Yeo, and V2 are the mole fractions of CO,
and N, in the adsorbed phase, respectively, while - Yco. and ¥: are the mole fractions of CO; and
N, in the bulk phase, respectively. The calculated selectivity for CO,/N, (molar ratio =15/85) is

shown in Figure S31 as a function of the bulk pressure.

(a) 60
50
o]
-
= 40 e
N
z 304
=
2 20
]
w
104
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0 2 4 6 8 10
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Figure S31. Simulated selectivities for COy»/N; from its 15/85 molar ratio gas mixture, in MIL-
96(Al) as a function of the bulk pressure at 303 K.
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VI- Characterization of MIL-96(Al) based Mixed Matrix Membranes.
1- Microstructural characterization

Scanning electron microscopy (SEM): MIL-96(A1)-6FDA-DAM MMMs were simply scissors cut,
stuck to stubs using carbon tape and subsequently carbon evaporated. A layer of 20 nm of carbon
was deposited. No deformation of the membrane was reported caused by evaporation treatment. As
a control, membrane without evaporation treatment was also observed at low accelerating voltage.
Imaging was performed at 1 and 5 kV in a Hitachi SU-70 FEGSEM, lower detector was used.
Magnification in article is 10.000x. The section of MMMs was observed with a 40° tilt.
Cross-sectional SEM images were also recorded with Dual Beam Strata 235 (FEI) and AURIGA
Compact (Zeiss) microscopes with a secondary electron detector operated at 5 kV. Membrane
samples were cryo-cracked to record the cross-sectional structure of the membranes. XRPD of the
MMMs were recorded in a Bruker-D8 Advance diffractometer using Co-K « radiation (r =
1.78897A).

1.0kV 12.3mm x10.0k SE(L)

1.0KV 11.0mm x25.0k SE(L) g 00um | 1.0kV. 10.9mm x40.0k SE(L)

Figure S32. SEM images of MIL-96(Al)-NP2/6FDA-DAM membranes. a) cross-sectional image
recorded on a cryo-cracked sample; b-d) section of the membrane showing the homogeneous
distribution of MIL-96(Al)-NP2.
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2- N; and CO; separation measurements.

CO; adsorption isotherms of MOFs and MMMs were recorded in a Tristar II 3020 (Micromeritics)
setup at 273 K. Prior to the measurements, the samples were degassed at 423 K under N flow for
16 h. The N; and CO, separation measurements were carried out in a home-made set-up employing
an 15/85 mixture of COy/N, (20/113 cm’ (STP)/min) as feed at 25 °C. He (5 cm’ (STP) /min) was
used as sweep gas for the permeate stream (atmospheric), while the trans-membrane pressure was
adjusted using a back-pressure controller at the retentate side. An online gas chromatograph
(Interscience Compact GC) equipped with a packed Carboxen 1010 PLOT (30 m x 0.32 mm)
column and TCD and FID detectors was used to analyze the permeate stream.

Table S6. Permeation properties of MMMs MIL-96(A1)-NP3/6FDA-DAM (MOF content of 25
wt.%) under different CO, concentration of feed at 298 K and 2 bars feed pressure.

Feed Composition CO»/N; P coz (Barrer) Pz (Barrer) v}

15/85 1122+4 43+0 26.4+0.0
50/50 922+ 1 360 25.6+0.1
85/15 810+ 1 31+0 26.1 +£0.2

To study the influence of humidity on CO»/N; separation, the MIL-96(Al)-NP3/6FDA-DAM (MOF
content of 25 wt.%) MMM was exposed to air humidity (relative humidity (RH) ~100%) at 323 K
for 72h. The COy/N, separation of these MMMs was performed by using a CO»/N; 15/85 vol%
mixture at 298 K and 2 bar. The membrane was then heat treated in vacuum at 393 K and their
separation properties were evaluated. Finally, the MMMs were exposed to another treatment under
humid conditions, followed by the N, and CO, separation measurements. The permeation results of
MMMs are presented in Table S7 in comparison to that of the initial MIL-96(AI)-NP3/6FDA-DAM
MMM which was dried at room temperature (298 K). The impact of humidity on the permeation of
neat 6FDA-DAM membrane was also studied. The 6FDA-DAM membrane was exposed to air
humidity and then was heat treated, following the same treatment as MIL-96(Al)-NP3/6FDA-DAM
MMM.

Table S7. Separation performance of dried and humidity-treated MIL-96(Al)-NP3-6FDA-DAM
membranes (MOF content of 25 wt.%) under 15/85 vol.% of CO,/N, mixture at 2 bar feed pressure
and 298 K. The permeation performance of the neat 6FDA-DAM membrane is also given for
comparison.

Membranes Pcoz Py Ucoanz
(Barrer) (Barrer)

Initial MIL-96(Al)-NP3/6FDA-DAM dried at 298 K 811 +4 31200 26+ 1
MIL-96(Al)-NP3/6FDA-DAM exposed to air humidity (RH~100 %) 842 +3 30+0 28+0
Heat-treated MIL-96(Al)-NP3/6FDA-DAM 981 £3 37x0 26+0
MIL-96(A1)-NP3/6FDA-DAM exposed to air humidity (2" cycle) 851 £3 31+0 27+£0
Neat 6FDA-DAM membrane dried at 298 K 790 £7 20+ 0 27+ 1
Neat 6FDA-DAM membrane exposed to air humidity (RH~100 %) 794 +£9 20+0 28+ 1
Heat-treated neat 6FDA-DAM membrane 7342 27+ 0 27+£0
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Figure S33. Robeson 2008 upper bound and the gas separation performance of 6FDA-DAM with
25 wt.% loading of MIL-96(Al)-NP2 and -NP3 (A). The performance of previously reported
MMMs with 6FDA-based polyimide for CO,/ N, is also shown for comparison (®). (CO; and N»
(15/85 vol.%) mixture was used as feed at 298 K and 2 bars).

Table S8. Comparison of the gas separation propérties of MMMs prepared by using 6FDA based
polymer for CO, / N; separation.

Polymer MOF Maximum P CO, 0 (COy/Ny) | Graph Code | reference
wt% MOF (Barrer)
loading selectivity
6-FDA-DAM:DABA® | ZIF-8 20 553 19 1 39
6-FDA-TMPDA" CPO-27(Mg) 10 850 23 2 40
6-FDA-durene ZIF-8 33 1553 11 3 41
6-FDA-durene ZIE-8 30 2185 17 4 42
6-FDA-4MPD® [Zny(1,4-bdc), 30 3330 19 ) 43
(clubco)ld
6-FDA-durene ZIF-71 20 4006 13 6 44
6-FDA-DAM MIL-96(Al)-NP3 25 1121 27 This study
6-FDA-DAM MIL-96(Al)-NP2 25 1055 26 This study

*DABA: 3,5-diaminobenzoic acid; ° TMPDA: 2.4,6-trimethyl-m-phenylenediamine:*4MPD (or durene): 2,3,5,6-
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VII. Small Angle X-Ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) experiments were performed at 25 © C with samples placed in
sealed quartz capillaries on two different synchrotrons:

- SWING beamline (SOLEIL, Saint-Aubin, France) with a configuration D =2 m and A = 1 Ato
get a g-range from 1.7x10° A t0 0.28 A™.

- NCD beamline (ALBA, Barcelona, Spain) with: D = 6 m and & = | Ato get a g-range from
2.6x10° A" 10 9.6x107 A™.

The 2D scattering intensity function for oriented ellipsoids of revolution with uniform scattering
length density is given by (39).

P(q,a) = SC;:;Mfz(qr) +G
Where
gy = 3@V Gsinlar (R, Ray )] = qreoslar (R, Rey )
[qr(Ry, Ry, @)
And

, 1
r(Ry, Ry, @) = [R2sina + R¥cos2a] /2
a is the angle between the axis of the ellipsoid and the g-vector, V is the volume of the ellipsoid. R,
is the radius along the rotational axis of the ellipsoid, R, is the radius perpendicular to the rotational

axis of the ellipsoid, G is the background scattering and Ap (contrast) is the scattering length
density difference between the scatterer and the solvent.
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ABSTRACT: The selective CO, adsorption performance of a
series of functionalized small pore scandium terephthalate
MOFs was explored by quantum and force-field-based
molecular simulations. The NO, derivative was predicted to
be highly selective for CO, over N, and CH,, outperforming
most of the MOFs as well as other classes of porous solids
reported so far. The potential of this solid for physisorption
based-applications was further confirmed by (i) an adsorbent

performance indicator (API) which exceeds that previously

evaluated for many MOFs, (ii) an easy regeneration under
mild condition as revealed by high-throughput manometric
adsorption experiments although a relatively high CO,

adsorption enthalpy was confirmed by microcalorimetry, and (iii) a good stability under moisture.

1. INTRODUCTION

Porous coordination polymers (PCPs) or metal—organic
frameworks (MOFs) have attracted great attention over the
past decade for their potential uses in societally relevant
applications."” The combinatorial chemistry has covered only a
small fraction of synthetic variables which prevented so far a full
scan of all the possible MOF structures.” This is particularly
true for the small pore MOFs with openings of about 3—3.5 A
which have been only rarely synthesized and later characterized
for their separation properties.” ® This subclass of MOFs is
expected to exhibit optimal structural features for a selective
adsorption of CO, over other molecules of larger kinetic
diameters such as CH, and N,. This makes these materials of
potential interest in the areas of natural gas purification and flue
gas treatment, respect'rvely.

Scandium terephthalate Sc,(0,CCH,CO,); (hereafter
Sc¢,BDC;, BDC = 1,4-benzenedicarboxylate) is constructed of
rows of isolated ScO4 octahedra interconnected by BDC
linkers, giving small pore triangular channels’ that are
potentially attractive for the selective capture of CQO,. This
solid shows several advantages including (i) a very high thermal
stability, (i) an environmentally friendly synthesis route with
only use of water and scandium salts, (iii) a pronounced
hydrophobicity, and (iv) an availability of a range of analogues
where the terephthalate group is functionalized with different
groups. This last feature offers a priori the opportunity to finely
tune its pore size openings, the degree of confinement for

W ACS PUb“CBtiOﬂS © 2015 American Chemical Society
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guests and/or the strength of the host/guest interactions, for
the design of an optimal adsorbent. In this context, the
separation performances of Sc,BDC; and its NH, and NO,
derivatives for CO,/CH, and CO,/N, mixtures have been
explored by a computational strategy integrating force-field and
quantum-based calculations that accounts for the complex
structural behavior of the small pore MOFs upon adsorption,
e.g., the ligand reorientation and cell volume changes. This is
beyond the conventional molecular simulations generally
applied to scrutinize the adsorption properties of MOFs
which assume the absence of guest-assisted structural change of
their frameworks.*” In complement to this, an in-depth analysis
of the adsorption mechanisms at the microscopic level is
delivered to reveal the role of the functionalization on the
separation. This global modelling approach is validated first by
comparison with single-component adsorption data and in situ
diffraction data. The selectivity of this series of solids was
further predicted for the two mixtures of interest since direct
coadsorption measurements are complex for small pore solids
due very small amounts adsorbed and long time equilibration
that lead to large error bars.'?

The adsorbent performance indicator (API) of the most
promising material, i.e, Sc,(BDC-NO,); for the gas separations
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Figure 1. Local views of the DFT-optimized structures along the triangular channel: $¢,BDC; (a), Sc;(BDC-NH,); (b), and Sc,(BDC-NO,); (c).
The atoms are represented as follows: Sc, purple; C, gray; O, red; N, blue; H, white.

Figure 2. Local views of the snapshots extracted from the GCMC simulations at 1 bar and 303 K: S5BDC; (a) and Sc;(BDC-NH,); (b). The
interacting distances are reported in angstroms, and the color code is the same as in Figure 1.

of interest, is further compared with that previously reported
for other porous solids. The regeneration and the water stability
of this solid are finally assessed by means of high-throughput

manometric and powder X-ray diffraction experiments.

2. MATERIALS AND METHODS

Modeling. The crystal structures of the empty and CO»-
loaded Sc,BDC; and its NH, and NO, derivatives were
geometry optimized at the density functional theory (DFT)
level. These calculations were performed with the QUICK-
STEP module, available as part of the CP2K code.''™"* The
PBE functional'* and the triple-¢ basis set (TZVP-MOLOPT)
were used for all atoms, except for the Al centers where double-
{ functions (DZVP-MOLOPT) were employed.lf’ Semi-
empirical dispersion corrections as implemented in the DFT-
D3 method were considered.'” The influence of these
dispersion corrections on the structural features of the
S¢,BDC,/CO, system is discussed in the Supporting
Information. These DFT calculations were performed for all
MOFs using a P1 symmetry. Grand Canonical Monte Carlo
(GCMC) simulations were further carried out at 273 and 303
K to predict the adsorption of CO,, CHy and N, and the
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coadsorption of CO,/CH, and CO,/N, (molar composition of
50/50 and 15/8§, respectively) in the DFT-optimized
structures using the Complex Adsorption and Diffusion
Simulation Suite (CADSS) code.'® The simulation boxes
were made of 64 (8 X 2 X 4) unit cells for both Sc,BDC,
and Sc,(BDC-NO,); and 48 (8 x 3 X 2) unit cells for
Sc,(BDC-NH,),. Each atom of the MOF frameworks was
treated as a charged Lennard—Jones (LJ) interacting site with
L] parameters taken from the universal force field (UFF)'? and
partial charges extracted from our DFT calculations, While CH,,
was described by the TraPPE single L] interacting site model.”
CO, and N, were re&resented by the three-site LJ charged
EMP2*' and TraPPE™ models, respectively. For each state
point, 5 % 107 Monte Carlo steps have been used for both
equilibration and production runs, and the adsorption enthalpy
at low coverage (Ah) for each gas was calculated through
configurational-bias Monte Carlo simulations performed in the
NVT ensemble using the revised Widom’s test particle
insertion method. ™ The radial distribution functions (RDF)
reported in Supporting Information for the guest/MOF pairs
were obtained by averaging over the § X 107 Monte Carlo
production steps. All details of both DFT and GCMC

DOI:10.1021/acs jpcc.5b07503
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calculations are provided in Supporting Information. In
complement to this, the adsorbent performance indicators
(API) of this series of solids were further calculated using the
strategy previously reporred,m and the resulting values are
compared with that obtained for other porous solids of interest
for CO, capture.

Materials. The synthesis of the most promising solid
S¢,(BDC-NO, ); has undergone development from the original
hydrothermal method™ (190 °C, 3 days, Sc(NO;);H,0 metal
source). This study employed microwave-assisted heating of
the reaction mixture in a sealed glass vessel within a CEM
Discover SP microwave. The synthesis protocol is described in
more details in Supporting Information. Laboratory PXRD
patterns were obtained from a Stoe STAD i/P diffractometer in
capillary mode (transmission) with primary monochromation
(Cu K,, 4 = 1.54051 A) at room temperature. Phase
identification of samples was accomplished by direct compar-
ison of the observed patterns with those from the literature.™
For moisture sensitivity testing, the white MOF material (0.17
g) was placed in an alumina crucible within a tube furnace (60
°C), and a wet nitrogen gas stream (20 °C, water vapor
pressure 2310 Pa) was passed over the sample (18 h).

Adsorption Measurements. Several adsorption cycles of
carbon dioxide with a simple primary vacuum outgassing at 303
K were collected by manometric gas adsorption experiments on
Sc,(BDC-NO, ); with the use of a high-throughput adsorption
apparatus developed in-house (see Supporting Information for
more details).” The microcalorimetry experiments were
performed using a home-built manometric adsorption
apparatus coupled with a Tian—Calvet-type microcalorimeter.”
This experimental device allows the simultaneous determi-
nation of the adsorption isotherm and the adsorption enthalpy
using a point by point introduction of gas to the sample (see
Supporting Information for more details).

3. RESULTS AND DISCUSSION

The structure of Se,BDC; was first DFT-geometry optimized
starting from single-crystal X-ray diffraction data™” (see details
of the calculations in Supporting Information, Figure 1a). This
model was further loaded with 6.5 mmol-g~" of CO,, ie., the

3.5

n { mmeol g"

0.0 0.2 0.4 0.6 0.8 1.0
Pressure / bar

Figure 3. Comparison between the GCMC simulated (full symbols)
and experimental adsorption isotherms (empty symbols) for CO, in
$c,BDC; (squares), Sc,(BDC-NH,); (circles), and Sc,(BDC-NO, ),
(triangles) at 273 K.

Table 1. Pore Diameter (A), BET Area (m™g™'), and Pore
Volume (cm*g™") Calculated from the DFT-Optimized
Crystal Structures (see Supporting Information for details)®

MOF dore  Sper Vi S(CO/N,)  S(CO,/CH,)
Sc,BDC, 360 596 0251 65 17
So,(BDC-NH,); 360 340 0124 151 56
Sc,(BDC-NO,); 290 0 0000 1050 ~4000

“Predicted selectivities at 303 K and 1.0 bar by GCMC simulations.

Figure 4. (a) Schematic representation of the NO, rotation in the
BDC-NO, linker of Sc;(BDC-NO,);. (b) Local views of snapshots
extracted from the GCMC simulations at 1.0 bar and 303 K. The
distances are reported in angstroms, and the color code is the same as

in Figure 1.
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Figure 5. Three CO, adsorption cycles measured on Sc,(BDC-NO,),
at 303 K (with distinct circle, square, and triangle symbols) using a
simple primary vacuum outgassing at room temperature between each

cycle for 1 h.

experimental saturation capacity measured at 196 K and 1
bar,z'L using Monte Carlo simulations and subsequently fully
relaxed at the DFT-level, allowing both atomic positions and
unit cell parameters of the system to be changed. The predicted
cell dimensions (V = 3145.3 A?) and space group (C2/c) are in
very good agreement with the in situ X-ray diffraction data (V' =
31227 A3, C2/c) collected in the presence of CO,”” (Table
§$2). These calculations reproduce also well the guest-assisted

DO1:10.1021facs jpoc.5b07503
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Figure 6. Adsorbent performance indicators (API) for the series of Sc,BDC, compared to those obtained for other porous solids.”

rotation of the terephthalate linkers resulting in two different
types of triangular channels denoted A and B, as revealed
experimentally (Figure 2a). This validated CO,-loaded
structure model was further used to predict the single-
component adsorption behavior of CO, in S¢,BDC, at different
temperatures by means of GCMC simulations. Figure 3 shows
that the simulated CO, adsorbed amount at 273 K reproduces
well the gravimetric data at 1 bar while there is an
overestimation of the experimental adsorption isotherm
collected in the low pressure domain [0—1 bar].

Analysis of the adsorption mechanism additionally shows
that the two types of channels adsorb CO, in a different
manner. Channel A allows CO, to be aligned in such a way that
its oxygen atom interacts with the hydrogen atoms of the
phenyl ring with characteristic distances ranging from 2.5 to 3.9
A (see radial distribution functions in Figure $14). In contrast,
the CO, molecules are not aligned anymore in channel B due
to the tilting of the organic linker. This spatial guest
distribution illustrated in Figure 2a is fully consistent with the
one elucidated from in situ X-ray diffraction and suggests the
absence of strong adsorption sites for CO,. This is confirmed
by the moderate adsorption enthalpy simulated at low coverage
~=32 k]/mol. To emphasize the nature of the host/guest
interactions, we switched off the electrostatic interactions
between the CO, and the adsorbents by setting the partial
charges of the MOF framework to zero. The resulting
adsorption enthalpy of —29.4 kJ/mol (vs =32 kJ/mol for the
electrostatic and L] contributions) supports that the adsorption
of CO, in this parent solid is mainly driven by van der Waals
interactions.

This relative agreement between experiments and simu-
lations on the CO,/Sc;BDC; system validated the computa-
tional strategy, and this motivated the exploration of the
adsorption of other gases of interest in the series of
functionalized S¢,BDC; solids. The adsorption isotherms
simulated at 303 K for N, and CH, in Sc;BDC; are indeed
favorably compared with the corresponding experimental data™
(Figure S10) and show that the corresponding amounts
adsorbed are much smaller than the CO, uptake. Further, the
simulated adsorption enthalpies obtained for N, and CH, in
Sc,BDC; of —18.5 and —22.4 kJ mol™, respectively (Figure
S13a), are similar to the values reported for other small pore
MOFs"~** (Supporting Information). These resulting mod-
erate energy values are consistent with a distribution of these
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molecules in the center of the triangular channels with host/
guest interacting distances over 3.0 A (Figures S16, $17).

The next consisted of predicting the separation performances
of S¢,BDC, for the two mixtures of interest, i.e., CO,/N, and
CQ,/CH,, with a molar concentration of 15/85 and 50/50,
respectively (Figure $21). The simulated selectivities obtained
at 1 bar and 303 K for both gas mixtures are S(CO,/N,) = 65
and S(CO,/CH,) = 17 (Table 1). The corresponding gas
separation is mainly driven by the high degree of confinement
of this solid due to its restricted pore size (3.6 A) conjugated to
a small pore volume (0.251 cm’/g).

Sc,(BDC-NH,), is expected to surpass the performance of
the unfunctionalized material by maintaining the advantage of
the confinement while enhancing the affinity of the MOF
surfaces to CO, by the incorporation of the amino function.
Characterization of the DFT-optimized Sc,(BDC-NH,),
structure reveals that the pore opening remains unchanged
because the hydrogen atom of the amino group is predicted to
not be pointing toward the center of the pore (Figure 1b) as
also evidenced on the structure resolved by single-crystal X-ray
diffraction. This latter observation suggests that all three gases
are still able to penetrate the channel. In addition, the pore
volume significantly decreases (0.124 cm®/g), i.e., the degree of
confinement is even higher.

The CO, loaded structure model for Sc,(BDC-NH,); was
then built using the same DFT strategy detailed above with the
consideration of a CO, loading of 5.5 mmol/g corresponding
to the saturation capacity measured experimentally at 196 K
and 1 bar.”” Table S2 shows that the cell dimensions of this
simulated structure (V = 6306.6 A?) are in agreement with the
in situ X-ray diffraction data (V = 6247.0 A?) collected upon
coO, adsorption.w Figure 2b reveals that the guest-assisted
structure response of the framework is similar to the one shown
by S¢,BDC; with the presence of two types of channels. This
structure model is further validated by a good agreement
between the GCMC simulated adsorption isotherm and the
corresponding gravimetric data at 273 K (Figure 3). Figure 2b
also illustrates that the amino function strongly influences the
adsorption mechanism, the CO, molecules interacting with
either single or two nearby amino groups with a mean
characteristic O(CO,)-H(NH,) distance of 2.58 A (Figure
S17). This leads to a drastic increase of the simulated CO,
adsorption enthalpy at low coverage (—40.0 kJ/mol) mainly
due to the additional electrostatic interactions between the
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amino groups and CO,. Further, this value is among the highest
one reported so far for functionalized MOFs.** In contrast,
the grafting does not modify the interaction between the two
other gases and the pore wall as revealed by (i) the same spatial
distributions of CH, and N, in the center of the pore (Figures
S11, S18, $19) and (ii) the almost unchanged adsorption
enthalpies at low coverage, ie, —19.5 kJ/mol (N,) and —22.6
kJ/mol (CH,) (Figure S13b) compared to the unfunctionalized
solid. The high predicted adsorption enthalpy differences
A(AH(CO,) — AH(CH,)) ~ —17.4 kJ/mol and A(AH(CO,)
— AH(N,)) ~ —20.5 kJ/mol suggest that the functionalization
should drastically improve the performances of this Sc-based
MOF for the selective capture of CO, (Table $9). This is
confirmed by the GCMC simulations which predict selectivity
values at 303 K and 1 bar, i.e., $(CO,/N,) = 151 and S(CO,/
CH,) = 56, much higher than that of Sc,BDC; (Table 1 and
Figure §22).

As a further step, the functionalization of S¢,BDC, by nitro
groups was considered. The DFT-optimized structure shows
that the oxygen atoms of the grafted functions project into the
channel™ (Figure 1c), leading to a significant decrease of the
pore size (Table 1). Such a tuning of the pore dimension is
expected to strongly favor the selective adsorption of CO, over
CH, and N, via a size exclusion effect. To confirm this, the
adsorption/separation properties of Sc,(BDC-NO,); was
explored computationally. The DFT calculations predicted
that the adsorption of CO, induces a cell expansion of ~3.6%,
slightly larger than the one evidenced for the amino derivative
(1.2%), and this is associated with a more pronounced tilting of
the BDC-NO, linker while the orientation of the oxygen atoms
of the NO, groups remains the same as in the empty structure.
The GCMC simulations performed on this structure were
however not able to reproduce the single-component CO,
uptake experimentally evidenced at 196 K and 1 bar (see
Supporting Information). Mowat et al.” previously suspected
that a significant reorientation of the NO, groups might be at
the origin of the relatively large CO, uptake (3 mmol/g)
measured for this solid. Such a structural rearrangement of the
bulky polar group is not captured by the DFT calculations
performed at 0 K because it would require overcoming a
relatively high energy barrier. To drcumvent this limitation, a
few configurations were built by rotating the —INO, groups
along the C—N bond axis, where both N—O bond distances
and C—N—0 bond angles were kept intact (Figure 4a). It was
found that all the structures generated with a rotation angle a
below 90° failed to reproduce the experimental uptake (Figure
§12).

Indeed, Figure 3 shows a very good agreement between the
simulated and experimental CO, adsorption isotherms when
one considers the case where the O atoms of the nitro groups
are not pointing anymore toward the center of the channel
This observation supports that such a large magnitude of
flexibility of the functionalized group is expected to occur for
accommodating CO, in the pore. Figure 4b clearly emphasizes
that despite the high degree of confinement of this channel, this
solid also allows an optimal role of the grafting functions by
authorizing a direct interaction between the —NO, groups and
the CO, molecules with a mean characteristic C(CO,)—
O(NO,) distance of 2.75 A (Figure 5$20). The GCMC
simulations performed for the gas mixtures evidenced that
S¢,(BDC-NO,); adsorbs only negligible amounts of N, and
CH,, leading to very high separation performances, ie., S(CO,/

N,) ~ 1050 and S(CO,/CH,) ~ 4000 at 303 K and 1 bar
(Table 1 and Figure $23).

It is generally desirable for the strongly adsorbed species to
have a relatively low adsorption enthalpy for an easy
regeneration of the adsorbent. The resulting simulated
adsorption enthalpy for CO, in Sc,(BDC-NO,); (~—35.0
kJ/mol) is very similar to the values previously reported in
other small pore MOFs, such as UiO-66 (Zr)-BTEC (—34.8
kJ/mol)*” and SIFSIX-2-Cu-i (—31.9 kJ /mol)," while it remains
significantly lower than that of the zeolite 13X (—45.0 ky/
mol)*" currently used in pressure swing adsorption processes
for such a gas separation at the industrial level. This predicted
adsorption enthalpy was confirmed experimentally by micro-
calorimetry measurements performed at low coverage (~—34.0
kJ/mol) (see Supporting Information). To assess the
regeneration of this material, complementary manometric
experiments were performed to record several adsorption
cycles of CO, using a simple primary vacuum outgassing at 303
K for 1 h between each cyce. Figure 5 reports the CO,
adsorption isotherms measured for three cycles. It can be
observed that the three curves overlap in the entire range of
pressure up to 20 bar. This emphasizes that, like many MOFs, a
full regeneration of the sample is obtained under mild
conditions, ie., primary vacuum at room temperature. In
addition, PXRD data comparison of before and after water
stability testing indicated that no structural degradation of the
MOF had occurred (see Supporting Information), a prereq-
uisite for potential application at the industrial level.

A way to rank the separation ability of this material with
respect to those reported so far for other porous solids is to
determine their adsorbent performance indicators (ap1)™
which integrates the CO, working capacity, the selectivity, and
the differences in adsorption enthalpies between CO, and
either CH, or N,. Figure 6 suggests that Sc,(BDC-NO,),
outperforms most of the MOFs and the active carbon
considered in the original API paper.u It would equally
suggest that Sc,(BDC-NO,); even compares favorably with the
reference zeolite 13X. This outcome is due to the high
selectiviies calculated for these materials even though the
working capacities are not optimal, although similar to that of
13X,

4. CONCLUSIONS

In summary, a computational strategy combining advanced
quantum and force-field-based tools has been devised to
rigorously assess the separation performances of small pore
MOFs for CO, capture. These calculations revealed that
Se,(BDC-NO,); is among the best MOF reported so far for
CO, capture. The promises of this solid were further supported
by the determination of the API while complementary
experiments evidenced an easy regeneration of the sample
under vacuum at room temperature and a very good water
stability. This study suggests that this solid is potentially of
interest for membrane-type separations where the selectivity,
and size exclusion, can be of great importance, although
diffusion aspects need to be considered in future work. We will
also pay attention to the effect of entropy on the adsorption
process in this narrow pore solid by considering further free
energy calculations.
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1. Crystalline Structures of Scandium terephthalate and its two functionalized crystal

structures studied in this Work

(a) (b) (©)
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Figure S1. Experimental unit cell structures extracted from X-ray diffraction measurements™ * for
Sc,BDC; (a), Sca(BDC-NH,); (b), and Sc,(BDC-NO,); (¢) viewed along the a vector direction, where (a)
and (c) are slightly twisted for better views of its triangular channels. (Colour code: Se, purple; C, gray; O,
red: N, blue: H, white).
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2. Density Functional Theory (DFT) Calculations

2.1. Optimization of Empty Scandium terephthalate and its two functionalized crystal
structures

The experimentally refined Scandium terephthalate’ * and its two functionalized® crystal structures, i.e.
Se2(0,CCH:XCO,); where X=H, -NH,, or —-NO; (hereatter Se;BDCs, BDC = 1,4-benzenedicarboxylate,
Se2(BDC-NH,)s, BDC-NH, = 2-amino-1.4-benzenedicarboxylate, Sc:(BDC-NO»)3;, BDC-NO; = 2-nitro-
1,4-benzenedicarboxylate), were saturated with the mussing hydrogen atoms using Materials Studio
software package, Figure S1, that 1s H atoms were added to the carbon atoms of the organic linker and
amino groups. As consistent with the experimental assessment for the structural symmetry of these three
solids, the initial symmetry of these materials were preferred as monoclinic for both Se¢;BDC; and
Se2(BDC-NO,);, and orthorhombic for Seo(BDC-NH,);. All the structural optimizations were done using
PBE® functional along with a combined Gaussian basis set and pseudopotential in Density Functional
Theory (DFT) by employing the CP2K package™”. In case of Carbon, Oxygen, Nitrogen and Hydrogen, a
triple zeta (TZVP-MOLOPT)® basis set was considered, but a double zeta (DZVP-MOLOPT)® was
applied for Scandium. The pseudopotentials used for all of the atoms were those derived by Goedecker,
Teter and Hutter.” The van der Waals effects interactions were taken into account via the use of semi-
empirical dispersion corrections as implemented in the DFT-D3 method.'® In these simulations, the
positions of atoms of the framework were relaxed. Figure S2 shows the optimized single crystal structures
for Sc;BDC;, Sco(BDC-NH,); and Sey(BDC-NO,);, and Table S1 reports the cell details used for the

geometry optimization of these scandium terephthalate structures.
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Figure S2. Smgle crystal structures of the Se;BDC3 (a), Sco(BDC-NH,): (b), and Sca(BDC-NO,)s (¢)
determined by density functional theory (DFT) geometry optimization based on the experimental unit cell
parameters extracted from X-ray diffraction measurements’* viewed along the a vector direction, where
(a) and (c) are slightly twisted for better views of its triangular channels. (Colour code is same as in
Figure S1).

Table S1. Cell parameters used for the geometrical optimzation of empty ScaBDCs, Sca(BDC-NH,)3 and
SC](BDC-ND])j.

Materials Lattice sizes (A) Angles (*) Cell Volume
(A%
a B C A p
Sc;BDC; 8.754 34385 11.145 90.000 111.479 90.000 3122.00

Sca(BDC-NHa)s 8.714 20.820 34.363 90.000 90.000 90.000 6234.35
Sc,(BDC-NO,); 8.677 34.418 11.061 90.000  110.476 90.000 3094.41

2.2. Optimization of CO,-loaded Crystalline Structures of Sc;BDC;, Sc;(BDC-NH,);

and Sc,(BDC-NO,);.

The experimentally determined CO; saturation capacities™ "% of 6.5, 5.5, and 3.0 mmol g were loaded
mto the optimized empty Sc:BDC3 Sco(BDC-NH,); and Sc(BDC-NO,)s structures using Monte Carlo
method, respectively. further these CO;-loaded structures were considered for geometry optimization.
These simulations were performed using CP2K package®” at the DFT-level keeping the same functional

and basis set used for the empty structure, where (1) the positions of both the atoms of the Sc-MOFs
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framework and the CO, molecules, and (i1) its cell parameters were fully relaxed. The optimized unit cell

parameters for these structures are reported in Table S2.

Figure S3. Unit cell Crystal structures of the CO, loaded Sc,BDC3(a), Sca(BDC-NH,)s (b), Sco(BDC-
NO,); (¢) determined by density functional theory (DFT) geometry optimization based on the
experimental unit cell parameters extracted from X-ray diffraction measurements’ * viewed along the a
vector direction, where (a) and (c) are slightly twisted for better views of triangular channels. Local views
of the snapshots extracted from the DFT optimized CO; loaded Sc;BDC; with (d) and without (e)
dispersion correction. (The interacting distances are reported in A and the colour code is same as in
Figure S1).

Table S2. Unit cell parameters of CO; loaded S¢;BDC;, Scy(BDC-NH,); and Sc,(BDC-NO,); obtained by
DFT calculations. The data in parentheses are obtamed without the dispersion correction.
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Lattice sizes (A) Angles (%) Cell Cell
Materials L Volume
Volume Change
3 "
a B c a B ¥ A% (%)

SCEBDC3
Simulation 8.788 345060 11.127 89949 111222 90.051 314532 0.75

(8.747) (34.464) (11.092) (90.000) (110.950) (90.000) (3122.17)  (0.00)
Experimental''  8.747 34464  11.092 90.000  110.950  90.000  3122.71 0.00

Sco(BDC-NH,);
Simulation 8.738 20935 34474  90.002 90.001 90.019  6306.63 1.16
0.21

]E)q)erimeutalll 8.720 20815  34.420  90.000 90.000 90.000  6247.00 2

Sc2(BDC-NO»);
Simulation 8.927 34425 11.161 89962  110.994  90.005  3206.25 3.61
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3. Pore size distribution, pore volume, specific surface area calculations
The pore size distributions (PSD) of optimized empty Sc;BDCs, Scy(BDC-NH;); and Sey(BDC-
NO,); were calculated by Gelb and Gubbins methodology =, as shown in Figure S4. In these calculations

the van der Waals parameter for the framework atoms were adopted from UFF forcefield.™

(@) (b)

Sc,(BDGNH,),

104  seBOC, 104

T T T T T T T T T T
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Diameter (A) Diameter (A)

Sc,(BDC-NO,),

T
0.0 05 10 15 20 25 30 35 40
Diameter ()

Figure S4. Pore size distributions for optimized empty structure: (a) Sco,BDCs, (b) Sea(BDC-NH,);, and
(C) SCQ(BDC-NO])3.

As shown by Bae et al** the general BET equation can be expressed as

x c—1 1
= X+
I":’\'CE’ES (1 - x) [jm ¢ r/mc (2)

In this equation., Vege I unit of cnﬂSTP)ﬁg 1s the excess adsorbed amount of N, under a given
equilibrium pressure P and 77 K; x is the relative pressure P/Py, where Py (=1.0 atm) is the saturation
vapor pressure of N at 77 K: V,, 1s the monolayer adsorbed amount in unit of c1113(STP)s“'g and ¢ 1s the
BET constant. With such microporous materials (see PSD m Figure S4), the BET surface areas of the
Sc,BDC; series were calculated with two consistency criteria suggested by Rouquerol et al'® and
promoted by Snurr and co-workers: 15,17 (1) within the pressure range chosen for Sger calculation, vexeess(1
— x) should always increase with x increasing, (i1) the straight line fitted to the BET plot must have a
positive mtercept to yield a meaning value for the ¢ parameter (¢>0). The so-obtamed value of vy, 1s used

. . 2 .
to calculate the surface area in unit of m”/g from Equation 2.
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S — I/ym SD ‘Nn'

Ve 3

. . ‘ 5 .
where N, 1s Avogadro’s number, sy 1s the cross section area (16.2 A%) of one nitrogen molecule at the

Error! Bookmark not defined.S .
SO SOOI ML CEESS Verp 1s the molar volume of Ny at standard temperature and pressure

liquid state.
(273 K. 1 atm), its value being 2.24 x10* cm*(STP)/mol. The details of the analysis of BET are given in
Figure S5 and S6 and the corresponding results are given in Table S3.

The pore volumes (o) of the adsorbents presented in Table S3 were obtained based on the
capillary condensation, which occurs within the pore structure of the material such as smaller pores are
filled more quickly and large pores are filled as the pressure is increased. When the saturation point is
reached the internal pores of the materials contains condensed nitrogen. Then the pore volume can be

calculated by assuming that the density of condensed nitrogen 1s the same as that of bulk nitrogen (see

equation 4).

> Ivmax *M.\"»
F Pore = ' - (4)
“stp P,

Where V. ((:1113;“'g) is the maximum loading at P/Po = 0.9, My, and px; are molecular weight and density
of the probe being used, which for N> adsorbed at 77 K have values of 28.01 g/mol and 0.807 glem’,
respectively. Vsrp 1s the molar volume of N; at standard temperature and pressure (273 K, 1 atm), its

value bemng 2.24 %10* em*(STP)/mol.

() (b)
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PP, PIP,

Figure S5. BET surface area calculation for Sc:BDC; using the simulated 1sotherm of Ny at 77 K. (a)
plot of Veew (1 - P/Pg) vs P/Py for the determination using the first consistency criterion, (b) the selected
linear plot that satisfies the second consistency criterion and the corresponding BET surface area from the
linear fit.

S8

220



Appendices

(a)
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Figure S6. BET surface area calculation for Se,(BDC-NH,); using the simulated 1sotherm of N; at 77 K.
(a) plot of Vexeess (1 - P/Py) vs P/Py for the determination using the first consistency criterion, (b) the
selected linear plot that satisties the second consistency criterion and the corresponding BET surface area

from the lmear fit.

Table S3. Properties of the Scandium Terephthalate and its functionalized solids (Pore diameter: dpore.

Surface areas: Sggt. pore volume: Vyore)

(b)

A (xl(1-x))

1.00E-008

8.00E-009 4

6.00E-009 4

4.00E-009 4

2.00E-009 4

0.00E+000

T T T T
0.0000000 0.0000002 0.0000004 0.0000006 0.0000008 0.0000010

PP,

Materials  dpore (A) Sper (M g7)  Vipore (cm™.g ™)
SC;BDC},

Simulation 3.60 596 0.251
Experimental! 558 0.215
SC;(BDC-NH:)g

Simulation 3.57 340 0.124
Experimental'? 315 0.128
SC;(BDC—NO:)g

Simulation 2.92 0 0
Experimental* 0 0
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4. Microscopic models for the host framework.

Due to the large quadruple moment of CO; molecule, many studies have demonstrated that it 1s very
mmportant to take the CO,-MOF electrostatic interactions into account, especially for the functionalized

MOF materials with polar groups.'s

The partial charges used for atoms i all structural models used for
single component and multi-component adsorption are reported in Table S4-S6, for that a single point
energy calculations were performed for the optimized Sc,BDCj3, Scy(BDC-NH,); and Scy;(BDC-NO,)s,
structure at the Density Functional Theory level using Dmol® to extract the partial charges using a
Mulliken partitioning method® for each atom of the all the structures (see Tables S4-S6, Figure S7-S9).

These calculations were also based on the PBE generalized gradient approximation (GGA) functional and

the double numerical basis set containing polarization functions (DNP).

Figure S7. Labels of the atoms for the organic and the mnorganic parts of the Se;BDC;. Colour code is
same as 1n Figure S1.

Table S4. Atomic partial charges for the Sc;BDC; structure derived on DFT/PBE Level.

Atomic types C1 C2 C3 H (0] Sc
Charge (e) 0.5998 -0.0773 -0.0513 0.1168 -0.5821 1.5321

Figure S8. Labels of the atoms for the organic and the inorganic parts of the Sc2(BDC-NH»)s. Colour
code 1s same as in Figure S1.
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Table S5. Atomic partial charges for the Sc;(BDC-NH,); structure derived on DET/PBE Level.
Atomic types C1 C2 C3 C4 Ccs C6 C7 C8

Charge (e) -0.1159 0.1517 -0.0525 -0.0898 -0.0589 -0.0223 0.5245 0.5176

Atomic types HI1 H2 H3 H4 N 01 Sc

Charge (e) 0.1171 0.0735 0.0907 0.195 -0.2491 -0.5929 1.6425

Figure §9. Labels of the atoms for the organic and the inorganic parts of the Se;(BDC-NO,);. Colour
code 1s same as mn Figure S1.

Table S6. Atomic partial charges for the Sc,(BDC-NO,); structure derived on DFT/PBE Level.

Atomic types C1 C2 C3 C4 C5 Co c7 C8
Charge (e) -0.0412  0.0985 -0.0102 -0.0532 -0.0781 -0.0215 0.5371  0.5385
Atomic types H1 H2 H3 N 01 02 Sc
Charge (e) 0.1377 0.1548  0.1398 0.3228 -0.5685  -0.2747  1.6476
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5. Interatomic Potentials

The 1nteraction between the MOF framework and the guest species (CO,, CH, and N;) was derived from

the intermolecular potential U,;, which is a sum of dispersive terms and coulombic interactions.

12 6
Tab Tab 1 gadp
Uap = 4eay |(222) = (22) 1
ab ab Tab Tab + Z(Lb AmEy Tap ( )
a<b
_

Lennard-Jones term Electrostatic term

Here. 1y, = |r, — 1| accounts for the distance between centers a and b, £, and g, are the Lennard-
Jones (LJ) parameters between such sites and q, 1s the electrostatic partial charge of center a (being &,
the permittivity of the vacuum in ST units).

Short-range dispersion forces were described by Lennard-Jones (LJ) potentials truncated at a cutoff radius
of 12 A. Interactions between unlike force field centers a and b were treated by means of the Lorentz-
Berthelot (LB) combination rules; £, = m , Ogp = (04 + 0,)/2 , where ¢, and g, are the LJ
parameters for the species a. The Universal force field (UFF) has been adopted to describe LI interactions
between the atoms in the framework (see Figure S7 — S9 and Table S7). In this work, a single LJ
mnteraction site model was used to describe a CHy molecule with potential parameters taken from the
TraPPE forcefield™ (Table S8). For adsorbate molecules, CO; has been modeled as a rigid molecule
through the EPM2 intermolecular potential,” and N, molecule was represented by a three-site charged
model with two LJ sites located at the N atoms while a third site present at 1ts center of mass (COM) only

involves electrostatic interactions as previously described in the TraPPE potential model** (Table S8).

Table §7. LI potential parameters for the atoms of the Scandium Terephthalate series.

UFF
Atomic type -
o (A) e kg (K)
C 3.431 52.841
H 2.571 22.143
N 3.261 34.724
o} 3.118 30.195
Se 3.295 9.561

¥ The attractive van der Waals force exerted by the hydrogen atoms in amino groups is not considered following the same
criteria explained in a previous study.** %
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Table S8. Potential parameters and partial charges for the adsorbates

Atomic type s (A) & /kg (K) q(e)
CH, 3.730 148.000 0.0000
N2 N 3.310 36. 000 -0.4820
N2 COM 0.00 0.00 0.9640
co2_C 2.757 28.129 0.6512
Cco2 O 3.033 80.507 -0.3256
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6. GCMC Simulations

Grand Canonical Monte Carlo (GCMC) simulations were carried out at 273 and 303 K to predict the
single component adsorption of gases, CO,, CHy and N3, and co-adsorption of CO2/N; and CO,/CH, at
303K by employing the Complex Adsorption and Diffusion Simulation Suite (CADSS) code.® The
structural models representing each adsorbate and the MOF framework, the set of the Lennard-Jones (LJ)
potential parameters used for both the MOF and the adsorbates, and the DFT calculations used to tind the
partial charges centred on each atom of the MOF framework. The simulation boxes were made of 64
(8x2x4) umt cells for both Sc;BDC3 and Sco(BDC-NO»); structures and 48 (8x3x%2) umt cells for
Sc2(BDC-NH,); structure previously DFT optimized in CO; loaded states. Short-range dispersion forces
described by L7 potentials were truncated at a cut-off radius of 12 A while the long-range electrostatic
interactions were handled using the Ewald summation technique. The fugacities for each adsorbed species
at a given thermodynamic condition were computed with the Peng-Robinson equation of state (EoS).”
For each state point, 5107 Monte Carlo steps have been used for both equilibration and production runs.
Three types of trials were considered for the molecules: (1) translation or rotation, (i1) creation/deletion
and (11) exchange of molecular 1dentity. The adsorption enthalpy at low coverage (Ah) for each gas was
calculated through configurational-bias Monte Carlo simulations performed in the NVT ensemble using
the revised Widom’s test particle insertion method.”® In order to gain insight into the configurational
distribution of the adsorbed species in Scandium Terephthalate series, some additional data were

calculated at different pressures mcluding the radial distribution functions between the guests and the host.
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7. Comparison of the single component isotherms

]

n/mmol g

Pressure / bar

Figure S10. Comparison of the pure component simulated isotherms (full symbols) for CO; (squares), N
(circles) and CH, (triangles) with the experimental data! (empty symbols) in Se¢,BDCj at and 304 K.

4.0

n/mmol g‘1

Pressure / bar

Figure S11. Simulated single component adsorption isotherm for CO; (squares), N, (circles) and CHy
(triangles) in Sea(BDC-NH;); at 303 K.
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Figure S12. Comparison of the single component simulated isotherms (full symbols) for CO; (squares)
with the experimental data® (empty symbols) in the nitro-functionalized Scandium Terephthalate with re-
aligned orientation of -NO, group by rotating in its terephthalate linker with an angle of ¢=0° (a), ¢=30°
(b), 0=60° (¢) and a=90° (d) at 273 K. Simulated single component adsorption isotherm for CO; (squares).
N; (circles) and CHy (triangles) in Se2(BDC-NO,); at 303 K (e).
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8. Comparison of the Enthalpy of adsorption
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Figure $13. Enthalpy of adsorption for CO; (squares), N, (circles) and CH, (triangles) in optimized
structure of Sc;BDC; (a), Sca(BDC-NH,); (b), Sca(BDC-NO»); (c) at 303 K.
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Table S9: Differences in enthalpy values at zero coverage for various MOFs and zeolites.

|Aaash 60 (CO2) = |8aash 6=0(CO2) =
Material Aqash 6o (CHq)‘ Agash B:O(Nz)l
/ kJ mol™ / kJ mol™
Sc:BDC; 9.6 133
Sca(BDC-NH,)s 174 20.5
Sco(BDC-NO,); - -
NaY 15.0 14.7
KCHA - 19.2
NaCHA 219 235
LiCHA - 29.0
CHA 227 234
Linde 4A 10.1 18.5
H+MOR 5.8 7.1
CPO-27(Ni) 20.0 225
HKUST-1 83 13.7
Ui0-66 8.5 12.6
MIL47 10.0 11.0
STA-12 19.0 19.0
MIL-91(Al) 15.0 19.0
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9. Radial Distribution Functions calculated in the Scandium Terephthalate series

9.1. CO,, N,, and CH, gases in the Sc,BDC;
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Figure S14. Radial distribution functions of the CO, molecules around the Phenyl hydrogen (Hyn) and
Phenyl carbon (Cph) atoms of the Terephthalate groups in the Sc,BDCj at three pressures: (a, b) and (c, d)
for the C and O atom in the CO; molecule, respectively.
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Figure S15. Radial distribution functions of the N, molecules around the Phenyl hydrogen, Hpn, (a) and
Phenyl carbon, Cpy, (b) atoms of the Terephthalate groups in the Sc;BDC3 at three pressures.
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Figure S16. Radial distribution functions of the CHy molecules around the Phenyl hydrogen., Hyy, (a) and
Phenyl carbon, Cpy. (b) atoms of the Terephthalate groups in the Sc;BDCj at three pressures.

9.2. CO,, N, and CH, gases in the Sc,(BDC-NH,);
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Figure S17. Radial distribution functions of the CO, molecules around the Phenyl hydrogen (Hyp).
Phenyl carbon (Cph), Amino nitrogen (Nym2). and Amino hydrogen (Hxm) atoms of the Terephthalate
groups 1n the functionalized material Sc;(BDC-NH,); at three pressures: (a, ¢, e, g) and (b, d. £, 1) for the
C and O atom 1n the CO; molecule. respectively.
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Figure S18. Radial distribution functions of the N> molecules around the Phenyl hydrogen (Hpw). (a)
Phenyl carbon , Cph, (b), Amino hydrogen, Hxm. (¢) and Amino nitrogen, Nxm. (d) atoms of the
Terephthalate groups in the functionalized material Sc;(BDC-NH,); at three pressures.
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Figure $19. Radial distribution functions of the CHs molecules around the Phenyl hydrogen, H. (a)
Phenyl carbon (Cph), (b), Amino hydrogen, Hyxm, (¢), and Amino nitrogen, Num, (d) atoms of the
Terephthalate groups in the functionalized material Sc2(BDC-NH,); at three pressures.

234



Appendices

9.3. CO, gases in the Sc,(BDC-NO,);

Figure $20. Radial distribution functions of the CO; molecules around the Phenyl hydrogen (Hgp).
Phenyl carbon (Cph), Nitro nitrogen (Nxo). and Nitro oxygen (Hyoy) atoms of the Terephthalate groups
n the functionalized material Scy(BDC-NO,); at three pressures: (a, ¢, e, g) and (b, d. £, 1) for the C and O
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atom 1n the CO;, molecule, respectively.
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10. Separation of CO,/N, and CO,/CH, mixtures

In separation processes, a good indication of the separation ability consists of estimating the selectivity
of a porous material. The selectivity (S) for CO, over N; and CHy is defined by the following expression:
S(CO/Ny) =(xco, /¥y, } (¥, / Veo,) > and S(COL/CHy) =(xco, /Xcm,) (Ven, / Yeo, ). Where x¢p . Xy, and
¥y, are the mole fractions of CO; , Ny, and CHy in the adsorbed phase, respectively, while y., . »y,
and yoy are the mole fractions of CO;, Ny and CHy in the bulk phase, respectively. The calculated
selectivities for both CO,/N; (molar ratio =15/85) and CO,/CHy (molar ratio = 50/50) muxture in
Sc:BDC3, Sca(BDC-NH;); and Sca(BDC-NO») are shown i Figure S21, S22 and S23, respectively as a
function of the bulk pressure. Furthermore, the simulated co-adsorption isotherms for gases in CO,/N;
and CO,/CHy from their 15/85 and 50/50 molar ratio gas mixture in S¢;BDC;, Sc(BDC-NH;); and
Sca(BDC-NO;) are shown in Figure S24 and S25 respectively. In addition, Adsorbent Performance
Indicators (API) for CO,/N; and CO,/CHs system 1n all Se-MOFs were calculated and then compared
with other porous solids as shown in Figure 6 of the manuscript, this API integrates the CO; working

capacity, the selectivity and the differences in adsorption enthalpies between CO. and either CHy or N».%
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Figure 8§21. Simulated selectivities for CO,/N; (a) and CO,/CHy (b) from their 15/85 and 50/50 molar
ratio gas mixture, respectively. in Sez(BDC); as a function of the bulk pressure at 303 K.
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Figure 8§22. Simulated selectivities for CO»/N; (a) and CO/CH, (b) from their 15/85 and 50/50 molar
ratio gas mixture, respectively, in Se,(BDC-NH,); as a function of the bulk pressure at 303 K.
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Figure $23. Simulated selectivities for CO,/N; (a) and CO,/CH, (b) from their 15/85 and 50/50 molar
ratio gas mixture, respectively, i Se;(BDC-NOy); as a function of the bulk pressure at 303 K.
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Figure §24. Simulated co-adsorption isotherm for CO; (squares) and N, (circles) from their 15/85 molar

ratio of binary gas mixture in S¢;BDC3 (a), Sc2(BDC-NHz)s (b), and Sea(BDC-NO2)s (¢) as a function of
the bulk pressure at 303 K.

(a) (b)
28 2.8
24 2.44
2.0 2.0
e o
TE 164 g 164
E 42 E 12
< <
08 0.8
04+ 0.44
0.0 i - P P T
T T T T T T T T
2 4 6 8 10 0 2 4 [ 8 10
Pressure / bar Pressure / bar
(c)
10
K
o
€
£
H

Pressure / bar
Figure $25. Simulated co-adsorption 1sotherm for CO; (squares) and CH,y (triangles) from their 50/50

molar ratio of binary gas mixtures m Se;BDC3 (a), Sca(BDC-NHz)s (b), and Sco(BDC-NO3); (c) as a
function of the bulk pressure at 303 K.
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11. Regeneration of Sc,(BDC-NO,);

In order to assess the regeneration of Scy(BDC-NO,); with respect to CO,, manometric gas adsorption
measurements were carried out by using high-throughpout adsorption apparatus developed in house
The equation of state used to take mto account gas non-ideality was obtained from the Reference Fluid
Thermodynamic and Transport Properties (REFPROP) software package 8.0 of the National Institute of
Standards and Technology (NIST). The regeneration of Sca(BDC-NO;); was assessed via several
adsorption cycles of carbon dioxide with a sumple primary vacuum at 30°C between each cycle. About
100 mg of Scx(BDC-NO:); was outgassed at 200 °C under primary vacuum for 16 hours. At this
temperature, the weight loss was estumated about 1.3 percent. The CO; adsorption cyeles were explored
up to 20 bar. Between two carbon dioxide adsorption cycles, a primary vacuum stage was performed for 1
hour and 3 cycles were carried out. It 1s important to note that during the measurement, the temperatures

of both the cage and the device contaming Sc2(BDC-NQ,); were controlled at 303 K.

11. Materials synthesis, characterization and water stability testing.

Synthesis

The synthesis of the MOF, Scy(BDC-NO,);, has undergone development from the original hydrothermal
method (190 °C. 3 days, Sc¢(NO;3); H,O metal source). This study employed microwave assisted heating
of the reaction mixture i a sealed glass vessel within a CEM Discover SP microwave. Sea(BDC-NO3)3
was synthesized from the microwave heating (190 °C, 2 minutes. 300 W, hugh stirring) of a pre-stirred
(10 minutes) mixture of 1.5 M scandium chloride solution (1.92 mL, 2.88 mmol) and 2-nitroterephthalic
acid (0.88 g, 4.18 mmol) in water (25 mL). Post-heating, the sample was placed in an ice bath (20
minutes) and cold water (10 mL) was added to the solution. The white powder (0.39 g, 39 % yield with
respect to the organic ligand) was filtered under gravity, washed with distilled water (3 x 20 mL) and

dried m air (room temperature) overnight.
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Characterisation

Laboratory Powder X-ray diffraction (PXRD) patterns were obtained from a Stoe STAD P
diffractometer in capillary mode (transmission) with primary monochromation (Cu Ky, & = 1.54051 A) at
room temperature. Prior to analysis, samples were ground to a fine powder and mtroduced to a 0.7 mm
glass capillary. Phase identification of samples was accomplished by direct comparison of the observed
patterns with those from literature.

Water stability test

For moisture sensitivity testing the white MOF material (0.17 g) was placed in an alumina crucible within
a tube furnace (60 °C) and a wet nitrogen gas stream (20 °C), water vapour pressure 2310 Pa [2.3%]) was
passed over the sample (18 hours). PXRD data comparison (Figure S26) of before and after water

stability testing indicated that no structural degradation of the MOF had occurred.

. i
After water exposure

As-prepared

Relative intensity/ arbitrary units

Sc,(BDC-NO2), simulated

— T T T T T ' T ' T T T T T T T T
5 10 15 20 25 30 35 40 45 50
20/ °

Figure $26. Offset PXRD data (room temperature) of as-prepared Sca(BDC-NO,); and after heating (18
hours, 60 °C) with exposure to a wet N, gas flow.

S28

240



Appendices

12. Adsorption calorimetry of CO, on Sc,(BDC-NO,);

Around 0.2 g of sample was used for adsorption experiments. Prior to each experiment, samples were
outgassed ex situ at 423 K for 16 h under a secondary vacuum of 107 mbar.

The microcalorimetry experiments were performed using a home built manometric adsorption apparatus
coupled with a Tian—Calvet type microcalorimeter.®® This experimental device allows the simultaneous
determination of the adsorption isotherm and the adsorption enthalpy using a point by point introduction
of gas to the sample. A multi-pneumovalve system allows the mtroduction of the adsorbate to the sample.
An exothermic thermal effect accompanied each ntroduction which 1s due to both the adsorption process
and gas compression. This peak in the energy curve with time is thus integrated in order to calculate a
pseudo-difterential enthalpy of adsorption for each dose. Errors in this calculation can be estimated at + 1
kJ mol™. Experiments were carried out at 303 K and up to 5 bars with CO; of a purity of above 99.998%.
The enthalpies of adsorption. as a function of coverage are shown in Figure S27. They show an average
enthalpy of -34 kJ mol™", in agreement with that calculated by molecular simulation.
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Figure §27. Adsorption enthalpies of CO; on Scx(BDC-NO3); obtained by microcalorimetry at 303 K
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B.  NH2-MIL-53(Al)/ MIL-69(Al)
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Figure B.1 — Thermogravimetric curves of the MIL-69(Al) (blue) and the NH2-MIL-53(Al) (red)
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Figure B.2 — Nz adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K for the
MIL-69(Al) (green circles) and the NH2-MIL-53(Al) (purple circles)
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Figure B.3 — CHs adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K for the
MIL-69(Al) (green circles) and the NH2-MIL-53(Al) (purple circles)
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MIL-91(Ti), a small pore metal—-organic framework
which fulfils several criteria: an upscaled green
synthesis, excellent water stability, high CO,
selectivity and fast CO, transporty
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A multidisciplinary approach combining advanced experimental and modelling tools was undertaken to
characterize the promises of a small-pore type Ti-based metal-organic framework, MIL-91(Ti) for CO;
capture. This material was prepared using two synthesis strategies, ie. under hydrothermal conditions
and under reflux, and its single component adsorption behaviour with respect to CO;, CHy and Ny was
first revealed by gravimetry measurements. This hydrophilic and highly water stable MOF is characterized
by a relatively high CO, adsorption enthalpy. Molecular simulations combined with in situ powder X-ray
diffraction evidenced that this is due to the combined interaction of this probe with N-H and P-O
groups in the phosphonate linker. High CO; selectivities in the presence of either N; or CH,4 were also
predicted and confirmed by co-adsorption measurements. The possibility to prepare this sample under
reflux represents an environmentally friendly route which can easily be upscaled. This green synthesis
route, excellent water stability, high selectivities and relatively fast transport kinetics of CO, are
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Introduction

Metal-Organic Frameworks (MOFs) are porous coordination
polymers which combine the diverse architectures of coordi-
nation chemistry with porous properties relevant to materials
science, leading to novel solids targeted for societally relevant
applications."* These crystalline hybrid materials, where inor-
ganic nodes are linked through polytopic organic moieties to
give porous frameworks, show promise for applications such as
catalysis, biomedicine, adsorption and separation, among
others.”” In spite of their attractive properties, some of these
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significant points rendering this sample of utmost interest for CO2 capture.

materials have received criticism in light of their poor chemical
stability,®® the extensive use of organic solvents during their
synthesis and the high cost of certain reactants required for
scale up of their synthesis to a commercial level.’® Whilst such
points would limit the use of any material for many applica-
tions, these disadvantages do not apply universally to MOFs.
Indeed, the wide spectrum of possible inorganic and organic
building blocks permits the design of water-stable MOFs and
‘green’ synthesis routes can be devised.''™* Amongst the water-
stable MOFs reported so far, there is the potential to find
promising candidates for a targeted application. For instance, it
has been reported that small pore MOFs'*** with openings of
3.0-4.0 A, could be of interest for diverse gas separations. More
particularly, most of these promising MOFs can be used for CO,
capture from binary gas mixtures with molecules of larger
kinetic diameters such as N, (flue gas treatment) and/or CH,
(natural gas or biogas purification) via molecular sieving.

The small pore bis-phosphonate MIL-91(Al),*" one of the
relatively few porous phosphonate MOF reported so far,* ™ was
shown to interact strongly with CO, due to the presence of
accessible phosphonate P-OH groups and the high degree of
confinement afforded by its narrow pores.' However, it displays
an S-shaped CO; adsorption isotherm below 1 bar, as a result of
guest-induced rearrangement of the MOF framework. Previous

J Mater Chem. A, 2016, 4, 1383-1389 | 1383
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work has suggested that such a structural flexibility is not ideal
in mixture separation.*** By analogy with the flexible MIL-53(Al,
Cr, Fe)/MIL-47(V) systems,**** a possible way to modulate the
structural behaviour of a MOF solid upon adsorption is to
change the metal centre. Hence, here we focus on the Ti-version
of MIL-91 (Fig. 1). This differs structurally from the Al analogue
by the absence of bridging hydroxyl groups between adjacent
metal centres (Tip—O-Tip vs. Aljgz-OH-Aly). A combination of
advanced experimental and modelling tools reveals that this
solid exhibits a standard Type I CO, adsorption isotherm, with
no S-shape, while maintaining a significantly higher affinity for
CO, compared to other gases (N,, CH,). This results in MIL-91
being highly favourable in comparison with other MOFs in
terms of CO, uptake and separation ability.

We also report a new preparative aqueous HF free reflux
route to this water-stable MOF,** suitable for its easy and green
upscaled preparation. Co-adsorption measurements which
have been only very rarely reported for small pore solids due to
slow adsorption kinetics and large error bars as a result of the
very small amounts adsorbed were further performed on this
material. They confirm the predicted promise of MIL-91(Ti) for
CO;/CH,; and CO,/N, separation. Moreover, this solid shows

Fig. 1 Structure of MIL-91(Ti) (TiIO(OsPCH.NHCHgNHCH,POS)),
showing the chain of corner-sharing TiOg octahedra along the b-axis
(left) and the view down the b axis (right). The atoms are represented as
follows: Ti, violet; P, green; C, grey; O, red; N, blue; H, white.
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adsorption performance indicators ranking above most of the
MOFs reported so far. Finally, quasi-elastic neutron scattering
(QENS) experiments evidence that although this solid has quite
small pore channels, the diffusivity of CO, is relatively high,
a requirement for its further application in physisorption-based
processes for CO, recovery.

MIL-91(Ti) prepared by hydrothermal synthesis

Textural characterization and water stability. The synthesis
for MIL-91(Ti) reported previously*® employs hydrothermal
conditions and hydrofluoric acid (HF) as a mineralizing agent.
This leads to a material with zeolite-like textural properties in
terms of pore size and pore volume, a hydrophilic character
although stable to humidity. The free pore size of MIL-91(Ti) can
be estimated at around 0.35 x 0.40 nm* from ecrystallographic
data which can be considered in the small range for many porous
materials. Further, the porosity of this material, measured using
nitrogen physisorption at 77 K, shows a BET area of ~380 m” g "
and a pore volume of 0.141 em® g (at p/p, = 0.1, Table S1,
Fig. S71) in good agreement with the theoretically accessible N,-
surface area (~403 m* g ') and pore volume (0.160 cm® g ')
calculated from the crystal structure of MIL-91(Ti) (Table S27).
The increase in uptake in the N, isotherm at high p/p, can be
attributed to intra-particular adsorption.

The water adsorption isotherm obtained at 25 °C after out-
gassing to 150 °C is of Type I, (Fig. 2). A second water adsorption
cycle recorded after identical outgassing led to an overlapping
isotherm suggesting that no structural degradation occurs
during water adsorption-desorption. However, placing the
sample under secondary vacuum for 1 hour between cycles is
not sufficient to completely liberate the porosity, as a 16%
decrease in uptake was observed (Fig. S81). In a separate series
of experiments after outgassing to 80 °C under nitrogen flow,
the sample showed reversible behaviour for three water cycles,
which indicates this MOF's stability under these conditions and
within the 3 week experimental period (Fig. S$81). The water
stability was finally confirmed by powder X-ray diffraction
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Fig.2 Wateradsorption cycles at 25 °C (left) and pattern matching (right) for MIL-91(Ti) synthesised under hydrothermal conditions after water
adsorption/desomption cyclingat 25 °C for 3 weeks. Capillary data was collected on a Bruker D8 Advance diffractometer (A, ~ 1.5406 A), pattern
matching was performed using Topas software.® a = 19.448(8) A, b = 7.044(4) A, c = 11.465(6) A, § = 93.20(3)°, V = 1568(1) A, rwp = 9.25. It
should be noted that impurities (probably a polymorph phase) are present within the material before and after water treatments (26 values of
about 17° and 21.2°). A pattern matching of the material before the treatment was also performed (not shown here), the following cell parameters
were obtained: a = 19.414(9) A, b = 7.040(4) A, c = 11.449(7) A, § = 92.98(4)°, V = 1562(1) A®; rwp = 9.25.
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(PXRD), which evidenced a very similar pattern for the sample
dispersed in boiling water for 24 hours compared to that of the
pristine solid. This valuable latter feature is not shown by most
of the MOFs proposed so far for CO, capture.****

Single gas adsorption and comparison with molecular
simulations. The adsorption isotherms of MIL-91(Ti) were
initially evaluated wusing gravimetry and the adsorption
enthalpies were measured using calorimetry at 303 K, with CO,,
CHj and N,. The corresponding data are reported in Fig. 3.

The amounts adsorbed for both CH, and N, are relatively low
with saturation capacities of ~1.5 mmol g ' and ~1.0 mmol g *
at 40 bar, respectively, while their enthalpies are slightly larger
than those obtained from many other MOFs (see the compar-
ison on Table §31). This can be explained by the more confined
pore space exhibited by this structure. Grand Canonical Monte
Carlo (GCMC) simulations confirmed (i) the low amounts
adsorbed of both gases and (ii) their relatively high adsorption
enthalpies at zero coverage, i.e. around ~—19.6 k] mol " (exp.
—19.5 k] mol ") and ~—24.6 k] mol " (exp. —23.8 k] mol ') for
N, and CH, respectively (Fig. 3). Analysis of the adsorption
mechanism for these two guest molecules indicated the
absence of specific adsorption sites for these probes at the MOF
surfaces, as both N, and CH, are mainly distributed in the
centre of the pores (Fig. 519 and 5207).

For CO,, the adsorption uptakes at 1 bar (~3.0 mmol g ')
and 10 bar (~4.5 mmol g ') are rather high compared to other
small pore MOFs previously proposed for separation purposes,
such as MIL-53(Al)-NH, (1.6 mmol g~ ' at 283 K and 1 bar®),
Sc,BDC3-NO, (1.1 mmol g~ ' at 303 K and 1 bar*), UiO-66(Zr)
2CO,H (1.0 mmol g ' at 303 K and 1 bar'?) and SIFSIX-3-Zn
(2.3 mmol g ' at 308 K and 1 bar®). Interestingly, the adsorp-
tion enthalpies for CO,, ranging from —47 kJ mol ' to —43
k] mol ', are amongst the highest reported to date for MOFs
and in particular these values are larger than those observed for
MOFs without open metal sites (Table S3f). Furthermore, this
isotherm is completely reversible and repeatable after primary
vacuum treatment at 303 K, indicating that a simple regenera-
tion process for this porous solid is possible.

Furthermore, in contrast to its Al-analogue,” the CO,

adsorption isotherm for MIL-91(Ti) does not show any

L * e e '.--HCDI

n [ mmol g1

P T | ¥
LTI T

1 3 4

40
Pressure / bar

2
n/ mmol g*

Fig. 3 Comparison of the adsorption isotherms (left) obtained by
gravimetry (filled symbols) and by GCMC simulations (open symbols) at
303 K for COs (circles), CHy (squares), N (triangles) for MIL-91(Ti). The
corresponding adsorption enthalpies as a function of the coverage
collected by microcalorimetry (right).
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inflection point below 1 bar, but exhibits a standard Langmuir-
type shape, also applicable to the other gases, CH, and N,. In
situ synchrotron PRXD data collected on the sample during CO,
loading (Fig. $12f) and Density Functional Theory (DFT)
calculations (see ESIf) performed on the structure in the pres-
ence of CO, both suggest that a volume change of only ~2%
occurs (Table S91) with respect to the pristine structure (pre-
dicted and experimental unit cell volumes of 1576.05 A* and
1574.73 A, respectively, vs. 1516.86 A® for the unloaded solid).
However, the fact that there is no particular signature in the
isotherm (inflection point) or change in the enthalpy curve
suggests that this structure change on CO, adsorption may be
gradual.

The CO, adsorption data are well reproduced by the GCMC
simulations performed on the DFT-optimized CO, loaded
structure. Both in situ PXRD and GCMC data reveal that CO,
molecules preferentially interact in a dual manner with the
phosphonate linkers, the CO, molecules being aligned in such
a way that carbon atoms of C=0 groups (CCO,) interact with O
atoms present in the environment of the P=0 group and the N
atom (PO---H---N), giving rise to CCO, - OPO---H---N distances
of about 2.7 A (Fig. 4). Such a confined geometry gives rise to
a very high, predicted CO, adsorption enthalpy at low coverage
(i.e. —44.0 k] mol '), which is consistent with the microcalo-
rimetry measurements (Fig. 3).

From the combination of experimental and modelling
single component adsorption data it was possible to make
a preliminary comparison, using the energies of adsorption, to
deliver a first evaluation of MIL-91(Ti) for gas separation. The
high adsorption enthalpy differences between CO, and other
gases, Le. A(AH(CO,) — AH(CH,)) ~ —20.0 (simulated: 19.4)
kJ mol ™" and A(AH(CO,) — AH(N,)) ~ —25 (simulated: —24.4)
kJ mol ', suggested that MIL-91(Ti) is of interest both for the
selective adsorption of CO, over CH, and/or N, (see Table $37).
However further comparisons and mixture adsorption data
were required to validate this initial approach, as shown
below.

Fig.4 (a) Crystal structure obtained from the in situ synchrotron XRPD
data collected at Pco, = 35 bar and 230 K. (b) Local views of the
snapshots extracted from the GCMC simulations of MIL-91(Ti) at 1 bar
and 303 K. The interacting distances are reported in A and the atoms
are represented with the same colour code as in Fig. 1.
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Green synthesis of MIL-91(Ti) under reflux conditions

Synthesis and comparison between samples. To confirm the
promise of MIL-91(Ti) for CO, capture, a relatively large amount
of sample was required to perform co-adsorption experiments.
To upscale the synthesis of this material, a method is required
which does not necessitate hydrothermal conditions or the use
of HF. Hence, a reflux route in water was developed (see ESIf for
full details) where N,N'-piperazinebis(methylenephosphonic
acid) is dissolved, with the aid of NaOH, in water under reflux
before the addition of titanium oxyacetylacetonate and prior to
a further reflux for 68 hours. The initial characterization data of
this material (PXRD, TGA, SEM) is provided in the ESLT The BET
area of the obtained solid was 360 m* g~ ' and the pore volume
0.138 cm® g . Both values are similar to those obtained for the
hydrothermally synthesized sample (380 m* g ' and 0.141 em®
g '), which validates this new synthetic route.

The water isotherms (Fig. S8f) shows that this solid has
attractive water stability with a fully reversible water adsorption/
desorption cycling under nitrogen flow. This is further
confirmed by structure analysis where comparable PXRD
patterns are obtained with the pristine sample and the one
recorded after the 3 weeks of water adsorption/desorption
cycling (Fig. 591). Further comparison between the samples was
made using single gas adsorption at 303 K (Fig. S107). It was
shown that the uptakes and adsorption enthalpies for CH; and
N, were similar for the two samples. A small deviation is
observed for the CO, adsorption with a slightly higher enthalpy
for the sample prepared under hydrothermal conditions. This is
equally translated in a steeper uptake at lower pressures and
a sharper knee in the isotherm. However, the overall uptakes are
similar at pressures above 10 bar for both samples.

Adsorption of gas mixtures: modelling and real co-adsorp-
tion measurements. GCMC simulations, which concur with
experimental data from single gas adsorptions, are a convenient
initial means to predict the behaviour of this MOF with respect
to binary gas mixtures. Hence, an evaluation of the potential
applications of MIL-91(Ti) can then be deduced. With both post-

@ ®

Fig. 5 Snapshots obtained during GCMC simulated arrangements of
CO2 and N> molecules (left) and CO» and CH4 molecules (right) from
binary mixture simulations on MIL-91(Ti)_CO, (CO./N; system at
a molar composition of 0.05/0.95 and the CO,/CH, system at a molar
composition of 0.5/0.5, both in the gas phase at 303 K).
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combustion and natural gas upgrading scenarios in mind,
GCMC simulations were carried out with mixtures of CO,/N,
(gas phase composition: 0.05/0.95; 0.1/0.9 and 0.15/0.85) and
CO,/CH, (gas phase composition: 0.5/0.5) at 303 K and 313 K
(details in ESIf). The predicted selectivities varied from 80 to
100 at 1 bar, for CO./N, with 0.05/0.95; 0.1/0.9 and 0.15/0.85
molar concentrations and in the temperature range 303-313 K
(Fig. 5257).

For CO,/CH,, the simulated data for an equimolar concen-
tration resulted in values from 16 to 20 for the same tempera-
ture range (Fig. S26t). These separation performances are
amongst the highest reported so far for water stable MOFs
(Tables 85 & S67). Analysis of the co-adsorption mechanism
revealed that the behaviour of CO, is similar to the single gas
component scenario (Fig. 5), i.e. the CO, molecules are mainly
distributed in the vicinity of the PO---H---N sites, with mean
distances between CCO, and OPO---H---N for CO,/N, and
CO,/CH, systems of 2.69 and 2.72 A, respectively (Fig. 5). Both
N, and CH, are distributed in the centre of the pore with
characteristic host/guest distances exceeding 3.2 A (N, - PO -
H---N: Fig. 523;7 CH4 - PO---H---N: Fig. $247).

This clearly emphasizes that for both mixtures, the separa-
tions are mainly driven by a preferential CO, adsorption around
P-OH and NH groups combined with the high degree of
confinement of this solid due to its restricted pore size conju-
gated with a small pore volume, which favours the adsorption of
molecules with smaller kinetic diameters.

To investigate this MOF further, co-adsorption measure-
ments were performed on several grams of the sample,
prepared under reflux conditions. The results are given in
Tables 1 and 2.

Each mixture point was repeated several times and an
average separation value was obtained. The co-adsorption
selectivity of ~90 was observed at 1 bar and 303 K for the case of
CO,/N; = 10/90, which then decreased to 60 at 1 bar and 303 K
for the mixture CO,/N, = 15/85. For the co-adsorption of the
equimolar mixture of CO,/CH,4, MIL-91(Ti) shows a selectivity of
around 18 at 1 bar and 303 K. All of this experimental data
concurs with the predicted data from GCMC simulations.

Adsorption performances of MIL-91(Ti) vs. other MOFs. The
above discussion indicates how MIL-91(Ti) competes well with
other porous materials as a CO, adsorbent. Indeed, the rela-
tively high adsorption enthalpies and selectivities suggest that
this material could be of interest for the recovery of CO, from N,
or CH,. A third factor to consider is the working capacity, i.e. the
adsorption/desorption between an upper and lower working
pressure as defined by a given pressure swing adsorption (PSA)
process. Making a comparison between MOFs is not simple as
most materials are still only available in powder form.
Furthermore, one would wish to compare the uptakes per
volume of material as this is what is required for process design.
However, the real density of many MOFs is not always given.
Thus, to make a comparison, the uptakes of available MOF
powders were deduced and the individual erystallographic
densities were obtained to calculate uptakes per unit volume. A
comparison between MOF samples is provided in Table $4f for
the two separations under investigation. For the CO,/N,
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Table 1 COy/N; experimental selectivities measured at 303 K

Journal of Materials Chemistry A

Total pressure % COz Measured selectivity Average measured selectivity
1 bar 0.108 65 86
0.099 89
0.102 106
0.173 67 60
0.168 a3
3 bars 0.103 a9 73
0.117 61
0.118 69
0.176 60 51
0.169 49
0.168 45

Table 2 CO»/CHs experimental selectivities measured at 303 K

Total pressure % COy Measured selectivity
1 bar 50 18
5 bars 50 15
13 bars 50 13

separation at 1 bar, MIL-91(Ti) has however a working capacity
which is not amongst the highest; being at around a third of
that obtained with HKUST-1 for example (Table $41). One shall
nevertheless bear in mind the poor water stability of the copper
MOF ruling its use for the recovery of CO, from flues.

Noteworthy, for the recovery of CO, from methane, consid-
ered at 30 bar, the working capacity of MIL-91(Ti) is amongst the
highest of the MOFs considered.

These varying results thus open the question of how to make
a fair but global comparison between samples, which, inter alia,
resulted in the development of the concept of the adsorption
performance indicator (API).*” The API considers the volumetric
working capacity (WC), adsorption enthalpies (A,4.1) and
selectivities (ay.,), as indicated below.
(1o = 1)'WC}

API = -
Aqgs h

Each parameter can be emphasised using power laws,
defined by the process under consideration. In the present
comparison, gas sweetening is considered and thus the selec-
tivity towards was emphasized (4 = 2). In this exercise, single
gas data previously obtained in house on fully activated
samples are used as the conditions of collection are identical (T
= 30 °C) and the enthalpies have been measured directly. For
MIL-91(Ti) the measured selectivities were applied, but for
other MOF species the calculated IAST values were considered.
Note that in this reported exercise there was fairly good agree-
ment between experimental and IAST calculated selectivities
that make the comparison with the other MOFs consistent. The
API values for the two separations, CO,/CH, and CO,/N,, ob-
tained for MIL-91(Ti) were compared with around 20 other
MOFs (Fig. 6).
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For CO,/CH, separation, the zeolite NaX shows the highest
API value, which is due to its very high selectivity. However, for
the analysed MOFs [i.e. where data was obtainable), MIL-91(T1i)
is highly ranked, which again reflects the medium to high
selectivity and relatively high working capacity. For CO,/N,
separation, MIL-91(Ti) is again deduced to be the most inter-
esting material considered by our group thus far, which is also
attributed to its relatively high measured selectivity. Neverthe-
less, one should temper this conclusion with the fact that other
MOFs from other groups may also be of interest (for example,
those in ref. 21-23).
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Fig. 6 APl values for CO2/CHas (upper) and CO2/Nz (lower) for several
MOFs. Both MIL-91(Ti) and MIL-91(Al) are given in black. Data for an
activated carbon (Takeda 5A) and a zeolite (NaX) are also given for
comparison.
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Kinetics of CO, and N, in MIL-91(Ti). Nevertheless, for such
a small pore material with relatively large interactions, the
question arises as to whether the adsorption could have some
kinetic limitations. Therefore, the dynamics of CO, and N, were
probed using QENS measurements (see ESIT for details). This
approach has previously proven to be successful when applied to
deduce the transport diffusivity (D,) of two species (CO, and N,)
in a diverse range of MOFs.**** It was found that in the low
loading range (0.7 N, molecule per u.c. and 1.2 CO, molecule per
u.c.), the D values for CO, and N, are respectively, 8.5 x 10 1o
m? s ' at 300K and 1.4 x 107° m* s~ at 220 K. These values for
MIL-91(Ti) are as high as those previously shown for UiO-66(Zr)-
2C0,H™ (CO,: 1.0 x 10 " m* s " and N»: 4.0 x 10 " m, s ')
and also in the reference zeolite NaX for the same region of
temperature (COx 1.5 x 107" m”s " and Ny: 2 x 10 " m*s™)
measured at 230 K.**** These values confirm that kinetics should
not be a hindrance to the use of MIL-91(Ti) in physisorption-
based processes.

Conclusions

In summary, the titanium form of MIL-91 is a promising
candidate for CO, recovery while its “green” reflux synthesis
conditions pave the way for its upscale production. This
hydrophilic metal bisphosphonate material seems to be one of
the relatively few MOFs that are stable towards humidity. The
nature of the small pores and the chemistry of this porous
framework results in significant CO, uptakes at low pressures,
along with strong interactions towards this greenhouse gas.
However the strength of this interaction and the small pore
nature of this material does not hinder the transport kinetics of
CO, in the pore system as measured by QENS. Co-adsorption
measurements confirmed the performances predicted from
molecular simulations, with selectivities for CO,/CH,4 and CO,/
N, above 18 and 90, respectively, at 1 bar and 298 K. This makes
MIL-91(Ti) attractive for the selective capture of CO, from both
CH, and N,. Evaluation of the APIs for a wide range of MOFs at
our disposition further suggests that MIL-91(Ti) compares well
with respect to many other materials. In addition to these
separations, one can consider that good results could be ob-
tained with hydrogen purification from CO, as H, generally
does not adsorb on porous materials at ambient temperatures.

Indeed this study shows that MIL-91(Ti) seems to tick boxes
concerning up-scalable environmentally favourable synthesis,
water stability, high CO, selectivity and rapid kinetics
promoting this MOF as one of the very few of real interest for
CO, capture.
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1. Reflux synthesis of MIL-91(Ti) and initial characterization

1.1. Synthesis of the ligand

The ligand N,N’-piperazinebis(methylenephosphonic acid) was synthesised from a modified
Mannich reaction. 1 A mixture of hydrochloric acid (10 mL, 37 wt. %) and water (10 mL) was
added to piperazine (6.89 g, 0.08 mol) and phosphorous acid (17.06 g, 0.21 mol) to form a
colourless solution, which was then refluxed (1 hour). Formaldehyde (20 mL, 37 wt. %) was
added drop wise over a 2 hour period to form a white suspension. After refluxing for 24
hours, the reaction was cooled and the solvent volume reduced by 70% under vacuum. An
ethanol-water (9:1, 40 mL) solution was added to the product and refrigerated overnight to
precipitate any remaining ligand. The product was collected by filtration, washed with an
ethanol-water (9:1, 2 x 30 mL) solution and dried (90 °C, overnight) to afford a white powder
(19.5 g, 89 % yield based on piperazine). 6x (500 MHz, D,0/NaOH, MesSi) 3.13 (4H, broad s,
CH,) and 2.79 (8H, d, J 11.9 Hz, CH,). 6¢ (126 MHz, D,0/NaOH, Me,Si) 57.1 (C-1, CP, Y(C-P)
140.6 Hz) and 53.6 (C-2, CN, 3J(C-P) 8.5 Hz). 8p (202 MHz, D,0/NaOH, 85% HsP0a) 14.4 (t,
2J(P-H) 12.2 Hz).

2 //
1 / \ /
RN \_/ !
// \OH 2
Figure S1. Numbered carbons of N,N’-piperazine(bismethylenephosphonic acid) ligand for

BC-NMR analysis.

1.2. Preparation of MIL-91[Ti] from reflux heating involved mixing (60 °C, 30

minutes)

N,N’-piperazinebis(methylenephosphonic acid) (1.14 g, 4.17 mmol) in water (30 mL) to
produce an opaque white suspension. 1M NaOH was added drop wise to increase the pH to
5 or 6 and to partially dissolve the organic ligand. The mixture was further stirred (60 °C, 30

minutes). Titanium oxyacetylacetonate (1.09 g, 4.17 mmol) was then added as a dry powder
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and a little water was added to rinse the sides of the reaction vessel. The temperature was
increased to reflux (68 hours), cooled, filtered under gravity and washed with water (3 x 20
mL). The white precipitate (0.97 g, 55 % yield) was dried overnight (room temperature).
Selected area EDX analysis resulted in Ti : P ratio (expected 1:2) of 1:1.9. Found: C, 19.6; H,
5.4;

N, 7.5. Calc. for MIL-91[Ti] (TiO10,6P2CeNaHa3.): C, 17.6; H, 5.7; N, 6.9 %.

1.3. Capillary PXRD

Relative intensity/ arbitrary units

Figure S2. PXRD of samples taken periodically (after 18, 43, 68, 88, 118 hours) from an initial

118 hours

88 hours

iy i

68 hours

M " A g 43 hours

18 hours

MIL-91[Ti] simulated

T T T T T T T T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50

test run of the reflux solution.
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{ M J 68 hours

MIL-91[Ti] simulated

Relative intensity/ arbitrary units

20/ °

Figure S3. Overnight PXRD of MIL-91(Ti) reflux sample after 68 hours.

1.4 SEM image

Image S4 was obtained from the facility (FEGSEM Jeol JSM-6700F) at the University of St
Andrews. The sample was sputter coated three times with gold in a Quorum Q150R ES (10

mA, 30 seconds and 2.3 tooling factor).

10 pm

Image S4. SEM image of MIL-91[Ti] reflux sample after 68 hours.
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Image S5. SEM image of MIL-91[Ti] hydrothermal sample. (Courtesy of L. Gaberova, O.
Schaef)

2. Characterization of MIL-91(Ti) prepared by hydrothermal and reflux synthesis

methods

2.1. Thermogravimetric analysis

100 -
——MIL-91(Ti) HT
95 -
— = MIL-91(Ti) RF
90 -
Ngs
s
w
3
Qg6
=
L
=
§75 E
70 -
65 -
60
0 100 200 300 400 500 600 700

Figure S6. Thermogravimetric analysis of MIL-91(Ti) samples prepared under hydrothermal

(HT) and reflux (RF) conditions.

The thermogravimetric analysis was carried out with a Q500 (TA Instruments) under air flow

(100 mL/min) with a linear heating rate of 5 K / min (Figure S6).
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An initial isotherm at room temperature under gas flow allows external species, such as
physisorbed water, to be removed. For both samples, two main mass losses can be
observed. Up to 200°C, adsorbed species within the pores are removed (probably water, and

any other solvents). Under these conditions above 300°C, structure degradation occurs.

2.2. Nitrogen physisorption at 77K
7
g
& o
[u]
[ ]
5 QE &
a
EAAR ?QQQQ

o)

e
.'.|d¥&EEQHBQQQBSEEEEEEQQQQQQQQQQ'
L]

n/ mmolg?
.
—

® MIL-91(Ti) HT ads
© MIL-91(Ti) HT des
u MIL-91(Ti) RF ads
0 MIL-91(Ti) RF des

0 0.2 0.4 0.6 0.8 1
plp°
Figure S7. Nitrogen adsorption-desorption isotherms at 77 K obtained with MIL-91(Ti)

samples prepared under hydrothermal (HT) and reflux (RF) conditions.

The nitrogen isotherms at 77 K (Figure S7) were obtained with a BelIMAX apparatus (BEL
Japan) after outgassing under secondary vacuum to 150°C. Both isotherms are of Type-l,
indicative of microporosity. 2! The BET method was used to estimate an equivalent BET area
131 and the t-plot used to calculate the external surface area. This data analysis from these
experiments is given in Table S1, below. It can be appreciated, in comparison with the data
obtained from molecular modeling (Table S2), that maybe these samples could be improved

in terms of activation to optimize the pore volume and BET area.
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Table S1. Table of characteristics obtained from the nitrogen isotherms

Sample BET BET range C t-plot external pore volume

area/ (p/p°) value surface area at p/p°=0.1/

mZ g—l / mZ g—l cm3 g—l
MIL-91(Ti) HT 382 4.10°to 68000 7 0.141
(hydrothermal synthesis) 0.01
MIL-9-(Ti) RF 363 4.10°to 19000 23 0.138
(reflux synthesis) 0.025

Table $2. Pore diameter (A), BET area (m? g'l), pore volume (cm3.g?) calculated from the

DFT-optimized crystal structures

Mngl(Tl) dpore Sger Vpcre

Simulation 3.9 403 0.16

2.3. Water adsorption at 25°C

16 16
14 14
®exp lads ®exp1ads
& oexpldes & expldes
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O exp es o exp les
adaie 2 2d 24
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Figure S8. Water adsorption-desorption isotherms at 25°C obtained with MIL-91(Ti) samples
prepared under hydrothermal (HT) (LEFT) and reflux (RF) (RIGHT) conditions.
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Exp 1 was carried out after outgassing under secondary vacuum to 150+C. Exp 2 was a
repeat experiment after again outgassing to 150°C. Exp 3 was carried out on the same
sample after evacuation for 1 hour at 25°C. Exp’ 4 was carried out on a fresh sample after
outgassing to 80°C under nitrogen flow. Exp’ 5 and exp’6 are repeated experiments after
evacuation for 3 hours under nitrogen fglow at 25°C

Two series of water adsorption experiments were carried out on the two MIL-91(Ti) samples
(Figure S8). A first series of experiments (exp 1, exp 2 & exp 3) were carried out using the
BelMAX apparaus (BEL Japan) after initially outgassing under secondary vacuum to 150°C.
Thse experiments are described in the main text. A second series of experiments (exp’ 4,
exp’ 5 & exp’ 6) were carried out under nitrogen flow at 25°C (Q5000, TA Instruments) after
an initial outgassing under nitrogen flow to 80°C. These last three experiments took around
3 weeks to complete and the fact that a complete overlap occurs suggests a certain level of
stability to water. This stability is confirmed by the unchanged XRD pattern obtained with

the sample obtained under reflux after the water adsorption-desorption cycles (Figure S9).

ﬁ‘ l‘w ' \ N I'
R ‘]—Hﬁ"ﬁ—ﬁ"w—rw"'ﬁﬁ—v—r“ LUINEPENE “rkf"‘i“‘l—r’“r'“l—(ﬁ‘—r‘r‘
10 20 30 40
207

Figure S9. PXRD patterns of MIL-91(Ti) synthesised under reflux conditions (black,

theoretical; red, after water adsorption cycling (over 3 weeks at 25°C) (A\Cu~1.5406 A))

2.4. Adsorption calorimetry at 30°C
The microcalorimetry experiments were carried out at 303 K by means of a manometric
dosing apparatus linked to the sample cell housed in a Tian-Calvet type microcalorimetrer. ™

This apparatus allows the simultaneous measurement of the isotherm and corresponding

differential enthalpies of adsorption up to a maximum pressure of 40 bar in the present
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study. Around 0.3 g of sample was used for these experiments. An error of + 1 kJ mol™? can

be considered for these experiments. The gases used for the adsorption were obtained from

Air Liquide and were of 99.998% purity or better. Prior to adsorption experiments, the

samples were placed under a secondary vacuum and were heated to 150°C for 16 hours.
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Figure S10. Comparison of the adsorption isotherms (top) and corresponding adsorption

enthalpies as a function of the coverage collected by microcalorimetry (bottom) at 303 K for

CO,, CHy4, N2 in MIL-91(Ti) prepared by hydrothermal synthesis (left) and reflux protocol

(right).
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3. Adsorption gravimetery at 30°C on the MIL-91(Ti) sample obtained by
hydrothermal synthesis, Synchrotron PXRD during CO; adsorption, and comparison

with molecular simulations

3.1. Adsorption gravimetry

5 16
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Figure S11. Gravimetric uptakes of a series of gases obtained at 30°C.

To complete the study with CO;, CHs and N, the adsorption of other gases have equally
been carried out (Figure $11). The isotherms were obtained using an adsorption gravimetric
set-up constructed in house based on a Rubotherm balance and homemade dosing system.
151 The MIL-91(Ti) (hydrothermal synthesis) sample was outgassed to 150°C, overnight under
secondary vacuum.

Several comparisons can be made. There is a slightly higher uptake of oxygen with respect to
nitrogen. The adsorption of carbon monoxide is also relatively low and below that of
methane. Propane and butane show very similar uptakes which are much lower than CO,.
The adsorption of ethane shows increasing uptake up to the point where the experiment is

stopped (5 bars) which suggest that pore filling is not complete.
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3.2. Synchrotron PXRD during CO; adsorption

In situ synchrotron power diffraction experiments were carried out at the BMO1A station at
the Swiss-Norwegian Beamlines at the European Synchrotron radiation facility (Grenoble,
France). The data were collected on 0.5-mm quartz capillaries filled with sample and
attached to a built gas manifold. ®) The sample capillary was placed at 300 mm from a
MAR345 image plate detector and an X-ray wavelength of 0.694018 A was used. The data
were integrated using Fit2D program (Dr. A. Hammersley, ESRF) and a calibration
measurement of a NIST LaB6 standard sample. The patterns were indexed using the Dicvol
software. /] Le Bail fits were then performed with Fullprof2k software package. B! The
carbon dioxide (Alphagaz, France, 99.9999% purity) was introduced using point by point
dosing up to the desirable pressure. Equilibrium was assumed when two successively

measured diffraction patterns were identical.

P(bars)

Intensity/a.u

)
»
-
@

10 12 14 16

20/degrees

Figure S12. Diffractograms for various CO; pressures (303K) measured on MIL-91(Ti)
(A=0.694018A). The first diffractogram, at p=0, corresponds to the dehydrated phase.

The diffraction patterns (Figure S12) show little change in position with loading and no large

changes in the patterns is observed. Modeling the unit cell of the empty and filled structure

suggest a 1.6% change in unit cell volume.
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3.3. Comparison of the adsorption properties between different MOFs

Table S3. Comparison of initial adsorption energies of CO2, N2 and CHz obtained at 30°C by
microcalorimetry with various MOFs. Differences in enthalpies, which are discussed in the

main text, are equally given.

Sample CO; CHs N A[CO;-CH4] A[CO2-N,] reference
CAU-13(Al) 37.3 297 252 7.6 12.1 [9]
CPO-27(Ni) 38.0 20.0 22.0 18.0 16.0 [10]
CuBTC 29.1 209 15.2 8.2 13.9 [11]
MIL-100(Fe) 384 148 217 236 16.7 [13]
MIL-101(Cr) 62.8 170 336 45.8 29.3 [13]
MIL-102(Cr) 47.0 29.0 440 18.0 3.0 [14]
MIL-125(Ti) 26.2 174 145 8.8 11.7 [15]
MIL-125(Ti)_NH. 29.7 193 16.6 10.4 13.1 [15]
MIL-140A(Zr) 29.7 173 18.0 12.4 11.7 [16]
MIL-47(V) 215 150 / 6.5 / [17]
MIL53(Al)_NH, 415 23.0 120 18.5 29.5 [18]
MIL-68(Ga) 28.3 245 / 3.8 / [19]
MIL-91(Al) 385 242 [/ 14.3 / [20]
MIL-91(Ti) HT 47.1 23.8 19.5 23.3 27.6 This work
MIL-91(Ti) RF 40.4 235 20.1 16.9 23.5 This work
NaX 49.0 194 18.0 29.6 31.0 [21]
ScBDC 318 167 / 15.1 / [22]
ScBDC_NH, 453 173 / 28.0 / [23]
STA-12(Ni) 33.7 136 / 20.2 / [24]
Takeda 5A 338 240 164 9.8 17.4 [21]
UiO-66(Zr) 264 159 14.8 10.5 11.7 [25]
UiO0-66(Zr)_BTeC 35.0 22.8 18.0 12.2 17.1 [26]
Uio-66(Zr)_NH, 36.0 19.7 17.7 16.3 18.2 [27]
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Table S4. Comparison of working capacities for CO; / N, and CO» / CHa separations at 30°C.

Sample WC[CO2/N2] / cm®.em™® WC[CO,/CHa] / cm®.cm™ Ref
(0-1 bar, 303K) (1-15 bar, 303K)

CAU-13(Al) 35 134 [9]
CP0O-27(Ni) 175 21.1 [10]
CuBTC 180 14.1 [11]
MIL-100(Fe) 136.2 15.5 [13]
MIL-101(Cr) 112 16.14 [13]
MIL-102(Cr) 73 37.12 [14]
MIL-125(Ti) 153 49 [15]
MIL-125(Ti)_NH, 129 9.8 [15]
MIL-140A(Zr) 69.45 4.2 [16]
MIL-47(V) 162 / [17]
MIL53(Al)_NH, 10.1 18.8 [18]
MIL-68(Ga) 75 16 [19]
MIL-91(Al) 315 15.5 [20]
MIL-91(Ti) HT  50.9 435 This work
NaX 70.5 / [21]
ScBDC 73.1 8.27 [22]
ScBDC_NH, 31.7 5.1 [23]
STA-12(Ni) 242 / [24]
Takeda 5A 110 11.25 [21]
Uio-66(zr) 175.2 71 [25]
UiO-66(Zr)_BTeC 87.06 13.68 [27]
UiO-66(Zr)_NH, 125 2231 [27]
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Table $5. Comparison of the selectivities for CO; / N2 and CQ; / CHy (1) Calculated in this

study.
Sample Selectivity CO2 / N2 Selectivity CO, / CHa
(15% CO,, 0-1 bar, 303 K)  (1-50% CO,, 15 bar, 303 K)
CAU-13(Al) 22% 3+
CPO-27(Ni) 13 * 7+
CuBTC 19 * 7*
MIL-100(Fe) 47%* 14 *
MIL-101(Cr) 53 % 16 *
MIL-102(Cr) 41+ 12 *
MIL-125(Ti) 12* 5+
MIL-125(Ti)_NH, 18 * 6*
MIL-140A(Zr) 10 * 4%
MIL-47(V) / 4%
MIL53(Al)_NH, 877 * 7%
MIL-68(Ga) 12* 4+
MIL-69(Al) 120 * 4%
MIL-69(Fe) 6* /
MIL-91(Al) 68 * 57 %
MIL-91(Ti) HT 150 * 79*
NaX / 212 *
ScBDC 40 * 9*
ScBDC_NH 120 * 17 *
STA-12(Ni) / 15 *
Takeda 5A 19 * 4*
Ui0-66 (Zr) 12% 6*
Uio-66(Zr)_Br 30* 6*
Ui0-66(Zr)_BTeC 30* 9*
Ui0-66(Zr)_NH, 37 % 11 *

e * Calculated using IAST
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Table S6. Comparison of the selectivities for CO, / N; and CO; / CH4 (2) Obtained from the

open literature

Name Mixture  %CO; in Selectivity Calculation method  Ref
mixture

MIL-68(Al)_NH; CO>/CHa 50 45 GCMC [19]
MIL-125(Ti) CO3/CHa 50 45 Measurement [15]
MIL-125(Ti)_NH, CO,/CH, 50 7 VSM / GCMC [15]
MIL-53(Al) Basolie A100  CO,/CH,4 50 7 Measurement [28]
MIL-100(Cr) CO,/CHa 50 6-8 Measurement [29]
eea-MOF-4 CO2/CHa 50 4 IAST [30]
rtl-MOF-2 CO,/CHa 50 7-8 IAST [30]
SIFSIX-2Cu-i CO,/CH,4 50 50 Measurement [31]
MIL-100(V) CO2/CH, 50 140 IAST [32]
eea-MOF-4 COy/N2 10 18 IAST [30]
rtl-MOF-2 COy/N, 10 38 IAST [30]
SIFSIX-2Cu-i COy/N, 10 72 Measurement [31]
Eu fcu-MOF CO2/Na 10 82 IAST [33]
SIFSIX-3-Cu COz/N, 10 Infinite IAST [34]
Zna(pydc)a(DMF)-3DMF  COy/N, 15 42 IAST (35]
MOF-508b C0O,/CH, 50 3.5 Measurement [36]
MIL-53(Al) CO3/CHa 50 7-8 Measurement [37]
MIL-53(Cr) CO,/CHa 50 4-14 Measurement [38]
Cu-BTC CO,/CH,4 50 6-9 Measurement [39]
IFP-5 (Imidazolate CO,/CH4 50 7.5 Measurement [40]
Framework Postdam)

ZIF-176 CO3/CH4 50 2.5-6.5 Measurement [41]
Ui0-66 (Zr) BTEC COy/N, 15 56 Measurement [42]
Ni/DOBDC COy/N, 15 38 Measurement [43]
USTA-16 CO,/CH, 50 30 Measurement [44]
USTA-16 COy/N; 15 315 Measurement [44]
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4, Mixture adsorption

In order to acquire mixture adsorption equilibrium data, we used a home-made volumetric

apparatus as shown in Figure S13.

[Rr]

1.

Figure S13. Mixture adsorption volumetric apparatus: (AdsC) adsorption cell; (PT) pressure

transmitter; (V1 and V2) three way manual valves; (V3 to V8) manual valves; (T) Pt-100
temperature probe; (F) filter; (HS) in-situ heating system; (VP) vacuum pump; (CP) circulation

pump; (R) ruler; (PR) pressure regulator; (GC) gas chromatograph; (Rr) refrigerated room.

The volumetric co-adsorption measurements 45 %01 s hased on the principle of pure
compound manometric apparatus. (4747

The apparatus allows the measurement of isobaric-isothermal mixture adsorption equilibria
in a pressure range from 1 to 10 bar and in a temperature range from 298 K to 353 K. In this
apparatus, a cylinder piston provides a variable volume in order to fix the pressure on a set
point value during the adsorption. A circulation pump was used to homogenize the mixture
and a gas chromatograph coupled with a thermal conductivity detector, provided by Agilent
(GC 6850), allowing the determination of the gas mole fraction of each component in the
mixture. The pressure transmitter provided by Endress-Hauser (0 — 10 bar Cerabar PMP 731)

with an uncertainty of 0.1% of the full scale. The adsorbent was outgassed by maintaining it

under primary vacuum at ambient temperature for one hour and then by heating the
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adsorption cell up to 453 K for 8 hours. After that, the gas mixture was introduced in the
installation without going through the adsorption cell. When both equilibrium and
homogenization were reached (checked by constant values of both pressure and
composition obtained using a chromatography device), the gas composition was determined
after at least six chromatographic analyses and the pressure and temperature values were
recorded. With these measurements and the installation volume, we can determine the
adsorption amounts of the two components in each mixture using a mixture equation of
state. °0]

In the second phase, the adsorption cell was controlled to be accessible via two three-way
valves. During the adsorption, the pressure was maintained on a set point value by adapting
the installation volume using the cylinder piston. When the equilibrium was reached, the
pressure, temperature and volume of the system were recorded and the gas composition
was determined by at least six chromatographic analyses. Knowing the total installation
volume, the amount of each component in the gas phase after adsorption can be calculated
using the mixture equation of state adopted by Myers and Prausnitz. 1

The adsorbed amounts were determined by the differences between the number of moles
in4 the gas phase before and after adsorption. Finally, the adsorbent was outgassed to

repeat the above procedures with a new composition of the initial mixture.

25

-
"

Fi « N2  CO2 IAST IAST

02 {mmol/g} ou n nitrogen (mmol/g)
-

n

y CO2

Figure $14 : Mixture adsorption results obtained with approximately 10% and 17% CO; in N2
at a total pressure of 1 bar and at 30°C. Experiments at each concentration were repeated.

The straight line fit corresponds to the IAST prediction from single gas data.
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Table $7 : COz / N selectivites measured and calculated at 30°C

Total pressure % CO, Measured Average Selectivity
selectivity measured calculated by
selectivity IAST
1 bar 0,108 65
0,099 89 86 87
0,102 106
0,173 67
60 99
0,168 53
3 bars 0,103 89
0,117 61 73 130
0,118 69
0,176 60
0,169 49 51 153
0,168 45
Table S8 : CO;, / CH4 selectivites obtained at 30°C
Selectivity
Measured
Total pressure % CO, calculated by
selectivity
IAST
1 bar 50 18 31
5 bars 50 15 74
13 bars 50 13
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5. Quasi-Elastic neutron scattering measurements
The QENS experiments were carried out with the time-of-flight spectrometer IN6, at the
Institut Laue-Langevin, Grenoble, France. The incident neutron energy was set to 5.12 A,
corresponding to an incident energy of 3.12 meV. Scattered neutrons were analyzed as a
function of angle and flight time. Groupings of detectors were made to avoid the Bragg
peaks of MIL-91 and to obtain satisfactory counting statistics, the wave-vector transfer, Q,
ranging from 0.29 to 1.19 Al. The elastic energy resolution could be fitted by a Gaussian
function, with a half-width at half-maximum varying from 39 peV at small Q to 46 peV at

large Q.

The framework of MIL-91 was deuterated, in order to measure the signal from weak
scatterers such as COz and N2. The MIL-91 sample was activated by pumping at 423 K. The
powder was transferred inside a glovebox into a slab-shaped aluminum container, which
was connected to a gas inlet system allowing in situ adsorption. After recording the
scattering of the empty MOF, a loading of 0.7 N, per unit cell were measured at 220 K. After
these measurements, N; was evacuated by pumping at 370 K. A CO3 loading of 1.2 molecules

per unit cell were then studied at 300 K.

6. Molecular simulations .
6.1. Computational Methods

6.1.1. Microscopic models for the host framework.

The experimental dry (hereafter MIL-91(Ti)_Dry) 51 and CO; loaded MIL-91(Ti) (hereafter
MIL-91(Ti)_CO,) crystal structures were preliminary saturated by the missing hydrogen
atoms using Materials Studio software package (Figure $15). While the hydrogen atoms
were added to the carbon atoms of the organic linkers, the mobile proton in the
environment of the piperazine bis methylphosphonate groups, labeled as PO---H---N, was
arbitrary placed on the O atoms. The MIL-91(Ti)_dry crystal structure was then geometry
optimized at the Density Functional Theory (DFT) level using the CP2K package 3%, These
calculations included only the relaxation of the positions of the atoms of the framework
while the unit cell parameters were fixed at the values previously determined by PXRD

analysis (Table 59) 2. The PBE °! functional was combined with the use of Gaussian basis
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set and pseudopotential. For Carbon, Oxygen, Nitrogen, Phosphorous and Hydrogen, a triple
zeta (TZVP-MOLOPT) basis set was considered, while a double zeta (DZVP-MOLOPT) was
applied for Titanium. 7} The pseudopotentials used for all of the atoms were those derived
by Goedecker, Teter and Hutter. 71 The van der Waals effects interactions were taken into
account via the use of semi-empirical dispersion corrections as implemented in the DFT-D3
method. 5%

The crystal structure of the CO; loaded MIL-91(Ti) material experimentally refined at 30 bar
and 235 K was first loaded with 4.5 mmol g! of CO; (i.e. the saturation capacity obtained
experimentally at 303 K and 30 bar) and then fully relaxed (both atomic positions of the
framework and the CO; molecules, and cell parameters) at the DFT-level keeping the same
functional and basis set used for the MIL-91(Ti)_Dry structure. The optimized unit cell

parameters for this structure labelled as MIL-91(Ti)_CO; are reported in Table $9.

(a) (b)
e
J o

L

<

Figure S15. The simulation box considered for the DFT calculations (1x2x1 unit cells) viewed

along b direction for MIL-91(Ti)_Dry (a) and MIL-91(Ti)_CO: (b), where identified interaction
sites are represented by ball, and the rest of the atoms are in line representation. (Gray,

carbon; white, hydrogen; blue, nitrogen; green, phosphorous; red, oxygen; violet, titanium).

Table S1_9. Comparison of the experimental and simulated unit cell parameters/symmetry

obtained for the dry and the CO: loaded MIL-91(Ti) structures.

Space . . . .
a(A) b(A) c(A) B(°) Vv (A%)
Group
MIL-91(Ti)_CO>
Simulation C2/m 18.7250 7.1760 11.8960 99.607 1576.05
Experimental C2/m 19.4146 7.0716 11.4834 92.779 1574.73
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MIL-91(Ti)_Dry
Experimental c2/m 19.0599 7.0499 113049  93.100 1516.86

The Mulliken € partial charges for all atoms of the MOF framework were further obtained
by performing a single point energy calculation on the MIL-91(Ti)_Dry structure using Dmol?
(see Tables S10, Figure S17). These calculations were also based on the PBE functional and

the double numerical basis set containing polarization functions (DNP). (61

Figure S16. Labels of the atoms for the organic and the inorganic parts of the MOF structure.

The color code is the same as the one reported in Figure S15.

Table $10. Mulliken partial charges for the atoms in MIL-91(Ti)

Atom Cc1 Cc2 Hi._C Hip_C H,_C [ Fr— N Oriori Orori Oron P Ti
types
Charge -0.115 -0.371 0.246 0.154 0.159  0.405 -0.432 -0.734 -0.748 -0.794 1465 1.404

(e)

6.1.2. Force fields

The interaction between the MIL-91(Ti) framework and the guest species (CO,, CHs and N3)
was modelled using the sum of a 12-6 Lennard-Jones (LJ) contribution and a Coulombic term.
The Universal force field (UFF) was adopted to describe the L) parameters for the atoms of

the MOF framework (see Figure S16 and Table S11). 621 CO, was represented using the 3-
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sites charged EPM2 model (3 while CH4 and N; were treated by the uncharged united atom
(UA) models.®4

Table S11. L) potential parameters for the framework atoms in the MIL-91(Ti) according to
the notation introduced in Figure S15. The attractive van der Waals force exerted by the Ti
atom is not considered as this atom is screened by its oxygen environment. The same kind of
interaction is neglected for the mobile proton in the environment of the piperazine bis

methylphosphonate groups to be consistent with our previous studies on MIL-91(Al) 20

Atom type o () £/ks (K)
c1 3.431 52.838
2 3.431 52.838
Hi._C 2.571 22.141
Hi,_C 2.571 22.141
H2_C 2.571 22.141
Hpo--H-N 2.571 0.000°
N 3.261 34.721
Oorip 3.118 30.193
Oorio 3.118 30.193
Oro 3.118 30.193
P 3.695 153.482
Ti 2.829 0.000°

6.2. GCMC Simulations

Grand Canonical Monte Carlo (GCMC) simulations were carried out at 303 K for MIL-
91(Ti)_CO: in order to predict the single component adsorption of CO. and their binary
CO3/N2 and CO3/CHa mixtures while the crystal structure for MIL-91(Ti)_Dry has been
selected for the investigation of the single components CHs and N;. These calculations were
performed using the Complex Adsorption and Diffusion Simulation Suite (CADSS) code. (]
The simulation box was made of 24 (2x4x3) unit cells of MIL-91(Ti)_CO;. Short-range
dispersion forces were truncated at a cutoff radius of 12 A while the interactions between

unlike force field centers a and b were treated by means of the Lorentz-Berthelot
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combination rules; &4, = /€4y , Oap = (04 +03)/2 , where &, and o, are the U
parameters for the species a. The long-range electrostatic interactions were handled using
the Ewald summation technique.

The fugacities for each adsorbed species at a given thermodynamic condition were
computed with the Peng-Robinson equation of state (EoS). ® For each state point, 2x108
Monte Carlo steps have been used for both equilibration and production runs. Three types
of trials were considered for the molecules: (i) translation or rotation, (ii) creation/deletion
and (i) exchange of molecular identity. The adsorption enthalpy at low coverage (Ah) for
each gas was calculated through configurational-bias Monte Carlo simulations performed in
the NVT ensemble using the revised Widom’s test particle insertion method. (/1 Additionally,
in order to gain insight into the configurational distribution of the adsorbed species in MIL-
91(Ti), some additional data were calculated at different pressure including the radial

distribution functions (RDF) between the guests and the host.

6.3. Computational predictions

The cell dimension of the DFT-simulated CO; loaded MIL-91(Ti) structure (V = 1576.05
A3) is in very good agreement with the one (V = 1574.73 A3) determined from the in
situ X-ray diffraction (Table S9). It can be seen from Figure S15 that the piperazine
linkers are reoriented upon CO; adsorption resulting into a more tight packing of the
adsorbate molecules. These DFT simulations also reveal that the CO, molecules are
preferentially located in the vicinity of the phosphonate and piperazine linker (i.e.
zwitterionic site of this solid), consistent with the experimental observation. The CO:
molecule aligned in such a way that carbon atom of C=0 group (Ccoz) interact with O
atom present in the environment of the PO group and the N atom (PO---H-:-N), giving
a Ccoz - Opo--H--n distance of 2.68 A, similar to the one obtained experimentally (see
Figure S17). Such a spatial distribution leads the oxygen atoms of CO2 (Ocoz) to
interact with the H atom in the PO---H---N environment, (Hpo..n.-n) With a distance of

3.42 A.
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Figure S17. The CO; loaded MIL-91(Ti) crystal structure (MIL-91(Ti)_CO;) determined by DFT

geometry optimization. The color code is the same as the one reported in Figure S1.

Figure S18. lllustration of the preferential ordered arrangement of CO; experimentally
obtained from the refinement of the XRPD patterns. Views along b (a) and ¢ (b) vector

directions. The color code is the same as the one reported in Figure S15.

This validated MIL-91(Ti)_CO; model was further used to predict the single component
adsorption isotherms at 303 K by means of GCMC simulations. We have obtained a good
agreement between the simulated and the experimental adsorption isotherms at the entire
pressure range [0-35 bar]. Analysis of the adsorption mechanism evidences that the
simulated CO; distribution matches well with the one obtained by DFT calculations. The

radial distribution function (RDF) analysis (Figure $19) for CO, in MIL-91(Ti)_CO shows that
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the mean distances between Ccos - Opo-t-n and Ocos - Hpo--n are 2.71 and 3.48 A,
respectively. As expected, the preferential interactions occur between CO, and the
zwitterionic sites of the solid, where H atom present in the environment of the PO group and
the N atom (PO-:-H---N). Such a geometry (Figure S20) is consistent with has been already
reported for the Al version, i.e. MIL-91(Al), 2% with the presence of a dual acid-base
interaction: the O atom of CO; interacting with an acid site, the C atom playing the role of an

electron acceptor centre towards the oxygen basic site. (67 68l

5.0

45
40
35
3.0
525 ]
4
204
15
1.0

0.0 . L L " 1 " 1
0.0 25 5.0 7.5 10.0

r(A)

- Oco2 (black) extracted from the GCMC simulations at 303 K for MIL-91(Ti)_CO; with two CO>

molecule per unit cell.

Figure $20. GCMC simulated arrangements of CO, molecules obtained using MIL-91(Ti)_CO>

models at 303 K viewed along b (a) and ¢ (b) vector. The snapshots were taken from the
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simulations performed for 2 CO; molecules per unit cell adsorbed framework. The color code

is the same as the one reported in Figure S15.

This preferential arrangement of COz within the pores leads to a relatively high simulated
adsorption enthalpy at low coverage (-44 kJ/mol) which is validated by microcalorimetry

measurements (Figure 521).
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Figure S21. Experimental (black squares) and simulated (red circles) enthalpy obtained by

GCMC simulation with CO2 on MIL-91(Ti) at 303 K.

The binary mixture study was further carried out for CO,/N; (gas phase composition:
0.05/0.95; 0.10/0.90 and 0.15/0.85) and CO,/CH4 (gas phase composition: 05/0.5) by means
of GCMC simulations performed at 303 K and 313 K. Analysis of the co-adsorption
mechanism for both mixtures evidenced that CO> molecules are mainly distributed in the
same region of the pores than in the single components, i.e. in the vicinity of the PO--H---N
sites, mean distances between Ccoz and Opo.....n for CO»/N; and CO,/CH4 systems at 2.69 and
2.72 A, respectively. Similarly, the distances between Ocoz and Hpo--n are 3.49 A and 3.46 A
for co-adsorption of CO, in the presence of N, and CHas, respectively (Figure S22).
Furthermore, both N, and CH4 in are distributed in the centre of the pore with very
characteristic host/guest distances over 3.2 A (N2 - PO---H---N : Figure 5$23; CHa- PO---H--N :
Figure 524). Therefore, the CO> molecules are interacting strongly with the PQ---H---N sites,
while the two other gases, N> and CHa, are away from these adsorption sites and fit at the

centre of pore.
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Figure S22: RDF for the pairs Ccoz - Opo--t--n (red) and Hpo..n-.n - Ocoz (black) extracted from

the GCMC simulations at 303 K for the mixture with N; (a) and CH4 (b).
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Figure S23: RDF for the pairs N2 - Opo.-1i-n (red) and Hpo--1--n - N2 (black) extracted from the

GCMC simulations at 303 K for the mixture with CO,.
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Figure $24: RDF for the pairs CHs - Opg--.-n (red) and Hpo.-H--n -CH4 (black) extracted from the

GCMC simulations at 303 K for the mixture with CO,.

The separation performances of MIL-91(Ti) for the two mixtures of interest, i.e. CO2/N; and

COy/CHg4, were predicted as a function of the pressure. These data are reported in Figure S25
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and Figure S26. The simulated selectivities obtained at 1 bar and 303 K for both gas mixtures
is very similar to the experimental results, i.e. S(CO2/N2) = 122.0, 122.0, and 118.5 for molar
concentrations COz/N;= 0.05/0.95, 0.10/0.90 and 0.15/0.85, respectively, and
S(CO2/CH4)=40.9 at molar concentration of CO2/CH4 = 0.5/0.5.

(a) (b)
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Figure S25. Simulated CO2/N; selectivity at 303 K (a) and 313 K (b) for a molar composition of
the gas phase: 0.05/0.95 (CO2/N3, red circles), 0.10/0.90 (CO2/N3, blue up triangles) and
0.15/0.85 (CO2/N3, blue down triangles).
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Figure $26. Simulated CO,/CHa Selectivity at 303 K (a) and 313 K (b) for an equimolar

composition of the gas phase.
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Abstract. The CO, adsorption uptake and enthalpies with MIL-96(Al) were assessed in the presence of up to 40% relative
humidity using via both experiment and simulation. Interestingly at 10% relative humidity, the water equilibrated in the
pores of this MOF profers a significant increase in affinity for CO; at 0.2 bhar, which is associated with a limited decrease in
capacity. This study suggests that at medium RH, water and CO, are able to adsorb in different regions of the structure.
Indeed, such behaviour is explained by the preferential adsorption of H,O in cavities containing more hydrophilic groups
including Al(1)-HzOterminal, A(3")-OHierminal and Al(3)-H20 terminal while CO, adsorbs in the remaining, less hydrophilic cavities

containing [2-OH groups. This highlights the interest of using materials with this variety in pore chemistry as one way

forward for CO; capture in the presence of contaminants such as water.

Introduction

In order to abate growing concentrations of greenhouse
gases, specifically CO,, in the atmosphere from anthropogenic
sources, carbon capture and storage (CCS) processes are
required with various technologies proposed for pre-
combustion, post-combustion and oxy—combustion.l To gain
an idea, in 2012 the CO, emissions from coal- and natural gas-
fired power plants were of 11.1 Gt, representing almost 30% of
total global emissions® Post-combustion capture is attractive
to reduce CO, emissions from flue gas streams as it can retrofit
easier than in the case of either pre-combustion or oxy-
combustion.! Several separation methods can be used for
post-combustion capture such as chemical absorption, physical
adsorption, cryogenic separation or membranes.’ Adsorption-
based processes wusing porous materials show many
advantages with respect to cost reduction, corrosion, toxicity
and regeneration over conventional absorption techniques
using amine solvents for examp\e.“ There exist a wide variety
of physisorbent materials that can be used for adsorption-
based gas separation: Activated Carbons, Zeolites, Alumina,
Silica gels and Metal-Organic Frameworks (MOFS).5 Over the
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past decade, many studies have been dedicated to this latter
family of materials. Indeed, MOFs are used in several fields
such as catalysis, drug delivery, gas storage and gas separation
or pur'ific:;\tion.'ﬁ"9

MOFs are composed of metal or metal cluster nodes linked to
each other through organic moieties to build —one, -two or —
three dimensional structures. They are well-defined crystalline
porous structures and show many interesting properties such
as high specific surface area and pore volume, low density,
whilst some of them are flexible in response to external
513 From the variety of di-valent (Cu, Zn, Mg, etc); tri-
valent (Al, Cr, Ga, etc), tetra-valent (V, Zr, Ti, etc) metals and
organic linkers (carboxylate, imidazolate, phosphonate,
pyrazolate), the possibilities to synthesize new crystalline
phases are almost infinite.

The length and functionalization of linker and the presence of
coordinatively unsaturated metal sites (CUS) can be features
allowing to tailor the physical and chemical properties such as
pore size, pore shape and surface polarity.s This consequently
affects adsorption capacity, adsorption kinetics and/or
separation selectivity. Thus, a large spectrum of MOFs can be
synthesized for a given application with the problem then of
how to choose the most optimal materials. Indeed, CO,
adsorption capacities of MOFs are comparable or higher than
many reference materials. ® For instance one can com pare the
current commercially used adsorbents including Zeolite NaX
7.8 mma\.g'1 (302K/ 30 bar)14 and active Carbon Maxsorb 36
mmo\.g'1 (298K/ 50 bar) 15 with MOF materials such as DUT-49
46 mmol.g™ (298K/ 50 bar) **; MOF-210 54 mmol.g™ (298K/ 50
bar)*’; HKUST-1 14 mmol.g™ (303K/ 20 bar)*®and MIL-100(Cr)
40 mmol.g™ (303K/ 50 bar).*®

stimuli.
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While MOFs have outstanding properties for CO, adsorption at
such high pressures, this is often less the case at low pressures
CO, capture post-combustion
Furthermore, one critical property to consider when examining
adsorbent is their stability and structural behaviour under
humidity. In the case of moisture-sensitive materials, they can
only be used to capture CO, in industrial processes with the
condition that the gases are dried beforehand. However,
excess drying of the gas stream is energy intensive. Thus, the
search for materials able to capture significant amounts CO, in
the presence of limited amounts of humidity is an ongoing
research topic as water vapour is ubiquitous to various
industrial flue gases. Considering the more traditional
adsorbents, the effect of water on CO, adsorption capacity and
selectivity does not seem to be significant for many activated
carbons 22 although their CO, capacities at low pressures
remains limited. Conversely for zeolites, where CO, uptake
below 1 bar can be significant, the effect of humidity has a
strong negative effect 2325 leading to a significant drop of
uptake and/or selectivity. Indeed, carbon dioxide and water
are polar molecules which maost often directly compete for the
same hydrophilic adsorption sites in zeolite, with the result
that they often highly favour water to the detriment of CO,.

A wide range of behaviour can be found for MOFs. Indeed, for
some of these materials, water can enhance CO, adsorption
capacity and selectivity such as for HKUST-1 *® or MIL-100(Fe)
*but in the presence of specific amount of water, i.e. 4% and
40% respectively. Remarkably, the small pore MOF KAUST-8
containing coordinatively unsaturated sites and fluorine
moieties has been shown to concomitantly adsorb H,0 and
CO, on two distinct sites. 8 However, the majority of MOFs
show a significant drop of their CO, uptake in the presence of
humidity and this emphasizes again that CO, and H,0 compete
for similar adsorption sites and that it is H,O which is prevalent
in most cases.

In order to identify optimal MOFs for CO, capture in the
presence of humidity, a screening protocol has been
developed % and was performed on 46 MOFs and reference
materials including activated carbons and zeolites. A plot of
water affinity (via In[Henry constant]) versus CO, capacity loss
in the presence of humidity gives an overall straightline
correlation with some outliers of interest. Of these, the small
pore Al trimesate based-MIL-96(Al) 3031 (Table S3 for textural
parameters) with a 3D-structure illustrated in Figure 1 stands
out due to its disproportionally high CO, adsorption capacity in
the presence of humidity. The structure of this MOF was
recently refined 3 and consists of (i) a subunit with an oxo-
centered trimer {Al(1)} of equivalent Al(1) octahedra which are
coordinated to bridging trimesates and /5-O ligands, and (ii) a
further building unit consisting of a 2D hexagonal network
containing 18-membered rings built by sinusoidal chains of
aluminum octahedra. These chains contain two non-equivalent
types of aluminum, Al(2) and Al(3), which are coordinated to
four and two trimesate oxygen atoms and two or three
bridging 16,-hydroxo moieties respectively. The hexagonal 18-
membered rings are interconnected to each other by a further
variety of trimer. This {Al(3)} trimer is composed of three Al(3)

where from accurs.

2| J. Name., 2012, 00, 1-3

Journal Name

Figure 1. MIL-96(Al) structure (1x1x1 unit cells) viewed along the a
direction (grey, carbon; white, hydrogen; red, oxygen; pink, aluminium).
The labels of the atoms correspond to those previously reported for the
revisited MIL-96(Al) structure. **

octahedra that are corner-linked by p,-OH groups. The
connection of the {Al(1)} trimer with the 2D network of Al(2)
and Al(3) octahedra through the trimesate ligands results in a
3D framework (see Figure 1). Further analysis reveals the
presence of one Al(3) and two equivalent Al(3)’ sites in each
{Al(3)} trimer of the dehydrated MIL-96(Al). The oxo-core of
this formula unit is composed of one ps3-0, twelve p,-OH and
nine terminal oxygen ligands (OH or H,0). These terminal
groups correspond to four hydroxyl groups and five water
molecules, where both Al(1) and Al(3) centers are coordinated
to terminal water molecules while Al(3)’ is covalently attached
to a hydroxyl group (Figure 1).

A previous experimental investigation highlighted that MIL-
96(Al) may be of interest for low pressure CO, capture and
suggested that CO, and H,O do not compete for the same
adsorption sites.”® Further, under the conditions of this study,
the CO; uptake of the fully activated MIL-96(Al) was above
those of other MOFs and even comparable to that of Zeolite
13x.% Although the amount of CO, adsorbed on the pre-
humidified MIL-96(Al) decreased compared to the uptake in
the dry state, this still remains attractive for CO, capture unlike
the majority of the other materials chosen for this study.
Considering these points, MIL-96(Al) as a
promising candidate for CO, recovery in the presence of
humidity. The present paper aims to take this initial screening
study further and concentrate solely on the CO, uptake in the
presence of humidity in the case of MIL-96(Al). Here, notably
calorimetry experiments are exploited both under static and
dynamic conditions of gas introduction. The experimental data
is complemented by a computation effort based on Grand
Canonical Monte Carlo (GCMC) simulations to model the
adsorption behaviour of this MOF with respect to H,0 as single
component and in a ternary mixture with both CO; and N,.

may appear
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Experimental

The MIL-96(Al) nanocrystals were synthesized following the
procedure previously publishecl.30 Trimesic acid (2.1 g, 10 mmol)
was poured into a 125 mL Teflon-lined steel autoclave with 40 mL
of deionized water under vigorous stirring. @Aluminium nitrate
nonohydrate (18.76 g, 50 mmol) was dissolved in 30 mL of
deionized water and poured onto the ligand solution. The mixture
was stirred for 10 min and heated to 180°C for 24 hours under
autogenous pressure. A yellowish powder was obtained after
filtration, which was washed with deionized water and dried in air
at room temperature. Traces of remaining trimesic acid and nitrates
were removed by washing the solid with 500 mL of an ethanol/H,0
mixture (1/1). A white powder (m=2.77 g) was finally obtained after
filtration and drying in air at room temperature.
Thermogravimetric analysis (TGA). The thermal stability of MIL-
96(Al) was assessed using a thermogravimetric analyzer ‘TGA Q500’
from TA instruments. Among modes included in this device, the
ramp mode was chosen (5°C/ min up to 700°C) under inert gas
(argon) with a first isotherm step for 30 minutes at room
temperature.

Water vapor adsorption at 30°C. The hydrophilicity/ hydrophobicity
of the adsorbent surface was probed by water vapor adsorption at
303 K (Belsorb-max, MicrotracBEL). Around 48 mg of the MIL-96(Al)
was outgassed at 373 K (ramp of 1°C/min) for 16 hours under
secondary vacuum (10° mbar). The water adsorption measurement
was limited at a relative pressure p/p° = 0.989.

Static CO, adsorption manometry coupled with microcalorimetry.
CO, adsorption isotherms and associated enthalpies at 303 K were
obtained in static mode (in contrast with the dynamic mode - see
below) with the MIL-96(Al) in its outgassed and pre-humidified
states. Prior to each experiment, the MIL-96(Al) was outgassed ex
situ at 423K for 16h under a secondary vacuum (10~ mbar). To pre-
humidify the sample, MIL-96(Al) was placed in water vapour-
saturated atmosphere for two days at ambient temperature (i.e,
100 % of relative humidity) prior to transfer to the adsorption cell.
Around 0.250 g of sample was used for the CO, adsorption /
desorption experiments to a maximum pressure of 10 bar at 303 K.
The manometric device introduces distinct doses of gas to the
sample and a Tian-Calvet type microcalorimeter directly measures
the energy change. Each dose of adsorptive to the sample is
accompanied by an exothermic thermal effect, until equilibrium is
reached. The heat flow with time is integrated to provide a
pseudodifferential molar enthalpy of adsorption for each dose. For
repeat runs, a short, 5S-minute primary vacuum was carried out to
remove CO, and H,O from the dosing system. Carbon dioxide
(99.998% purity) was provided from Air Liquide (Alphagaz, France).
For calculations, the calorimetric cell (including the relevant
amounts of adsorbent and gas) is considered as an open system. In
this procedure, it is important to consider that the gas is introduced
reversibly. Under these conditions it is possible to determine the
pseudo-differential enthalpy of adsorption A4, via the following
expression;{ B
Baash = (G22) + Ve (3E),

Here dQ,., is the heat reversibly exchanged with the surrounding
environment at temperature T, as measured by the calorimeter, dn’
is the amount adsorbed after introduction of the gas dose, dp is the

This journal is © The Royal Society of Chemistry 20xx

pressure increase or decrease and V, is the dead space volume of
the sample cell within the calorimeter itself (thermopile). The term
V.dp can be obtained via blank experiments. Errors in this
calculation can be estimated at + 1 kJ mol ™.

CO,/N,/H,0 flow adsorption microcalorimetry. A dynamic
adsorption experiment was used as previously developed” to
assess the impact of water vapour during CO, adsorption on porous
solids. Here the sample can be pre-equilibrated with water at a
controlled relative humidity and the CO, uptake can equally occur
in the presence of this controlled RH. The sample is placed inside a
Tian-Calvet microcalorimeter in order to directly follow the heat
effects occurring during the adsorption process under flow. Details
of this particular experimental set-up and protocols can be found in
the SI.

Computational methods. The crystal structure of MIL-96(Al) was
taken from our recently reported paper as well as the partial
charges for all the atoms of the MOF framework.>® GCMC
simulations were performed on this MIL-96(Al) structure using
atomistic force fields. The interaction between the MIL-96(Al)
framework and the guest species (H,0, CO, and N,) was modelled
using the sum of a 12-6 Lennard-Jones (L) contribution and a
Coulombic term. The Universal force field (UFF) was adopted to
describe the U parameters for all atoms of MIL-96(Al) (Table 51).*
Regarding the guest molecules, (i) water was represented by using
the TIP4P model, *** (i) CO, was represented by a conventional
rigid linear triatomic model, with three charged L interaction sites
located on each atom, previously developed by Harris and Yung
(EPM2 model)35 and (iii) N, was equally represented by a three-site
charged model, with two L] sites located at the N atoms, while a
third site is located at its center of mass (COM), only involving
electrostatic interactions as previously described in the TraPPE
potential model.** The corresponding parameters are reported in
Table S2.

The GCMC simulations were performed in order to predict the
single component adsorption of H,0 and the co-adsorption of
CO,/N, (molar composition: 20:80 to match the experimental
condition observed in the flow adsorption experiments) in the
presence of different humidity rate at 298 K. The simulation boxes
were made of 4 (2x2x1) unit cells of MIL-96(Al). Short-range
dispersion forces were truncated at a cut-off radius of 12 A while
the cross-term interactions were treated by means of the Lorentz-
Berthelot combination rules. The long-range electrostatic
interactions were handled using the Ewald summation technique.
The fugacities for each adsorbed species at a given thermodynamic
condition were computed with the Peng-Robinson equation of state
(E0S).” For each state point, 2x10° Monte Carlo steps have been
used for both equilibration and production runs and the adsorption
enthalpy at low coverage (Ah) for each gas was calculated through
configurational-bias Monte Carlo simulations performed in the NVT
ensemble using the revised Widom's test particle insertion
method.*® The Radial Distribution Functions (RDF) reported in ESI
for the guest/MOF pairs as well as the density plots were obtained
by averaging over the 2x10° Monte Carlo production steps. More
details of the GCMC calculations are provided in the SI.

1. Name., 2013, 00, 1-3 | 3
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Figure 2. Experimental water isotherm at 298 K for MIL-96(Al) (top) in
which the points ‘@’ to ‘f’ are discussed in the text (adsorption open
symbols and desorption closed symbols). The lower figure shows a
comparison between experimental (open symbols) and simulated (full
symbols) water isotherms.

Results and discussion
Water adsorption and thermodesorption

Water adsorption. Water adsorption (Figure 2) was carried out
on the activated sample in order to assess the hydrophilicity/
hydrophobicity as well as the pore filling. A comparison of the
isotherms obtained for H,0 at 298 K by experiment and
simulation (Figure 2, bottom) shows a fairly good agreement,
although the saturation was observed at a lower p/p° in the
case of simulated isotherm when compared to experimental
one.

Indeed, one can distinguish: (i) an initial uptake up to a p/p° =
0.03, (ii) a first relatively sharp adsorption step between p/p°® =
0.03 and 0.12, (iii) a second more gradual uptake between
p/p°=0.12 and 0.2-0.5, and a final plateau-like region.

The initial uptake (below p/p° = 0.001) can be linked to
adsorption on specific sites and the simulated H,0 isotherm Figure 3. Local views of the GCMC simulated arrangements of H,O
reproduces fairly well the initial hydrophilic nature of MIL- ~ molecules in MIL-9(Al) at 298 K: p/p° of 0.001 (a,b), 0.1 () and 0.5 (d,
96(Al) material. At this low coverage (i.e. p/p° = 0.001), the dashed line rep:esents the hydrogen bond network, 1.6 -2.0 A ). (The
H,O molecules interact simultaneously with Al(1)-H,Oterminal distances are in A).

site and Al(3’)-OHierminat/Al(3)-H30erminal Sites. The  radial

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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distribution function (RDF) analysis for H,O in MIL-96(Al) at
p/p°® = 0.001 shows that the mean distances between Oy;0— H.
Al(1)-H20terminalr HHz20 — OAl(a'mHterminall and Hyyo — Oi(3)-H20terminal
are 2.58 A, 1.64 A and 1.66 A, respectively (Figures S2 and $3).
This emphasizes that the preferential location of H,O molecule
is mainly driven by the hydrogen bonding interactions
between H,O0 and both H,0-Al(1)-H;0eminal @5 well as Al(3°)-
OHierminat @and  Al(3)-HyOverminal (Figure 3a and 3b). Such a
geometry is associated with a high adsorption enthalpy
predicted at low coverage (-67 kJ mol'l) consistent with the
high Henry law constant experimentally assessed (K, = 163 mol
g'1 bar'l) that both confirm the hydrophilic nature of MIL-
96(Al). Compared to other small pore MOFs (see Table S5), the
MIL-96(Al) water affinity is significantly higher which is due to
a high hydrophilic surface combined with a very low pore
volume. At p/p°® = 0.03, the small deviation between the
experimental and simulated isotherms might be due to the
possible presence of defects in the sample.

The first adsorption step (i.e. after p/p® = 0.03) corresponds to
the formation of H,0 cluster inside the most hydrophilic cages
(Figure S4c). On increasing vapour pressure, H,O molecules
occupy the channels containing Al(1)-H;Oterminal-, Al(3')-
OHiarminat/ A1(3)-H30terminal (Figure S4d). When these pores are
completely filled, i.e. at p/p® =0.05 - 0.1, the H,0 molecules
occupy other sites and adsorb in the pores where p,-OH
groups are present (Figure S4e) with mean characteristic
distances between Oy;p — Hyaon @and Hyag — Oppon Of 2.82 and
3.02 A, respectively (Figure 3¢, S2 and $3). A steep increase in
the H,0 adsorption is further observed from p/p° =0.1 to p/p°
= 0.22 and this is mainly due to the filling of H,0 molecules in
the pores where |,-OH groups are present (Figure S4f). This
leads to the saturation of the pore with the formation of a very
strong hydrogen bond network (Figure 3d). Beyond p/p°® ~
0.45, both experiments and simulations converge towards the
same total water uptake of about 16 mmo\.g'l, In general, it is
possible to correlate in a linear fashion the water uptake with
available pore volume as is shown in Figure S23. However,
deviations from this linearity are observed with small pore
MOFs, but with MIL-96(Al) this upward deviation from this
linear trend is quite significant suggesting that both pore
confinement and pore chemistry may play significant roles in
the water uptake in this material. Finally, as can be seen from
Figure 2, the water isotherm is a reversible phenomenon
suggesting that neither pore blocking effects nor
chemisorption occur.

Estimation of the water adsorbed after pre-equilibration. Prior to
the static gas adsorption experiments (see below), MIL-96(Al) was
pre-equilibrated in a saturated water vapour chamber for 48 hours.
It is important to ascertain the amount of water adsorbed in the
sample after pre-humidification as well as the water remaining after
the series of CO, isotherms. In order to assess the amount of water
remaining on the sample at these points, thermogravimetric
analysis (TGA) under argon flow was carried out on the sample
taken straight after water pre-equilibration (curve A in Figure 4) and
further after several CO, cycles on the pre-humidified sample (curve
B in Figure 4). The TGA results for these samples is reported as

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. MIL-96(Al) thermogravimetric curves obtained with samples

after  pre-humidification (A) and after  several  CO.

adsorption/desorption cycles (B).

weight loss with respect to the final dry mass at 300°C. After this
temperature, sample degradation occurs, as shown previously. #
Figure 4 shows similar shaped TGA curves for both samples studied.
The difference in curves occurs up to around 100°C. One can
consider that this weight loss observed in the temperature range
from 20 to 100°C is due to water. This can be quantified at around
18.5% and 12% respectively for (A) and (B) with respect to the dry
MIL-96(Al) at 300°C and these findings are consistent with the
difference in sample cell weights before and after CO, cycling (i.e.
after the results shown in Figure 6). As will be further discussed
below, the difference in water content can be attributed to partial
water  displacement by carbon dioxide during the
adsorption/desorption cycles.

Above 100°C, the TGA curves overlap confirming that water does
not chemically modify the MIL-96(Al) framework * and further that
no specific degradation occurs due to the presence of H,0/CO, in
the pores.

One can relate the water isotherm (Figure 2) to the TGA results in
Figure 4. Indeed, the weight loss observed by TGA can be directly
related to the amount of water adsorbed in the isotherm. Thus, the
18.5% weight loss observed with the sample analysed by TGA after
pre-humidification corresponds to a sample which is completely
filled with water (point ‘@’ in Figure 2). Similarly, the 12% weight
loss obtained with the pre-humidified sample which had undergone
several adsorption/desorption cycles with CO, corresponds to a
sample where around 60% of the pore volume remains filled with
water (point ‘b’ in Figure 2). This suggests that the water molecules
adsorbed at specific adsorption sites and in most hydrophilic cages
as discussed above are not able to be removed by the CO, and this
has an influence in both uptakes and enthalpies as discussed below.

Experimental adsorption of CO, under static conditions

Adsorption of CO, on the MIL-96(Al) after pre-equilibration
with water and comparison with the fully activated dry MIL-
96(Al). Adsorption isotherms plotting CO, uptakes as a
function of pressure and corresponding enthalpy profiles
versus amount adsorbed are shown in Figure 5 for the fully
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Figure 5. CO; adsorption isotherms (top) and enthalpy profiles (bottom)
obtained at 303K on the outgassed (diamonds) and pre-humidified
(circles) MIL-96(Al). Enthalpies are shown for a repeat run obtained at
low pressure for the outgassed MIL-96(Al).

activated dry sample and the MIL-96(Al) sample which was
pre-equilibrated with water for 48 hours.

Figure 5 (top) shows the adsorption isotherms which are both
Langmuir shaped reaching quasi-plateaus before the final pressure
of 10 bar. The CO, adsorption capacity is strongly affected by the
presence of water in MIL-96(Al) with an almost 80% loss in capacity
observed at 8 bar (5.7 vs. 1.2 mmol g respectively) for the sample
which was fully pre-humidified. This is consistent for a sample
almost completely filled with water. The affinity of MIL-96(Al) for
CO, was assessed through the Henry law constant calculations at
low concentration with values of 16.0 and 5.0 mmol g'1 bar™ for the
activated and pre-humidified MIL-96(Al), respectively. Further
evaluation of the interaction of CO, with the samples was obtained
by calorimetry (Figure 5 bottom). The initial values obtained with
the fully activated sample are around -38 kl.mol™ which are in the
range of those of HKUST-1 (-35 kJ mol™) *® with some CUS sites,
small pore MOFs such as MIL-91(Ti) (-42 k) mol™) ** and MIL-140A
(-42 kI mol'l) ** but well above other more neutral MOFs such as
Ui0-66(Zr) (-26 kJ mol ). **

The enthalpies of adsorption of CO, obtained with the MIL-96(Al)
pre-humidifed with water are relatively stable at a value of around -
40 kI mol™ (Figure 5). It is interesting to note that this value is
slightly higher than the plateau observed with the fully activated
sample. These results highlight that the pre-adsorbed water shields
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Figure 6. CO, uptakes at 8 bar (left) and CO, adsorption enthalpies at 1
bar (right), for the fully activated MIL-96(Al) (dry) for seven CO,
adsorption/desorption cycles performed on the pre-equilibrated MIL-
96(Al).

confers increased interactions with CO, during pore filling. This
slightly increased energy might be due to higher confinement of
CO, inside the pores or to increased surface hydrophilicity caused
by the preadsorbed water. **

Cycling CO, measurements. The TGA experiments (Figure 4)
suggest that the pre-humidified sample first introduced into the
adsorption cell for the calorimetry experiments and the one
recovered after several adsorption-desorption cycles with dry CO,
gas, loses some of the pre-adsorbed water. Thus, cycling
experiments can give an initial idea as to the effect of slightly
decreasing amounts of water on both CO, uptake and enthalpies.
The CO; isotherms and enthalpies for the various cycles on the
MIL-96(Al) sample pre-equilibrated with water are given in the
supplementary information (Figure SI7). To follow the trends,
the uptakes at 8 bar and enthalpies at 1 bar are reported in
Figure 6. It is clear from this figure that the amount of CO,
adsorbed at 8 bar increases with increased cycling suggesting
the liberation of a small fraction of the pore volume. This
increase corresponds to around 16% with respect to the
uptake observed with the activated sample. Interestingly, the
CO, uptake after the 7 cycle is around 50% that of the
activated sample which is consistent with the estimation of
around 60% residual pore volume occupied by the pre-
adsorbed water as calculated by TGA (Figure 4).

Turning to energetic aspects, a calculation of the Henry constants
for CO, adsorption for each cycle suggests a significant increase in
interaction strength from the initial and final adsorption run (5.05
to 10.26 mmol g bar’, Table S4). Further estimation of the
interaction of CO, with the samples during cycling is highlighted by
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Figure 7. CO; uptake in flow conditions on the MIL-96(Al) at RH = 3, 10,
20 and 40% RH (left) and (right) the corresponding enthalpies of
adsorption.
calorimetry (Figure 6 bottom). This graph confirms the observations
from Figure 5 that the CO, interaction with the humid sample is
slightly stronger that with the fully activated MIL-96(Al). More
significantly, the cycling seems to show that the CO, enthalpies, at 1
bar, remain relatively constant for each cycle.
Thus, whilst CO, adsorption cycling does liberate some
porosity, due to water displacement from the MIL-96(Al)
pores, this does not affect the enthalpies measured at 1 bar.
Indeed, these energies remain above those of the fully
activated sample.

Experimental adsorption of CO, under dynamic conditions

CO, uptake under controlled relative humidity. The static
adsorption measurements described above give direct information
regarding the amounts of CO, adsorbed and associated enthalpies
as a function of pressure. Experimentally, it is not simple to know
directly the amount of water pre-adsorbed for each cycle. Further,
it is of interest to work under flow conditions, with N, as the vector
gas, to approach the capture of CO, in any process.

Thus, pre-adsorbing water at different relative humidities is
possible using a flow system developed previously.27 Here, the
sample is pre-equilibrated at a fixed relative humidity in a nitrogen
flow prior to blending in CO, at a set of partial pressure (0.2 bar).
The CO, uptake in a given humidity and corresponding measured
enthalpy are shown in Figure 7 for four relative humidities: 3, 10, 20
and 40%.

Concerning the CO, uptakes at 0.2 bar, it is clear that a decrease is
ohserved with increasing relative humidity. The 3% relative
humidity (RH) corresponds to the residual value in the system under
dry gas flow and a CO, uptake of around 1.6 mmol g for this
experiment corresponds surprisingly well to the uptake observed
for the static experiment under dry conditions (Figure 5). CO,
capacity losses with respect to the value obtained at 3% RH are
estimated at 33%, 49% and 72% for relative humidities of 10%, 20%
and 40% respectively. Interestingly, these capacity losses
correspond to the relative water uptakes as observed in the water
isotherm (points C — F, Figure 2). This suggests that the CO,
completely fill the remaining pore volume that the water leaves
after pre-adsorption at each relative pressure.

The measured enthalpy at 3% relative humidity is at around -35 kJ
mol™ which relates to the average enthalpy measured on the dry
sample (Figure 5). Setting the relative humidity to 10% leads to an
increase in enthalpy (~40 kI mol™®, result repeated) and this

This journal is © The Royal Society of Chemistry 20xx
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corresponds well to the value measured during the static
measurements and with cycling (Figures 5 and 6). Increasing the
relative humidity further leads to a decrease in overall enthalpy
measured. Under these flow conditions, some pre-adsorbed water
may be partially displaced by CO,, consuming energy, and leading to
lower overall adsorption enthalpy than would be expected for CO,
adsorption alone. Indeed, a closer examination of the measured
enthalpy signal (see Figure S20) highlights an unusual signal which
would seem to be the resultant of initial rapid exothermic CO,
uptake followed by a more gradual endothermic H,0 desorption.
CO; cycling under 10% relative humidity. As the CO, energies
show a maximum at a relative humidity of 10%, then a limited
series of cycling experiments were carried out under these
conditions with the results shown in Figure 8.

After the first cycle, a slight decrease in CO, uptake is observed
for the second cycle. However, the adsorption capacity
remains relatively constant until the fourth cycle. This
difference between the first and the second cycle may indicate
that some CO; is irreversibly adsorbed in the material. We can
also observe that the adsorption enthalpies increase to reach a
plateau like region after the second cycle. An explanation
could be that some CO, are irreversibly adsorbed under these
flow conditions (corresponding to the CO, the most strongly
adsorbed) during the first step. This may be accompanied by a
water displacement, which may be not involved in the
following cycles, leading to a relative endothermic contribution
for this first cycle. However, a quasi-steady state seems to be
attained after the second cycle.

Molecular modelling of mixture adsorption in the presence of
water

The co-adsorption mechanism for CO, and N, in the dry MIL-96(Al)
is very similar to their single component adsorption previously
reported *° (see also Supporting Information). At the initial stage of
adsorption, hoth CO, and N, are preferentially located in the pores
where the p,-OH groups are present. The CO, molecules interact
with either single or two nearby p,-OH while the N, molecules sit
towards the centre of the pore with characteristic host/guest
distances of around 3.4 A (see Sl). This preferential arrangement for
CO, in this structure leads to a simulated enthalpy for CO, of
around -33 kI mol™ which corresponds well with that measured
(see Figure $17). On increasing pressure, both CO, and N, distribute
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Figure 9: Maps of the occupied positions of CO, (orange), N, (blue) and
H;0 (cyan) in 1000 equilibrated frames that extracted from the GCMC
simulations for co-adsorption of CO,/N; (20/80) in MIL-96(Al) at 303 K
and 1.0 bar in presence of humidity, RH=8.5%.

in the cavities made by Al1-H;O¢emina » Al(3")-OHiarmina @and Al(3)-
H;0terminal-

The co-adsorption of CO, and N, was further modelled at 303 K in
the presence of various humidities (RH = 8.5 %, 19.5 % and 37.5 %).
Interestingly, the CO,/N, (0.2/0.8) co-adsorption in the presence of
RH=8.5% has largely retained CO, adsorption capacity, 2.0 mmol/g,
when compared to the CO, without humidity, 4.9 mmol/g, at 10 bar
(Figure S11). This behaviour confirms the experimental findings.
However, the adsorption capacity for CO, on co-adsorption reduces
significantly on increasing the relative humidity, i.e. only 0.72 and
0.2 mmol/g at RH=19.5% and 37.5%, respectively at 10 bar.
However, interestingly, the CO,/N, selectivity increases with
increasing the relative humidity since the amount adsorbed of CO,
drops in a lesser extent compared to N, (Figure S12). Indeed, the
predicted selectivities are 42, 61, 76 and 85 with respect to the
humidity rate RH = 0, 8.5, 19.5, and 37.5 %, respectively. Such
values are compared with those previously reported for other
adsorbents in the literature (see Table S6)

Analysis
CO,/N,/H,0 mixtures evidenced that CO, molecules are initially
distributed in the same region of the pores than in the single
components, in the pore constituted by W, OH with

of the co-adsorption mechanism for the ternary

i.e.
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Figure 10: Relationship between initial enthalpy of adsorption and CO»
uptake at 0.2 bars for several MOFs (see Table S7 for values). Point A
corresponds to the fully outgassed MIL-96(Al) and point B to the same
material after pre-equilibrium with 10% RH.

characteristic distances between Cco; and Oy and Oco, and Hypou
of about 2.80-2.95 A (Figure 513 and 514).

At RH=8.5%, the water molecules preferential adsorbed in the
cavities made by Al1-H;0ierminaty Al(3')-OHierminat @nd  Al(3)-
H;Oterminaty Which give enough space for CO, and N, to adsorb
in the other cavities containing p,-OH in MIL-96(Al) (Figure 9).
This clearly supports the suggestion that at the initial stage of
adsorption both H,0 and CO, have distinct interaction sites.
Nevertheless, as occurs with other materials, on increasing the
relative humidity, the water interacts with all the available
porosity due to its higher interaction energy when compared
to CO,. Therefore, H,O can occupy all the adsorption sites,
particularly the cavity containing the p,-OH groups and finally
end up with a decreasing profile for the CO, adsorption
capacity on increasing the humidity.

Comparison with other materials.

In an attempt to place the performances of MIL-96(Al), under post-
combustion type conditions, with those obtained with several other
materials, Figure 10 shows the initial enthalpies of adsorption for
CO, as a function of CO, uptake at 0.2 bar. The corresponding data
can be found in Table S7. An overall linear trend (shaded area) is
observed with a number of MOF samples. Indeed, the
measurement observed for the fully outgassed MIL-96(Al) sample
(point A, Fig. 10) falls into this trend. However, the slight loss in
loading accompanied by the significant increase in enthalpy
observed with the sample equilibrated with 10% RH, results in an
upward deviation from this trend. Indeed, such relationships may
help to identify materials of potential interest for further study.
Thus, it is clear for MIL-96(Al) in the presence of 10% RH, the CO,
recovery properties are not greatly degraded with the increase in
enthalpy placing this sample above many other, non CUS
containing, MOFs in terms of interaction strength.
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Conclusions

MIL-96(Al) may be of interest for CO, recovery under flue gas
conditions. Indeed, values of CO, uptake at 0.2 bar in the
region of 1.5 mmol g'l compare well to many other MOFs.
Importantly, at limited relative humidity, up to 10% RH, this
uptake remains of interest and is accompanied by relatively
high adsorption enthalpies suggesting strong host/guest
interactions. Furthermore, limited cycling experiments suggest
constant adsorption properties of the material under 10% RH.

This unusual behaviour can be explained by the tendency for
H,0 to preferentially adsorb in the cavities made by H,0-
Al(Trimer), Terminal-OH-Al and Terminal-H,0-Al, which give
enough space for CO, to adsorb at the other cavities
containing W,-OH  groups independently. For relative
humidities of 20 and 40%, the CO, uptakes decrease
significantly probably due to the competition of water and CO,
for the remaining pore volume. Interestingly the GCMC
simulations predicted that the CO,/N, selectivity falls above 40
in the whole range of humidity rate.

The possibility to synthesize materials with varying specific
pore chemistries may be a way forward in designing
applications where contaminants may be present (e.g. water in
this study) or in processes where two species of different
properties (e.g. CO and CO,) both need to be recovered.
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1. Molecular simulations details.

Table $1. 1) potential parameters for all atoms of the MIL-96(Al).

Atomic UFF

type o (R) £ [kg (K)
Al 4.399 0.000

C 3.431 52.841
H 2.571 22.143
N 3.261 34.724
0 3.118 30.195

Table S2. Potential parameters and partial charges for the guests

Atomictype < (A) € [kg (K) q (e)
O_e 3.1589 93.200 0.0000
H_ e 0.00 0.000 0.5564
M_e 0.00 0.000 -1.1128
CHy 3.730 148.000 0.0000
N2_N 3.310 36.000 -0.4820
N2_COM 0.00 0.000 0.9640
co2_cC 2.757 28.129 0.6512
c02_0 3.033 80.507 -0.3256

2. Computational predictions

2.1. Single component H,0, CO; and N, adsorption

0.020 8
(a) (b)
74 o
P
0.015 -] 6 "
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54 /( o
/
- "o J
> 0.010 2 adf
] £ ¢
E £ [/
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/,.n/‘ P
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b AT
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Figure S1. Comparison of the single component simulated (full symbols) and experimental
(empty symbols) adsorption isotherms in MIL-96(Al) for H,O (squares) at 298K (a) and CO,
(squares) and N, (circles) at 303 K (b).
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Figure S2: Radial Distribution Functions (RDF) between the oxygen atom of water (Opz0) and
all atoms of the MOF framework extracted from the GCMC simulations at 298 K in MIL-96(Al)
at p/p°, 0.001 (a), 0.01(b), 0.05(c), 0.1 (d), 0.22 (e), and 1.0 (f).
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Figure S3: Radial Distribution Functions (RDF) between the hydrogen atom of water (Hi;o)
that extracted from the GCMC simulations at 298 K in MIL-96(Al) at p/p°, 0.001 (a), 0.01(b),
0.05(c), 0.1 (d), 0.22 (e), and 1.0 (f).
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Figure S4: Maps of the occupied positions of H,0 (cyan) in 1000 equilibrated frames that
extracted from the GCMC simulations at 298 K for MIL-96(Al) at p/p°, 0.001 (a), 0.01(b),
0.05(c), 0.1 (d), 0.12 (e), and 0.22 (f).
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Figure S5. Local views of GCMC simulated arrangements of CO; (a) and N; (b) molecules in
MIL-96(Al) at 303 K and 0.1 bar.

Figure S6: Radial Distribution Functions (RDF) between the Carbon of CO; (Cco2) and all
atoms of the MOF framework extracted from the GCMC simulations at 303 K in MIL-96(Al) at
0.01 bar (a) and 1.0 (b).

(b) 25

054

0.0

Figure S7: Radial Distribution Functions (RDF) between the oxygen in CO; (Oco2) and all
atoms of the MOF framework extracted from the GCMC simulations at 303 K in MIL-96(Al) at
0.01 bar (a) and 1.0 (b).
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Figure S8: Radial Distribution Functions (RDF) between N, and all atoms of the MOF
framework that extracted from the GCMC simulations at 303 K in MIL-96(Al) at 0.01 bar (a)
and 1.0 (b).

Figure S9: Maps of the occupied positions of CO, (orange) in 1000 equilibrated frames
extracted from the GCMC simulations at 303 K for MIL-96(Al) at pressures: 0.01 bar (a), 0.1
bar (b), 1.0 bar (c), and 10.0 bar (d).
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Figure S10: Maps of the occupied positions of N, (blue) in 1000 equilibrated frames
extracted from the GCMC simulations at 303 K for MIL-96(Al) at pressures: 0.01 bar (a) and
10.0 (b).

2.2. Separation of CO,/N, mixtures in presence and absence of humidity

In separation processes, a good indication of the separation ability consists of estimating the
selectivity of a porous material. The selectivity (S) for CO, over N, is defined by the following

; ST Vi - Viu % X y
expression: S(CO,/N,) =( €O, .\11)(, v, / Yeo,) where " €% and " are the mole fractions

of CO, and N, in the adsorbed phase, respectively, while Yeo, and ¥ are the mole
fractions of CO, and N; in the bulk gas phase, respectively. The calculated selectivities for
both CO,/N, (molar ratio =20/80) are shown in Figure S12 as a function of the bulk pressure.

—&—CO, & —0—N,(RH=0)

2
—e—CO, & ——N,(RH=8.5%)
14— C0,a—— N RH=195%) R
—¥—C0,& ——N,(RH=395%) a—"
44 e~ =
"o P
© P
g 39 »
£ Y,
% 24 ‘/ 5 » o - . >
" .
' .
14 M o
A .
i’ A -
Wortt————o—o—g—o—y
o=
0 1 2 3 4 5 6 7 8 9 10

Pressure / bar

Figure S11. Simulated co-adsorption isotherm for CO, (closed symbols) and N, (open
symbols) from their 20/80 molar ratio of binary gas mixture in presence of humidity, 0 %
(square), 8.5% (circle), 19.5% (up-triangle) and 39.5% (down-triangle) as a function of the
bulk pressure at 303 K.
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Figure S12. Simulated selectivities for CO,/N, from their 20/80 molar ratio gas mixture in
MIL-96(Al) as a function of the bulk pressure at 303 K and in presence of humidity (RH=0%
(square), 8.5 % (circle), 19.5 % (up-triangle) and 39.5 % (down-triangle)).

(a)

gln

[CH

Figure S13: Radial Distribution Functions (RDF) between CO,, Cco; (a) and Oco; (b), and N; (c)

and all atoms of the MOF extracted from the GCMC simulations for co-adsorption of CO,/N;
=20/80 in MIL-96(Al) at 303 K and 1.0 bar.
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(a)

(b)20

()25

20

Figure $14: Radial Distribution Functions (RDF) between CO;, Cco; (a) and Ocpz (b), N3 (c) and
H>0, Ou0 (d) and Hyzo () and all atoms of the MOF framework extracted from the GCMC

simulations for co-adsorption of CO,/N, = 20/80 in presence of humidity, RH=8.5%, in MIL-
96(Al) at 303 K and 1.0 bar.
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3. Complementary sample characterization

3.1 Textural parameters obtained from nitrogen physisorption at 77K

The accessible porosity of the MIL-96(Al) was probed by nitrogen gas adsorption at 77K using

a Belsorb max apparatus. Prior to nitrogen adsorption, the MIL-96(Al) was outgassed at

150°C under secondary vacuum for 15h. From nitrogen adsorption isotherm at 77K, textural

parameters were calculated such as apparent surface area,

microporous volume.

external surface and

Figure S15 — Nitrogen adsorption isotherm at 77K obtained on MIL-96(Al)

Table S3. Textural parameters obtained from N, adsorption at 77K on the MIL-96(Al) and

showing its microporous character.

S et ‘apparent’

MIL-96(Al) (m?/g)

S exr (M?/g)

V' microporous (Cms/g)

448

1.2

0.16
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3.2 Water isotherm on MIL-96(Al) at 298K

0,02
0,018
0,016

¢ Ads < Des

P/P°

Figure S16. Water adsorption (fully lozenge) and desorption (empty lozenge) isotherms
obtained at 298K on the MIL-96(Al)
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4, Complementary results concerning static adsorption experiments at 303K

4.1, CO; adsorption isotherms and corresponding enthalpies of adsorption

3 55.0
" Cyclel o Cycled
Cycle 5 Cycle 6
. “e— | L Cycle 7
L g ) L
L = 2 9 450 i
o ™ : [ |
£ ‘: " =2 JUIL L | B
- :
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Figure S17 — CO; adsorption isotherms (left) and adsorption enthalpy profiles (right)
obtained from cycling on the pre-humidified MIL-96(Al)

Table S4. Henry’s law constant calculated at low surface coverage for CO, adsorption cycles:
1, 4, 6 from the MIL-96(Al) pre-humidified state and compared to these obtained on the MIL-
96(Al) outgassed.

Cycle 1 4 6 Outgassed state

Ky—CO, [/

1 1 5.05 6.34 10.26 17
mmol.bar~.g
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5. Dynamic measurements to measure CO, uptakes in the presence of controlled relative

humidity

5.1 Experimental set-up

Sampling loop

@

Career Gas Detector

|

Calorimeter

Signal acquisition for humidity

Signal acquisition for calorimeter and MFC

Figure 518. Schematic diagram of the flow adsorption microcalorimetry setup used to study
the impact of water vapour during CO; adsorption on porous solids

Figure S18 shows a schematic diagram of the system used in our experiment: a Tian-Calvet
type microcalorimeter and a gas chromatograph (GC6890N, Agilent) were coupled to
simultaneously measure differential enthalpies of gas adsorption and CO, breakthrough
curves. This rig was designed to operate in a dynamic mode at ambient temperature and at
atmospheric pressure over a wide range of humidity. The system allowed 2 types of binary
adsorption experiments (N,/CO,) either under dry conditions or under H,Q vapour. A central
manual valve allowed a switching of the system from the dry mode to the wet mode. The
sample was pre-treated directly inside the sample cell under nitrogen flow at the selected
temperature. After activation, the sample was kept under continuous N; flow until thermal
equilibrium was achieved. Then, gases (N,, CO,) and/or water vapour were flowed into the
system, the proportion of each gas in the mixture being controlled by using mass flow
controllers (MFC). In order to obtain a homogeneous mixture of gas, the flow rate of carrier
gas (N;) was 10 times larger than that of the adsorbate (CO;). The total flow rate was
maintained at a constant rate of 30 mLn/min. This part of the system is housed inside a
thermostated chamber to keep the temperature constant. If an interaction between the gas
mixture and the sample occurs, an energetic response is observed and recorded by the
thermopiles of the microcalorimeter. The outlet gas mixture concentration from the cell is
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then analyzed by the thermal conductivity detector (TCD) of the GC. In order to improve the
accuracy of the measurement, a sampling loop has been added to the system in the course

of this work. Indeed, when the adsorption process is fast, the time for the GC to analyze the
outlet composition of the flue gas is too long which limits the number of points recorded to
plot the breakthrough curve and therefore the accuracy of the measurement is lowered. The
sampling loop collects and stores a sample of the flue gas (until 16 samples) at any
programmed time and these collected samples are analyzed later by the GC. Thus, even if
the adsorption process is fast, a large number of points can be used to plot the breakthrough

curve.

5.2 Experimental protocols for the dynamic measurements

Qutgassing at h

\

e N
Hzovapnul

selected | CO;adsorption CO, desorption

temperature und(:lroevry N, und?{ﬁ?ﬂw N; ‘:> adsorption

under dry N, ) y, \ )
CO,/H,0

adsorption

A under N, at

selected RH
s N

CO, desorption CO, adsorption ng::thign

under dry N, under dry N, P
flow flow
.

under dry N,
flow /

Outgassing at / h CO,/H,0 \
selected H0,zpour adsorption
temperature adsorption under N, at
under dry N, ) selected RH

-

B

CO,/H,0
desorption
under dry N,
flow

/

Figure S19 - Schematic representation of the different protocols used to evaluate adsorbents

for post-combustion CO, capture in wet conditions (A) and for cycling experiments in wet
conditions (B). Red frames correspond to the step performed in the dry mode of the system
while blue frames correspond to the step performed in the wet mode of the system.
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5.3 Complementary results from the dynamic CO, adsorption experiments

0.8 -

0.6 -

0.4 -

Calorimetric signal / vV

0.2

68100 68500 68900

Time /s

Figure $20. Unusual peak observed in the calorimetry signal which can be explained by the
initial rapid (exothermic) adsorption of CO, followed by some H,0 desorption (endothermic)
giving the trough in the overall signal.
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Figure S21 — CO, amount adsorbed (lozenge) and adsorption enthalpies (square) as function
of relative humidity rate obtained from dynamic mode: 10 %, 20%, and 40% (black). After
CO, adsorption under moisture conditions the MIL-96(Al) was dried in order to perform a
new CO; adsorption cycle and uptake and enthalpy obtained are represented by purple
points. The green points correspond to CO; uptake and enthalpy got from static mode after
seven adsorption cycles on the pre-humidified MIL-96(Al).
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Figure S22 - CO, uptake on the MIL-96(Al) under dry conditions (RH = 3%), under RH = 10, 20
and 40% and after exposure to water vapour and b) the corresponding enthalpies of

adsorption.
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6. Further comparisons between samples
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- e
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Figure S23. Correlation between maximum water uptake with respect to pore volume
(calculated from N; physisorption at 77K) for several MOFs

Table S5. Henry’s law constant calculated at low surface coverage for some MOFs having
small pore size distribution.

Sample MIL-69(Al) | MIL-9L(Ti) | MIL-G6(Al) | NHp-MIL-53(Al) | MIL-53(Al)

Pore size

. o 3.1 3.9 4 6 8.5
distribution (A)

Ky-H,0 (mol.g”

ST 0.5 206 163 4.4 0.1
bar™)
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Table S6. Comparison of the selectivities for CO, / N, and CO, / CH, (2) Obtained from the
open literature

%CO, in Calculation

Name Mixture miture Selectivity method Ref
eea-MOF-4 COy/N; 10 18 IAST [1]
rtl-MOF-2 COy/N; 10 38 IAST [1]
SIFSIX-2Cu-i COy/N, 10 72 Measurement [2]
Eu fcu-MOF COy/N; 10 82 IAST [3]
SIFSIX-3-Cu CO,/N; 10 15000 IAST [4]
Zna(pydc)s(DMF),-3DMF  CO»/N; 15 42 IAST [5]
Ui0-66 (Zr) BTEC CO3/N; 15 56 Measurement [6]
Ni/DOBDC CO,/N; 15 38 Measurement [7]
USTA-16 CO5/N; 15 315 Measurement [8]
MIL-91(Ti) CO,/N; 15 150 IAST [9]

Table S7. Initial enthalpies of adsorption for CO, as a function of CO2 uptake at low pressure,

used to construct Figure 10.

Experimental conditions

Sample CO, uptake Enthal Reference
P Temp/CO; partial pressure 24P Py

MOF-74-Mg 296/ 0.1 5.36 47 [10]
MOF-74-Ni 296/ 0.1 2.74 41 [10]
MOF-74-Co 296/ 0.1 2.66 37 [10]
MOF-74-Zn 296/ 0.1 1.32 - [10]
SIFSIX-3-Zn 298/ 0.15 2.43 45 [11]
SIFSIX-2-Cu-i 298/ 0.15 2.3 31.9 [11]
SIFSIX-2-Cu 298/ 0.15 0.36 22 [11]
[Cu(bpy),SiF6)] 298/ 0.2 11 : [12]
. [13]

[Cu(bpy-1),SiF6))] 298/ 0.15 0.84 27
. [13]

[Cu(bpy-2),SiF6))] 298/ 0.15 0.52 21
Ui0-66 298/ 0.1 0.67 25.5 [14]
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Annex F

A. Working capacity, adsorption enthalpy and selectivity
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Figure F.1 - CO2 working capacities (cm3.cm3) calculated for high pressure conditions (1 and 15 bar) at 303K
for MOFs of M*CO: project (orange), MOFs previously studied within the laboratory (yellow) as well as NaX
and Takeda 5A (green)
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Figure F.2 - Difference of adsorption enthalpies between CO: and CHa extrapolated at zero coverage for various
MOFs: M*CO: project (orange), previously studied within the laboratory (yellow) as well as NaX and Takeda
5A (green)
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Figure F.3 - Predicted CO2/ CHa selectivities between 1 and 15 bar at 303K for various MOFs: M*CO: (orange),
previously studied within the laboratory (yellow) and NaX and Takeda 5A (green)

B. Textural parameters from nitrogen adsorption at 77K

For the ZIF-8, ZIF-94 and ZIF-93, textural parameters as specific surface area, pore volume and external
surface were obtained from nitrogen adsorption isotherm at 77K and are summarized in Table F.1.

2 51
ZIF’s name S ger (M2.g1) BI:;:;/rson;ge Cvalue Vp (cm3.g?) Sexa (gl]o'tg) At
ZIF-8 1439 0.006-0.01 2110 0.48 102
ZIF-94 462 0.007-0.05 544 0.17 25
ZIF-93 777 0.003-0.02 1892 0.28 71

Table F.1 — Textural parameters obtained from N2 adsorption at 77K for ZIF-8, ZIF-94 and ZIF-93

C. Nz and CH4 adsorption enthalpy profiles at 303K for the ZIF-8, ZIF-94, ZIF-93 and

ZIF-11

N, and CH, adsorption isotherms as well as adsorption enthalpy profiles were obtained at 303K using
a manometry system coupled with a Tian-Calvet microcalorimeter. The matching adsorption isotherms
and enthalpy profiles are represented in Figure F.3, F.4, F.5, and F.6 respectively for the ZIF-8, ZIF-94,
ZIF-93 and ZIF-11.
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Figure F.3 — CHs and Nz adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K

on ZIF-8
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Figure F.4 — CHas and Nz adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K

on ZIF-94
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Figure F.5 — CHa and N: adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K
on ZIF-93
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Figure F.6 — CHs and Nz adsorption isotherms (left) and matching adsorption enthalpy profiles (right) at 303K
on ZIF-11
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D. Various parameters (pore size, specific surface area, pore volume, CO; amounts

adsorbed at saturation, difference of adsorption enthalpies) for ZIFs materials
and others MOFs

Pore or S BeT Vp CO; max . Aadsh[COZ-
MOFs cage (m2.g | (cmi.g | excess uptake Aadsh[COz_-l CHa] (kJ.mol Ref
size (A) 1) 1) (mmol.g?) N2] (kl.mol) 1)
This
ZIF-8 11.6 1439 0.48 6.7 6.01 4.21 work,
(3]
This
ZIF-93 9.1 777 0.28 5.4 10.26 7.81 work,
(1]
This
ZIF-94 17.9 462 0.17 3.2 11.07 6.42 work,
(1]
This
ZIF-11 14.6 - - 4.4 7.53 3.32 work,
(3]
ZIF-7 4.3 312 0.08 2.2 - 16.5 (4]
ZIF-90 10.8 1269 0.43 5.0 - 11.25 [5]
ZIF-76 12 1340 0.57 10.0 154 13.6 [6]
CAU-
13(A) - 380 0.15 2.8 12.1 7.6 (7]
ML 2529 | 1000 | 11 18.0 - 43.0 [8]
100(Cr)
vio- 11 1105 | 0.55 6.5 11.7 10.5 [9]
66(Zr)
Mg'xOF' 11-12 | 1542 | 0.63 13.6 - 19.5 [10]
MIL-
91(Ti) 4.0 362 0.13 4.2 11.2 10.1 [11]
MIL- Our
56(A) 4.0 448 0.16 5.7 6.0 7.7 work
SalBDC 1 56040 | 42 | o0t 1.5 16.0 - [12]
NOy)s
NaX - 685 0.28 6.0 31 29.6 [13]
BPL - 1150 | 0.53 7.6 - 5.9 [14]
Ta';f\da . 1180 | 0.46 10.0 17.4 9.8 [13]

Table F.2 — Textural parameters as well as the difference of adsorption enthalpies CO2 and N2 or COz2 and CH4
from this work and/ or found in literature.

E. Water adsorption at 298K

The character hydrophilic/ hydrophobic of adsorbent surface can be probed by water adsorption in
vapor phase. Water vapor adsorption is performed in liquid water maintained at 298K using a Belsorb-
max device from BELJapan. In measuring cell, around 50-100 mg of the adsorbent is introduced and
outgassed at fixed temperature (ramp of 1°C/min) for 16 hours under secondary vacuum (10 mbar).
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The water adsorption measurement is limited at a relative pressure p/p° = 0.989 and equilibrium
criterion was fixed at a pressure change every 300 seconds when the pressure measured corresponds
to 0.5% of pressure expected.
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Figure F.7 — H20 adsorption isotherms performed at 298K on ZIF-93 (purple), ZIF-94 (green), ZIF-8 (blue) and

ZIF-11 (red)

From water adsorption isotherms at 298K, Henry’s constants were calculated and are summarized in
table 4.53. This highlights the stronger hydrophilic surface of the ZIF-93 and the ZIF-94 compared to
the ZIF-8 and the ZIF-11.

ZIF's ZIF-93 ZIF-94 ZIF-8 ZIF-11
KiH20 (mmol.g 169 420 14 9
.bar?)

Table F.3 — Henry’s constants of water for ZIF-93, ZIF-94, ZIF-8 and ZIF-11
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Relations entre structure et texture de matériaux poreux et |'évaluation de leurs propriétés de piégeage du CO>

Les Membranes a Matrices Mixtes (MMM'’s) sont des matériaux prometteurs pour la capture de CO: en
comparaison aux technologies actuelles telles que I’absorption par solvants aminés (monoéthanolamine).

Les ‘Metal-Organic Frameworks’ (MOFs) sont des matériaux poreux cristallins envisagés pour étre intégrés sous
forme de nanoparticules aux polymeres des MMM'’s. Ils résultent de la combinaison de nceuds métalliques et de
ligands organiques pour former des structures tridimensionnelle (3D) organisées. lls possédent divers avantages
: des aires spécifiques et des volumes poreux élevés, des tailles de pores contrdlables, et pour certains une
stabilité a I’eau. Les MOFs ont une chimie adaptable aux applications souhaitées contrairement aux adsorbants
classiques tels que les charbons actifs, les zéolithes.

D’une part, ce travail a eu pour objectif I’évaluation des performances de séparation du CO2 par des MOFs
microporeux en vue des séparations CO2/Nz et CO2/CHa. Les interactions ‘gaz-adsorbant’ sont favorisées au sein
des MOFs par : (1) une réduction de la taille de pores et du volume poreux pouvant engendrer des effets de
confinements, de tamis moléculaire ou (2) par la présence de groupements de surface. En conséquence, ces
paramétres peuvent contribuer a 'amélioration de la sélectivité du CO; et ont été étudiés pour divers systemes
de MOFs microporeux.

D’autre part, les parameétres texturaux (aire spécifique, volume poreux) et thermodynamiques (enthalpies
d’adsorption) ont été corrélés aux quantités maximales de COz adsorbées au travers d’une approche quantitative
de relation de structure-propriété pour établir des tendances linéaires.

Expérimentalement, les parametres texturaux ont été déterminés a partir des isothermes d’adsorption de
diazote a 77K. Les capacités et les enthalpies d’adsorption des gaz purs (CO2, N2, CHa) ont été mesurées a 303K
via un systeme de manométrie couplé a un microcalorimetre de type Tian-Calvet. Les sélectivités en co-
adsorption ont été prédites a partir des isothermes d’adsorption de gaz pur et de la Théorie des Solutions Idéales
Adsorbées (‘IAST’).

Mots-clés : Metal-Organic Frameworks, adsorption de gaz, microcalorimétrie, approche quantitative de relations
structure-propriété

Developing relationships between the structure and texture of porous materials and their CO capture properties

Mixed Matrix Membranes (MMM'’s) are promising materials for CO2 capture compared to current technologies
such as amine scrubbing. In the EU funded project MMM'’s were constricted from porous polymers with Metal-
Organic Frameworks (MOFs) incorporated within the polymer matrix.

Metal-Organic Frameworks are crystalline porous materials which were integrated as nanoparticles into the
polymer membrane in order to enhance their separation properties. MOFs are built from metal nodes and
organic ligands to yield well-defined tridimensional structures (3D). They may possess various advantages: high
specific surface area and pore volume, tunable pore size and some are stable in presence of water. The chemistry
of MOFs can be finely tuned to targeted applications to a greater degree than traditional adsorbents such as
activated carbons, zeolites.

This work has first aimed to assess CO: separation performances of microporous MOFs for CO2/N2 and CO2/CHa
gas separations. The ‘gas-adsorbent’ interactions are favored in MOFs by: (1) a decrease in pore size which can
induce confinement effects such as molecular sieve effects or (2) the presence of surface groups. Thus, these
factors can both contribute to the improvement in CO2 selectivity and have been studied for various microporous
MOFs.

In a second step, textural (specific surface area, pore volume) and thermodynamic (adsorption enthalpy)
parameters have been correlated to CO2 maximum excess uptakes through a quantitative structure-property
approach to establish some linear trends.

Experimentally, textural parameters were determined from N2 adsorption isotherm at 77K. While, adsorption
capacity and enthalpy of pure gases (CO2, N2, CH4) at 303K were obtained by a home-made manometry system
coupled with a Tian-Calvet microcalorimeter. The selectivities for co-adsorption are calculated from single gas
adsorption isotherms and the use of Ideal Adsorbed Solution Theory (‘IAST’).

Key words: Metal-Organic Frameworks, gas adsorption, microcalorimetry, quantitative structure-property
approach



