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General Introduction

Anthropogenic global warming has been increasing since the last century due to the uncontrolled release of various greenhouse gases (GHGs), carbon dioxide (CO2) being the dominant representative of this category of molecules capable of holding back heat from the Earth. The use of renewable sources of energy, as well as the reduction of the energy consumption per inhabitant, must be encouraged but, at mid-term, they cannot meet the energy needs of an increasing worldwide population essentially using fossil fuels (85 %). For that reason, but not only, the concept of CO2 capture and storage, or Carbon Capture and Storage (CCS), has gained a lot of interest during the last decade to limit carbon dioxide emissions and therefore its atmospheric concentration.

Carbon dioxide is generally a side product of human activities. In powerplants, combustion of coal (post-combustion) generates heat, that can be converted into electricity, along with CO2 which is diluted in a stream of N2 and O2, denoted flue gas. Other types of powerplants can generate electricity from the combustion of H2; for an effective combustion and to reduce emissions of GHGs, CO2 must be removed from H2/CO2 mixtures, also called syngas (pre-combustion). In the different processes, CO2 is always present in mixtures with other gases, such as N2, H2 or CH4, and has to be separated for its subsequent use or storage. Consequently, gas separation unit must be designed to separate either CO2 from N2 (postcombustion) or CO2 from H2 (pre-combustion). Several technologies have been developed to perform these tasks, one can think of amine scrubbing involving chemical absorption or adsorption processes using different classes of adsorbents such as activated carbons or zeolites to selectively adsorb CO2. These two examples of CO2 capture present some major drawbacks. Amine scrubbing, for instance, requires considerable energy and leads to serious corrosion issues due to the degradation of the amines which produce large amount of waste.

Adsorption-based CO2 capture can be limited by the operating pressure and temperature of the gas mixture to treat. In the case of post-combustion, flue gas is typically injected in the separation unit at 1 bar with a CO2 content around 15 %; these conditions are far from ideal for treating large volume of gas while maintaining a good efficiency. Similarly, in the case of pre-combustion, high temperature (> 150 °C) will limit the CO2 adsorption and consequently the separation factor.

Based on these observations, alternative techniques must be explored; membranebased separation is highly encouraged in the field of gas separation. Membrane systems rely on diffusion and kinetic (rather than adsorption) which allows a continuous separation able to deal with large volume of gas. Moreover, membrane-based separation unit are fairly compact and could be added to existing coal-fired powerplants. Polymer membranes have been widely studied thanks to their easy processability and mechanical properties; some are used for different applications in industrial processes. In the case of CO2/N2 and H2/CO2 separation, membranes are commercially interesting if their permeability and selectivity are high enough to recover at least 90 % of CO2 with a purity of 95 %. However, polymer membranes face a considerable limitation which is the tradeoff between permeability and selectivity (also called Robeson upper-bound): a more permeable membrane will ineluctably result in a reduced selectivity regarding the two gases. So, polymer membranes exhibit either high permeability or high selectivity but not both, which limits their industrial application. To enhance their performance, composite membranes (or mixed matrix membrane, MMM) which consist of filler particles dispersed into an organic polymer phase were proposed since they potentially combine the gas transport and separation properties of the incorporated particles with the good processability and mechanical properties of the polymers. [1][2][3][4] This led to significant improvements of the separation performance over pure polymer systems in diverse applications including carbon dioxide capture, hydrogen purification, natural gas treatment or biogas separation. [5][6][7] However, one shall still need to overcome several limitations such as the lack of adequate interfacial compatibility between the fillers and the polymer matrix thus leaving nonselective pathways. [8][9][10] This issue becomes even more critical at higher filler loadings that are usually required to optimize the separation performance. Indeed, for numerous MMMs, the filler often cannot be incorporated in sufficient quantity to establish a percolative network and the transport properties of MMMs are dictated by the polymers.

Metal Organic Frameworks (MOFs) are porous crystalline hybrid materials built up from a wide range of inorganic subunits (transition metals, 3p metals, lanthanides…) and organic polytopic linkers (carboxylates, imidazolates, phosphonates…). Most of them exhibit a very large and monodisperse porosity with tunable pore sizes and volumes (0.2-4 cm 3 .g -1 ; SBET100-6000 m²/g; pore diameter 3-60 Å) often exceeding those of traditional crystalline porous solids while one can easily introduce chemical functionalities (acid Lewis, Bronsted or redox sites, polar or apolar groups…) through direct synthesis or post-synthetic treatments. 11,12 Due to these outstanding features, MOFs have attracted great attention for a wide range of applications in societal and economical key fields such as gas storage or separation, 13 biomedicine, 14 catalysis, 15 sensors, 16 among others. For CO2 capture, several MOFs have been synthesized with either very narrow pores (size selectivity) and/or functionalized organic linkers (amine, carboxylic acid or other polar groups more prone to interact with CO2). Recently, MMMs based on MOFs has emerged in the literature with interesting properties for CO2 capture. This is the topic of the present manuscript.

THESIS PROJECT

This thesis was performed in the frame of a FP7 Energy European project called M 4 CO2 which stands for MOF based Mixed-Matrix Membranes for CO2 capture. The European Commission has funded this project to explore new type of MMMs for the application of CO2 capture (preand post-combustion). The objectives of the project were to process MMMs by using a library of MOFs nanoparticles as inorganic fillers, and polymers and study their separation properties.

This project gathered more than 20 partners (Figure 1) including academic research institute such as Institut Lavoisier de Versailles but also large industrial group like Total S.A. or SMEs (e.g. Polymem, Hygear). We will see along this thesis that all the work done is part of WP2 and WP4 with a strong interaction with WP3 for the characterization of our samples (mainly FTIR and gas adsorption).

My thesis aimed to synthesize ultra-microporous water stable MOFs based on trivalent cations (Al 3+ and Fe 3+ ). One key step for the processing of MMMs concerns the synthesis of fillers as nanoparticles in order to enhance the compatibility with the polymers. Therefore, a part of my experimental work was also focused on the decrease of the particle size of MOFs. A second part of my work was devoted to the study of the physico-chemical characterization of colloidal solution of pure MOFs and MOFs-polymer mixtures. Such study has provided information about the physico-chemical matching between MOFs and polymers and the microstructure of the final membranes. This manuscript is divided in four chapters.

The first chapter will introduce the state of the art regarding gas separation and porous materials such as MOFs. Comparative analysis of adsorption-based and diffusion-based gas separation will be given as well as a literature review for CO2/N2 and H2/CO2 separation based on adsorbents and also on MMMs.

Chapter 2 will describe the synthesis of several iron-based polycarboxylate MOFs with free -COOH groups for CO2 capture. Large scale low temperature synthesis of new porous materials as nanoparticles will be discussed as well as their preliminary gas adsorption properties. Chapter 3 will focus on the microporous aluminum trimesate MIL-96(Al). This MOF presents interesting properties for post-combustion application with an exceptional hydrothermal stability combined with narrow pores able to selectively adsorb CO2 over N2. First, the structural model of MIL-96(Al) initially reported was revisited using a combination of synchrotron-based single crystal X-ray diffraction (XRD), solid state Nuclear Magnetic Resonance (NMR) spectroscopy and Density Functional Theory (DFT) calculations. Next, various synthesis routes have been explored to obtain different crystal morphologies but also nanoparticles below 100 nm in diameter. Finally, in collaboration with partners of M 4 CO2, MIL-96(Al) nanoparticles were combined with polymers in order to prepare composite membranes with promising properties for CO2/N2 separation. Chapter 4 will then be closely related to WP4 with two distinct studies on MMMs. The first one will deal with the ZIF-8/PIMs model system where strong efforts were devoted to the study of the compatibility between the MOF (ZIF-8) and the polymer (PIM). Thorough characterizations were achieved on both ZIF-8/PIMs colloidal solutions (DLS, SAXS, TEM) and membranes (SEM, EDS). The second part of chapter 4 will focus on the surface modification of ZIF-8 nanoparticles to improve MOF/polymer interactions, with the objective to improve the compatibility between the two components and prepare defect-free MMMs.

Finally, some conclusions and perspectives of this work will be presented.

CHAPTER 1

Introduction to gas separation and CO 2 capture based on Metal-Organic Frameworks: a literature review 
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Introduction

The topic of this thesis is about the synthesis of MOFs as nanoparticles for their incorporation in Mixed-Matrix Membranes for membrane-based gas separation and CO2 capture. As this first sentence contains numerous important key points and principles, this first chapter will clarify each term and explain how CO2 can be captured using membranebased gas separation. A part will be devoted to a recent class of porous materials, Metal-Organic Frameworks (MOFs) and will explain the strong interest gained to this family of materials for CO2 capture. Other techniques (e.g. absorption of CO2 by amine or adsorptionbased CO2 capture) and materials (e.g. zeolite, silicas or polymers) will be depicted for comparison purposes and how this fascinating field has evolved since the last decades.

1. Carbon Dioxide: CO 2

a) An environmental challenge: global warming and climate change

Carbon dioxide, or CO2, is known as the first gas to be discovered. This simple linear molecule is also one of the most famous greenhouse gases and is at the center of an environmental challenge for the next decades regarding global warming and climate change.

General information on global warming and climate change can be found in Appendix 2.

b) CO2 Capture & Sequestration (CCS)

The urgent need for strategies to reduce global atmospheric concentrations of greenhouse gases has prompted international action from governments and industries.

Numerous collaborative programs have been started including the European Strategic Energy

Technology Plan (SETPlan), 1 the European Technology Platform for Zero Emission Fossil Fuel Power Plants (ZEP), the Intergovernmental Panel on Climate Change (IPCC), and the Global Climate Change Initiative. In addition to the continuous search for non-CO2 emitting sources of energy like wind, solar or hydro and geothermal, the capture and sequestration of carbon dioxide, the predominant greenhouse gas, is a central strategy in these initiatives, as it offers the opportunity to meet increasing demands for fossil fuel energy in the short-to mediumterm, whilst reducing the associated greenhouse gas emissions. 2 A CCS Technology Roadmap was established by the EU, through the SET-Plan. The EU has agreed to enable the cost competitive deployment of CCS after 2020 and to further develop technologies in all carbon intensive industrial sectors. CCS is the product of three distinct steps; first, the capture of CO2 from the location of its production with a good purity. Then, pure CO2 is compressed and transport to a chosen location where it will be permanently stored. Those steps are represented in Figure 1-1. 

i. CO2 Capture processes

The capture of CO2 can be achieved by different manners depending on the power plant and the process of energy production. Three methods can be separated by their ability to be adapted to existing power plants and with sufficient CO2 recovery: pre-combustion, postcombustion and oxy-fuel.

Pre-combustion based power plants produce electricity by burning H2 which comes from the decomposition of carbon and hydrogen in carbon sources (see Figure 12). Production of hydrogen varies on the source of carbon; for coal or biomass, the first step is accomplished by the reaction of the carbon source with pure oxygen (with C/O ratio close to 3) and steam at high temperature (> 700 °C). This mechanism is called partial oxidation, or gasification, and produces a mixture of gases containing mostly carbon monoxide and molecular hydrogen, called synthetic gas or Syngas, through equation ( 1).

(1) 3𝐶 + 𝑂 2 + 𝐻 2 𝑂 ∆ → 𝐻 2 + 3𝐶𝑂

In the case of natural gas, hydrogen is obtained by the reforming step where fossil fuel is heated with steam through equation ( 2).

(2) 𝐶 𝑛 𝐻 2𝑛+2 + 𝐻 2 𝑂 ∆ → 𝑛𝐶𝑂 + (2𝑛 + 1)𝐻 2

In both cases, carbon monoxide is removed by the water-gas shift reaction (equation 3) by introducing the syngas in a shift reactor with steam.

(3) 𝐶𝑂 + 𝐻 2 𝑂 → 𝐶𝑂 2 + 𝐻 2

Figure 1-2: Scheme representing the pre-combustion CO2 capture process. Adapted from 4 .

A CO2 and H2 mixture is thus obtained at high temperature (>150°C) and pressure. Through different techniques that will be addressed later on, both gases are separated; hydrogen is mostly burnt to power turbines to produce electricity. This approach is known as integrated gasification combined cycle (IGCC) or natural gas combined cycle (NGCC) power generation.

The use of fossil fuel, with large emissions of carbon dioxide to produce H2, can be an obstacle for its use in fuel cells (e.g. residential use or fuel cell vehicles) which represent a highly desirable sustainable and carbon-free energy. Competitive H2 manufacture alternatives are long in coming and pre-combustion CO2 capture could be an interesting mid-term solution to produce pure H2 with limited CO2 emissions. Biomass CO2 Capture and Sequestration would go even further by producing H2 while reducing atmospheric CO2 concentrations. CO2 capture can be achieved after the combustion of coal, natural gas or biomass: hence called Post-combustion CO2 capture (see Figure 123). In this process, the carbon source is introduced in a boiler where it is burnt in excess of oxygen (air) to produce steam that will power turbines which generate electricity. Mixture of gases, the flue gas, resulting from the combustion is mainly composed of molecular nitrogen, carbon dioxide and water vapor at low temperatures close to 70 °C and atmospheric pressure (1 bar). Additional products formed during coal combustion from impurities in coal include Sulfur dioxide, nitrogen oxides and particulate matter (fly ash). These regulated air pollutants, as well as other trace species such as mercury, must be removed to meet applicable emission standards. In some cases, additional removal of pollutants (especially SO2) is required to provide a sufficiently clean gas stream for subsequent CO2 capture. The absence of impurities in natural gas results in a clean flue gas stream, so that no additional clean-up is needed for effective CO2 capture. 5 The content of CO2 (volume basis) depends greatly on the process and the combustible used and can be as low as 4 % in a gas turbine plant, around 15 % for coal power plants, and more concentrated (20 -33 %) for cement and steel production plants. Consequently, the main challenge in post-combustion capture is the huge amount of flue gas to process with nitrogen being the dominant gas.

Oxyfuel, or oxy-combustion, is an alternative version of post-combustion CO2 capture. Here, an air separation unit (ASU), separating O2 from N2, injects pure oxygen to the boiler for the combustion. After some treatments to remove particulate matter and other pollutants (e.g. SO2, NOx), flue gas consists mainly of high content of carbon dioxide (75-80 %) 1 and water vapor. The latter is easily removed by condensation and nearly pure CO2 can be directly stored after compression. The main advantage of this technique is the lack of a costly CO2/N2 separation unit but producing large amounts of extra pure oxygen (95-99 %) is extremely expensive. For comparison, ASU for oxyfuel capture has to produce three times more oxygen than in the case of pre-combustion process. This will impact seriously the cost of the CO2 capture and it is not easy to implement this technique in existing power plants.

Table 1-1 summarizes the different properties of pre-and post-combustion regarding the temperature, the pressure, the gas composition and the presence of water. 

ii. Storage

The world consumption of fossil resources exceeds 21 GtCO2 per year; this number must be compared with the nearly 11,000 GtCO2 of resources available on Earth, as estimated in 2012. 8 We explained before that the objective to limit global warming to 'well below 2 °C' requires that cumulative emissions from 2011 to 2050 must not exceed 1,240 GtCO2. In order to face the energy needs, driven by the exponential growth of the world population, carbon dioxide produced by power plants must be stored, sequestered, before renewable resources can provide the world with clean and sustainable energy.

Concerning the storage of CO2, two different approaches have been considered. The first one is the ocean sequestration, the second is called geological sequestration.

• Ocean sequestration:

This method consists in the direct injection of CO2 in oceans at different depths; dissolution of CO2 occurs at intermediate depths (1,000-3,000 m) where most of the CO2 (80 %) may be trapped for several hundreds of years. 9 When it is known that there is an exchange between oceanic and atmospheric CO2, one can find this approach far from ideal since it may just postpone the problem for future generations.

• Geological sequestration:

The purpose of this technique is to store CO2 underground in specific geological spots where carbon dioxide can be isolated from the atmosphere. These spots contain porous rocks that can adsorb CO2 with a top layer of cap rocks that will prevent carbon dioxide to leak to the surface. One can therefore use depleted oil and gas reservoirs to store CO2 when those are declared as such. Additionally, under supercritical conditions, CO2 acts as a solvent that can enhance oil recovery (EOR), hence a more cost-effective solution for CO2 sequestration.

iii. Utilization

Sequestration of CO2 is coherent with the tremendous amount of CO2 that is released each year in the atmosphere. Nevertheless, the utilization of the captured CO2 must be studied. Nowadays, CO2 is already industrially used for its conversion into chemicals such as urea (70 Mt CO2 per year), inorganic carbonate and pigments (30 Mt CO2 per year) or in the production of methanol (around 6 Mt CO2 per year). Moreover, 18 Mt of CO2 are used each year as technological fluid. Aresta et Dibenedetto 10 published an exhaustive list of chemicals that could be obtained by the conversion of CO2. Recently, Robert and co-workers 11 developed an iron molecular catalyst able to convert CO2 into CH4 at ambient conditions, in water. Major impediments are still to be addressed in the next decades but the use of CO2 as a precursor for numerous chemicals is very promising.

iv. Objectives

The targets defined by the European Commission for CO2 Capture and Sequestration applications, through the SET plan, are quite challenging. The CO2 recovery rate is fixed at 90% which means that 90 % of the carbon dioxide produced during pre-or post-combustion power generation must be captured and stored. Moreover, the purity of the CO2 stream must be at least 95 % for further transport and storage. To encourage companies to develop and equip their powerplants with costly CCS, the EU has set a tax for the emission of CO2 called the European Union Emission Trading Scheme (EU ETS). The price of the ton of emitted CO2 is not fixed; companies have 'allowances' for emitting a certain amount of CO2 which can be bought from auctions or allocated for free (the latter being reduced each year). The trade of these allowances fixes the price of the ton of emitted CO2. The average price was €22/tCO2 in the second half of 2008, and started to decline due to economic crisis: €13/tCO2 in the first half of 2009 down to €5/tCO2 in 2014. For encouraging industries to implement CSS technologies, SET Plan fixed the target for the cost of CO2 recovery at maximum €20/tCO2. 1

CO 2 capture techniques

The gas separation units in power plants with CCS can use different techniques to capture CO2 from the other gases. The different techniques that will be described here represent the most commonly used and promising methods to capture CO2; this will not be an exhaustive analysis of CCS processes. We will first report these technologies prior to focus on advantages and drawbacks of each method. The most used amine solvent is monoethanolamine (MEA), 12 represented in Figure 1234.

a) Absorption

Carbon dioxide in the flue gas reacts selectively with the primary amine of MEA, through equation 4, to form a carbamate. This mechanism happens in a reactor called the absorber.

(4) 𝑅 -𝑁𝐻 2 ↔ 𝑅𝑁𝐻𝐶𝑂𝑂 -+ 𝐻 +

During post-combustion, N2 or O2 contained in the flue gas are not absorbed by the amines and are released in the atmosphere in the exhaust gas (see overall diagram in Figure 12345). The rich-CO2 solution is then transferred in a regenerator where the amines are regenerated by stripping with H2O vapor at high temperature (100-120 °C). Subsequent condensing of water leaves a stream of nearly pure CO2 that can be compressed and stored accordingly. Heat, for amine regeneration, is provided by a reboiler which causes the major penalty of the process. Moreover, this heat treatment of the solvent contributes to the partial degradation of the amines impacting the efficiency of the CO2 capture. Large excess of O2 or SO2 can also affect the chemical stability of the amines by forming heat stable salts which lead to their early replacement impacting both the cost and the eco-toxicity footprint of the CO2 capture. 14 Finally, amines used for chemical absorption of CO2 can be highly corrosive 15,16 for the steel reactors which must be designed with thick walls making them more expensive. While aminebased chemical absorption is the most widely used process for CO2 capture, 5,14,16,17 the scientific community pushes toward more eco-friendly process with good performances for new reliable, cost-effective and non-polluting CCS technologies.

b) Adsorption process i. Adsorption principles

Adsorption is a phenomenon that involves a molecule (adsorbate), in the gas or liquid state, close to a solid surface (adsorbent). On the contrary, absorption phenomenon previously described implies the penetration of the fluid in the solid mass. In the case of some materials, like porous adsorbents, it can be difficult to distinguish those two phenomena and the word sorption can therefore be used.

Further details on adsorption principles are available in Appendix 3.

ii. Working Capacity and Selectivity

The main adsorption-based gas separation techniques rely on a switch of a certain physical property of the system such as the pressure or the temperature. As explained before, adsorption depends greatly on the external conditions; higher pressure in CO2 or low temperature will increase the CO2 uptake. For a PSA (Pressure Swing Adsorption) separation process (see Figure 123456), the feed gas (i.e. CO2/N2 or H2/CO2) is introduced in a reactor where the adsorbent will adsorb selectively CO2 at high pressure and almost pure N2 (or H2) is recovered on the other side of the reactor. Once the adsorbent is saturated with mostly CO2, pressure is decreased to release the adsorbed CO2 producing a nearly pure gas stream. If the desorption pressure is lower than atmospheric pressure, we speak about VSA (Vacuum Swing Adsorption). During a TSA (Temperature Swing Adsorption) process, adsorption occurs at low temperature and the pure CO2 is recovered by increasing the temperature. We can therefore define the working capacity as the difference between the CO2 uptake at Tadsorption (or Padsorption) and Tdesorption (or Pdesorption), with Tdes (Pads) > Tads (Pdes). The pressure or temperature boundaries will thus have a great impact on gas separation performances.

In this type of process, the working capacity plays a central role in the design of the gas separation unit and especially its cost. Indeed, a material with a high working capacity will separate a large amount of feed gas at once reducing the amount of adsorbent and the time of the process. Besides the working capacity, stability, cost and regeneration, another key parameter is the selectivity between two gases to separate. In order to remove all the CO2 from the flue gas in post-combustion (low CO2 content), adsorbing materials must have a high selectivity for CO2 over N2. In other terms, adsorbents have to adsorb much more carbon dioxide over nitrogen at a given pressure (or temperature). It is similar to pre-combustion CO2 capture where the adsorbent must be selective to CO2 rather than for H2.

iii. IAST predictions

Gas separation performances of a sorbent can be evaluated by adsorption measurements on a pair of gases (e.g. CO2/N2). We can distinguish two kinds of evaluations: single-gas adsorptions and co-adsorption. While the first one measures two distinct single gas isotherms (at the same conditions), the second one uses a determined mixture of gases to measure two isotherms at once. Co-adsorption is obviously the best method to evaluate adsorption-based gas separation since the sorbent is in presence of both gases which can compete for adsorption, especially in the case of post-combustion CO2 capture where N2 is the dominant gas (85 vol %) and can compete with CO2 adsorption. Nevertheless, coadsorption measurements require specific apparatus and, generally, large amounts of adsorbents (> 10 g), ideally as shaped particles. Several models were established to predict co-adsorption behaviors based on pure gas isotherms; among them, IAST (Ideal Adsorbed Solution Theory) is one of the most used models and appears to predict reliable co-adsorption isotherms and selectivity. 18

c) Membrane-based separation i. Diffusion principles

Adsorption-based CO2 capture can be limited by the operating pressure and temperature. For example, flue gas produced by combustion of fuel is a low-pressure stream

(1 to 3 bars) with low CO2 content (generally 15 vol %); these conditions are far from optimal for PSA or TSA processes. Similarly, the separation unit in pre-combustion CO2 capture operates at high temperature (> 150 °C) which limits the amount of CO2 adsorbed; CO2 content can be high though (up to 50 vol %). In this context, membrane-based separation techniques can overcome those limitations by their ability to work under a continuous regime with no need of regeneration steps. As it will be seen later, polymeric membranes are prone to the large scale commercial applications due to their easy processing ability and good mechanical properties. Key parameters are the permeability of the membrane for the gases and also the selectivity. Diffusion of gases through the membrane governs these two parameters and plays a huge role in gas separation performances.

Permeability, also named permeability coefficient Pi, of a gas i is defined (equation 5) by its diffusive flux normalized by the partial pressure difference across the membrane (ΔPi) per unit of thickness of the membrane (l). Additionally, the Flux represents the Flow of gas i per unit of membrane area (A) (equation 6). Permeability is generally reported in Barrers with:

1 Barrer = 1 x 10 -10 cm 3 (STP).cm.cm -2 .s -1 .cmHg -1 = 3.344 x 10 -16 mol.m.m -2 .Pa -1 .s -1 .

(5)

𝑃 𝑖 = 𝐹𝑙𝑢𝑥 𝑖 ×𝑙 ∆ 𝑃 𝑖 (6) 
𝐹𝑙𝑢𝑥 𝑖 = 𝐹𝑙𝑜𝑤 𝑖

𝐴

This definition of permeability implies that the thickness of the active layer (i.e. part of the membrane that acts on gas separation) is known. Such a measurement can be difficult for ultra-thin membranes, hollow fibers or asymmetric membranes. Permeance was therefore introduced as the pressure normalized flux and is related to the permeability by equation 7.

Permeance is typically reported in Gas Permeance Units (GPU) with:

1 GPU = 10 -6 cm 3 (STP) .cm -2 .cmHg -1 = 0.344 x 10 -10 mol.m -2 .s -1 .Pa -1 (7)

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = 𝑃 𝑖

𝑙

Experimentally, a determined mixture of gases passes through the membrane with a difference of pressure across the membrane which acts as the driving force; each gas is detected by Gas Chromatography (GC) to determine the amount (mole) that crossed the membrane. Single component permeability tests can be undertaken but are less relevant for gas separation purposes. Knowing both gases permeabilities, one can evaluate the selectivity of the membrane for the gas pair. The ideal selectivity, (α(i/j)), is the ratio between permeabilities (or permeances) (equation 8). By convention, the first gas represents the most permeable gas; for post-combustion separation, selectivity between CO2 and N2 will be reported as α(CO2/N2).

𝛼(𝑖 𝑗

⁄ ) = 𝑃 𝑖 𝑃 𝑗

ii. Diffusion mechanisms

Molecules can diffuse inside a porous material through different mechanisms depending on their size but also on the dimensions of the pores. If the mean free path (length between two collisions) of the gas molecule is larger than the dimensions of the pores then collisions between gas molecules and the pore's walls become more dominant than collisions between gas molecules. In this case, one deals with Knudsen diffusion where light molecules diffuse faster than heavier ones; Knudsen diffusivity of a gas is inversely proportional to the square root of its molecular weight. 19,20 Therefore, the separation factor as described by Knudsen for any gas pair is determined by the inverse ratio of the square root of their molecular weight (Equation 9). ( 9)

𝑆 𝐾𝑛𝑢𝑑𝑠𝑒𝑛 (𝑖 𝑗) ⁄ = √ 𝑀 𝑗 𝑀 𝑖
As shown in Table 1-2, N2 is lighter than CO2 resulting a Knudsen separation factor less than unity. In the case of pre-combustion, H2 diffuses faster than CO2 based on its molecular weight of 2 g/mol which results in a H2/CO2 Knudsen selectivity around 4.7. When the pore size is well controlled and below the kinetic diameter of one of the components, molecular sieving can be observed (Figure 1234567). Selectivity beyond Knudsen prediction must be expected for such type of diffusion. Black spheres represent two gas molecules which have different kinetic diameters. Adapted from 20 .

Besides the two mechanisms described above, surface diffusion is more related to the adsorption within the porous matrix. When pore size approaches molecular size of the gas molecules, which is the case for many microporous materials, the interaction between the surface of the pores and the gas molecules has to be taken into account. Membrane based gas separation is rather complex and is seldom the result of solely one diffusion mechanism;

Knudsen and surface diffusion will influence the performance of the system depending on the materials that are chosen but also on the external conditions of the process (e.g. temperature or pressure).

iii. Robeson plots

As we explained, performances of membranes are evaluated on their ability to treat a large amount of gas (high permeability) and their aptitude to strongly discriminate one gas over another (high selectivity). Performance of a membrane can be represented on a log-log plot displaying selectivity for a pair of gas as a function of the permeability of the most permeable gas. By looking at a large database of polymeric membrane performances, one can see that the selectivity varies inversely with the permeability of the fastest gas. In other words, increasing the permeability negatively affects the selectivity; there is a tradeoff to make. In 1991, Robeson found an empirical relationship between these two parameters and set a linear upper bound that would not be overstepped. 22 Apparently the correlation between α and P was found to be related to the difference of the two gases molecular diameters thus suggesting that molecular diffusion governs both the permeability and the selectivity for polymeric membranes. Robeson plots and their upper bounds exist for a multitude of gas pair, Figure 1-8 shows those concerning pre-combustion (H2/CO2) and post-combustion (CO2/N2).

Based on larger datasets, Robeson revisited the parameters of the correlation to take into account the more recent experimental data: no correction was required for the CO2/N2 gas pair. 21

iv. Industrial processes

Membranes for separation applications have been used for several decades since Loeb and Sourirajan invented asymmetric cellulose acetate reverse osmosis. 23 Different technologies of membrane modules exist in the industry, whether it is for reverse osmosis, ultrafiltration or gas separation. The most advanced technology for gas separation is based on hollow fibers (HF). Hollow fiber membranes, which have been patented by Mahon more than fifty years ago, 25 are small metallic or polymeric tubes with an internal narrow hole (lumen) which provides high flexibility and mechanical resistance. The whole fiber can be made out of an active polymer able to separate gases while a thin active layer is commonly used on the outer surface of the fiber on top of the support. The feed, gas containing the gas mixtures to separate (e.g. H2/CO2), is injected in the lumen where the permeable gas will go through the active layer toward the outside of the fiber where it is collected (permeate). The gas which cannot pass the active layer concentrates in the lumen (retentate). Figure 1-10

shows a SEM image of the cross-section of a polysulfone hollow fiber membrane. 26 In industry, thousands of fibers are gathered in a module with the feed side, the permeate side and the retentate side, as shown in Figure 1-11. HF modules offer several benefits for gas separation applications such as the very high packing density (over 10 000 m²/m 3 ) [27][28][29] which is up to ten times higher than conventional flat membranes. Moreover, HF membranes can withstand very high transmembrane pressure differences (up to 70 bar) and they are generally quite cheaper to produce compared to another type of advanced membranes which are the spinal-wound membranes. 30 Finally, deposition of a very thin active layer (< 500 nm) would drastically diminish the cost of the process since fewer amount of separation materials will be used and replaced over the years. The active layer can be composed of pure polymer, pure inorganic nanoparticles such as zeolites, hybrid materials or composite materials. 31 Figure 1-11: (Left) Scheme representing the gas separation process using a module containing thousands of hollow fibers 32 and (Right) picture of an actual module composed of PTFE hollow fibers. 33 

Porous Solids

A large variety of porous solids are already used in the industry as adsorbents. We can classify them into four main categories: activated carbons, zeolites or related materials (clays, metal phosphates or silicates…), mesoporous (organo)silica and porous coordination polymers.

Note that we will not discuss here the case of porous molecular solids (porous organic cages, cyclodextrines, clathrates, metal organic polyhedra, Fullerenes…). The four formers will be briefly described while the description of the latter group will be addressed in details later.

a) Porous solids overview i. Activated carbons

Activated carbons are amorphous porous solids obtained typically from cheap carbonaceous sources such as nutshells, coconut husk, peat, wood, coir, lignite or coal. They are heated to a temperature approaching 500 °C under an inert atmosphere to avoid combustion, this step is called the carbonization. After this step, a first porosity is obtained which is blocked by residual tar and the carbon must be further activated either by physical or chemical methods. Physical activation requires higher temperature, ranging from 800 °C to 1000 °C, which develops the porosity even more. 34 Activated carbons are therefore considered as inexpensive adsorbents with prices ranging from 1 to 5 €/kg and presenting a large variety of pores sizes and shapes. Recent progresses have been established to control the pore structure and functionalities regarding the applications by selecting the carbonaceous precursor and the activation conditions; very high specific surface areas (> 4000 m²/g) have been reported for specific activated carbons. 35 Nevertheless, the higher the specific surface area the higher the brittleness (removal of matter to develop the porosity) of the material which can be reduced as dust and unusable for industrial applications. Chemical activation creates various different types of pore size and shapes where micropores are connected to mesopores and then to the macropores which give access to the external media allowing the adsorbate to probe the entire porosity, as shown in Figure 123456789101112. These activated carbons present good features for water filtration but their cost is greatly increased, from 100 to 300 €/kg. Some activated carbons can have good properties for the selective adsorption of CO2 over N2 but the presence of water in post-combustion process can greatly impact the performance of the material. Indeed, there can be a competition between H2O and CO2 even if most activated carbons are considered hydrophobic materials; it has been reported that water could gradually oxidize the surface of activated carbon provoking the ageing of the material. 37 Furthermore, porosity of activated carbons is not as organized and well defined as in crystalline materials; as a consequence, mixtures of gas molecules with close kinetic diameters will hardly be discriminated by the activated carbon. Moreover, all the pores are not open to the external media which is a drawback for diffusion-based gas separation.

ii. Zeolites

Unlike activated carbons, zeolites are natural or synthetic crystalline microporous solids. They are hydrated aluminosilicates made of TO4 tetrahedra (T = Al III or Si IV ) infinitely linked by their corners; this assembly creates a 3D framework with cavities, cages and channels where water can be adsorbed (see Figure 1-13). The pore diameter (3-10 Å) in zeolites is determined by the number of SiO4 tetrahedra per cycle (pore ring number in the range between 4 to 12) (See Figure 1 -14). By tuning the pore diameter, one can control the accessibility of the porosity for different molecules (gases or reactants) to obtain a good selectivity for the specific application. Additionally, zeolites can act as molecular sieves for filtration or gas separation purposes. The Al/Si ratio can be modulated easily leading to the presence of a controlled amount of counter cations (Na + , K + , Mg 2+ , Ca 2+ …); these are located within the pores which not only strongly affects the hydrophilic-hydrophobic balance but also the pore size and composition and thus the selectivity. For example, zeolite A synthesized with Na + has a pore size around 3.8 Å but when Na + is exchanged with K + , the pore opening decreases because K + cation is larger than Na + cation. The presence of extra-framework cationic species contributes however to the high affinity of zeolite towards polar molecules and especially water.

Figure 1-14: Relationship between pore diameter and pore ring number of different zeolites. 38 .

One of the most studied zeolite in CO2 adsorption and gas separation applications is the zeolite NaX constituted from a faujasite (FAU) structure containing Na + cations. FAU structure is built up with two types of inorganic units (Figure 1-13 Right) which are the truncated octahedra (sodalite cage) and the hexagonal prism. The assembly of theses SBUs creates the largest cavity of the zeolite with a diameter of 11.8 Å with free apertures of 7.4 Å.

Zeolites can be naturally found in nature but synthetic ones have also been discovered yielding new structures and features. Nevertheless, the synthesis of synthetic zeolites mostly requires the use of a template, also named Structure Directing Agent (SDA), that induces the growth of the zeolite crystals. These SDA are usually expensive organic molecules that must be removed from the framework to release the porosity. To do so, zeolites must be calcined at very-high temperature, typically 500 °C under oxygen (air) atmosphere. Such activation temperatures require huge amount of energy which impacts the price of the material. In addition, this lowers the efficiency of the gas separation unit due to harsh regeneration conditions of most cationic zeolites (> 200 °C to remove water); this can also damage other parts of the unit thus requiring more frequently their replacement. In the specific case of CO2 capture, zeolites exhibit low to moderate CO2 uptakes due to their limited pore volume and the presence of water (especially in post-combustion) negatively impacts their performances. 39,40 Note that we will not discuss here the case of other inorganic porous solids such as metal silicates or phosphates or clays.

iii. Mesoporous silicas

Considering the need of larger pores adsorbents (pore apertures in zeolite do not exceed typically 8 Å), a lot of efforts were paid to develop new porous solids with mesopores.

In the 1990s, Mobil Oil Corporation (now part of ExxonMobil) synthesized a new class of ordered mesoporous materials, known a Periodic Mesoporous Silicates (PMS). 41,42 The silica framework is obtained by the polymerization of silica oligomers in presence of a specific template (commonly surfactants) that can be removed to recover the porosity (Figure 1-15 presents the formation of MCM-41). While amorphous, mesoporous silicas present a longrange order thanks to the template mesoscopic organization that takes place during the synthesis. In the field of gas adsorption and separation, the most studied mesoporous silicas are the MCM-41 (Mobile Crystalline Material) and the SBA-15 (Santa Barbara Amorphous type material). 44 These two materials form a hexagonal assembly with 1D channels where the diameter can be tuned depending on the surfactant used during the synthesis. High specific surface area (up to 1500 m²/g) and pore volumes can be obtained for this type of material.

Noteworthy, the functionalization of their pore walls can modify the affinity of the framework for a given molecule. A large variety of functions can be introduced in the pore walls by taking profit of the versatility of the chemistry of organosilanes. For example, amino-silane can be grafted to the mesoporous silica thus increasing CO2 adsorption due to the interactions with the -NH2 moiety 45 . Moreover, silicas can be impregnated with specific polymers to tune their properties. For example, PolyEthyleneImine (PEI) has been considered for CO2 capture due to its secondary amine groups. 46 Sans-Pérez et al. 47 

i. Construction

The inorganic entity can be formed by various elements of the periodic table; from 3p metals such as aluminum to transition metals like iron, alkaline earth but also lanthanides or actinides. The inorganic cations of the different groups of elements possess a specific chemistry, reactivity in solution and therefore tend to form different inorganic bricks or SBUs (Secondary-Building Units) once in contact with the polydentate ligands. When it comes to the organic part, the vast world of organic chemistry can be used to create simple or complex molecules that can connect to the metal cations. The only pre-requisite is to design molecules with at least two binding groups that can be carboxylic acids, N-donor such as imidazole or pyridine, sulfonates or also phosphonates among others (or a combination of them). Carboxylic acids ligands are widely used because of their commercial availability but also their ability to form strong ionocovalent bonds with metal cations but with a certain degree of lability in the presence of polar solvents to produce well-ordered crystals.

Moreover, the anionic feature of such ligands generally yields to a neutrally charged framework without the need for extra counter anions to compensate the charge that are difficult to remove or exchange to recover the total porosity. As it can be seen in Figure 1-17, most organic linkers are aromatic compounds (typically with benzene or imidazole rings)

which have stability and rigidity features that favor the synthesis of robust MOFs with porosity available once the solvent is removed from the pores. Additionally, ligand featuring more than two complexing groups are often encountered (e.g. trimesic acid or 1,2,4,5-Benzene TetraCarboxylic Acid (BTeC)) and can lead to various MOF topologies. Nevertheless, functional groups can also remain free (i.e. not coordinated to the metal center) and will decorate the pores' walls conferring additional properties to the materials such as hydrophobicity, hydrophilicity or specific adsorption sites. 

ii. Synthesis

From the last two decades, most of the MOFs discovered were obtained by hydro or solvothermal synthesis that consists in heating both reactants in an autoclave at temperatures above the boiling point of the solvent (hydrothermal synthesis when using water) or the mixture of solvents (from 100 °C to 250 °C) for a certain duration, ranging from few hours to several days. This synthesis route allows the linker to be partially soluble to react with the metal source further producing highly crystalline materials. 49 Heat can be provided to the system by microwave (Mw) irradiation, we therefore speak about microwave-assisted solvo(hydro)thermal synthesis. This method allows far more control over the conditions of the reaction since the temperature, the pressure and the duration can be monitored and modified in real time. The fast heating ramp of the Mw synthesis can affect not only the duration of the reaction but also the size of the particles obtained. For example, Garcia Marquez et al. 50 produced nanoparticles of MIL-100(Fe, Al and Cr) by using Mw synthesis. Other synthetic routes have been explored for the synthesis of MOFs (See Figure 1-18) such as ambient pressure or temperature conditions. Syntheses under reflux conditions or at room temperature are ideal for the control of the reaction since the formation of the materials can be directly observed and samples can be taken out of the reaction media for intermediatetimes analysis. Moreover, additives like acids, bases or modulator can be added to the mixture at a given time. Theses syntheses are also well suited for large-scale laboratory production (> 100 g), especially when no toxic solvents are used. One of the most topical MOF, ZIF-8, can be obtained very easily at room temperature in methanol after minutes. 51 Among other synthesis routes that are less used, one can speak about electrochemistry, thermo-mechanical chemistry, sonochemistry or pump-flow routes. Synthesis of MOF nanoparticles and the largescale syntheses will be addressed later on. 

iii. Porosity of MOFs

One of the most interesting features of coordination polymers, compared to conventional porous materials, is their versatility in terms of pore size and thus specific surface area and pore volume. Since the development of this new class of materials, there has been an interest in designing MOFs with the highest surface area for different applications such as gas storage. [52][53][54] One way to increase the porosity of a given MOF is to expand the organic linker while conserving its intrinsic property of connectivity (i.e. ditopic property of the initial linker must be kept in the expanded one). Eddaoudi et al. 55 applied this strategy to the MOF-5, which is one of the first Zn-based carboxylate MOF. A series of isoreticular MOFs, called IRMOFs, was synthesized and they are isostructural than the initial MOF-5. MOF-5 (or IRMOF-1) is a carboxylate MOF based on Zn and terephthalic acid as the linker; the SBU (as shown in Figure 1-16d) is a ZnO4 tetramer which connects 6 different linkers to create a 3D network with a cubic symmetry. MOF-5 has a pore diameter of 18.5 Å while IRMOF-16 has larger pores of 28.8 Å. Figure 1-19 shows several IRMOFs with their increasing pore diameters. As a drawback, reduced stability (chemical and thermal) is typically observed as the porosity increases. Moreover, extension of the linker may generate interpenetrated frameworks resulting in less porous materials than expected. 56,57 Another prominent example of isoreticular MOFs is the MIL-100/MIL-101 series. MIL-100 and MIL-101 materials are built with trivalent metals (e.g. Fe 3+ , Al 3+ , V 3+ , Sc 3+ ) and trimesic acid or terepthalic acid, respectively. The same SBU is found for both MOFs which is an assembly of three M 3+ octahedra sharing an µ3-oxo group (O 2-) forming the µ3-oxo trimer. Four trimers associate with trimesic/terephtalic acid to form a super tetrahedron. The topology of these MOFs is similar to that of a specific zeolite (ZSM-39 with a MTN topology 58 ) where the SiO4 tetrahedra are replaced by [M3O(H2O,OH)3{BTC/BDC}n] super tetrahedra with n = 2 or 3 for MIL-100 and MIL-101, respectively. Figure 1-20 shows the construction of MIL-100/101. These MOFs, discovered by Férey and co-workers, are among the most porous MOF with BET area of 2000 m²/g and 4500 m²/g for MIL-100(Cr) 59 and MIL-101(Cr) [START_REF] Férey | A Chromium Terephthalate-Based Solid with Unusually Large Pore Volumes and Surface Area[END_REF] respectively. By extending the organic linker it is possible to reach even higher in surface area. As said above, the more porous the less stable; amorphous solids are even obtained after soaking MIL-100(Fe)_BTB and MIL-101(Fe)_BPDC in water, some others are converted into denser phases such as MIL-53 or MIL-88 types. 62 

c) Key features for membrane-based gas separation i. Adsorption vs. membrane gas separation

As it has been described before, we can distinguish different types of gas separation techniques: among them there are adsorption-based and membrane-based gas separation.

We will see in this part the different features that a material must have to efficiently separate gases in a membrane-based system.

ii. Rigidity of the framework

Several MOFs have a specific feature than cannot be found in other crystalline porous materials: the propensity for certain frameworks to adapt their structure upon an external stimulus, e.g. adsorption of water or CO2, without any loss of crystallinity. This flexibility has been widely demonstrated using the MIL-53 series and its 'breathing'. MIL-88A(Fe) also has this type of behavior when put in contact with different solvents. Serre et al. [START_REF] Serre | A Route to the Synthesis of Trivalent Transition-Metal Porous Carboxylates with Trimeric Secondary Building Units[END_REF] reported the synthesis of MIL-88A(Fe) which is a fumarate Fe MOF exhibiting a 3D framework composed of the same SBU as MIL-100(Fe) (i.e. µ3-oxo trimers) linked by fumarate linker (3D structure in Figure 1 -22). A structure modification has been observed by putting the dried sample (423K) in presence of air (cell volume increased by 40 %) and the effect is extended in presence of water vapor (cell volume increased by 85 %); other solvents have similarly been studied. [START_REF] Mellot-Draznieks | Very Large Swelling in Hybrid Frameworks: A Combined Computational and Powder Diffraction Study[END_REF] These three forms exhibit the same symmetry (hexagonal) and space group (P-62c) suggesting that the topology of the framework is maintained while being submitted to a very large swelling effect (see Figure 1 [START_REF] Serre | An Explanation for the Very Large Breathing Effect of a Metal-Organic Framework during CO2 Adsorption[END_REF] Serre et al. [START_REF] Serre | An Explanation for the Very Large Breathing Effect of a Metal-Organic Framework during CO2 Adsorption[END_REF] explained this behavior by the flexibility of the channels upon CO2 adsorption.

After activation, MIL-53(Cr) has a large pore configuration (LP) with empty channels; adsorption of the first molecules of CO2 forces the framework to close yielding to a narrow pore configuration (np). This phenomenon explains the first plateau in CO2 adsorption and computational tools revealed that such flexibility is due to the host-guest interactions between CO2 and µ2-OH ligands of the framework of MIL-53(Cr). Additionally, C-O interactions between consecutive CO2 molecules take place. When the pressure increases (> 5 bars), CO2 molecules force the opening of the framework yielding to the second uptake (see Figure 1-24b)). This process is fully reversible since the narrow pore configuration is recovered once the CO2 pressure is decreased. This MOF has been so far widely studied with various metal cations and/or functionalized linkers leading to a library of highly flexible MOFs with tunable sorption behaviors.

This kind of behavior might raise risks when selecting MOFs for gas separation applications and especially in membrane-based systems. The gas separation selectivity is indeed determined by the structure of the framework and its porosity; pores opening or contraction can cause huge effects on the performance of the material. Such a flexible material might introduce defects if prepared as a self-supported membrane but also inside a polymer matrix yielding to non-selective pathways although one could raise that the intrinsic flexible character of most polymers could compensate the changes in particle shape and volume associated with the breathing of the MOF.

iii. Molecular sieve

The most obvious ability of a MOF for gas separation of two gases with two different kinetic diameters is related to the diameter of its pores or that of the pore apertures. Indeed, gas molecules have a molecular size based on the size of the atoms composing it (defined by their electron shells); this gives an estimation of the size of the molecule in a frozen state without any vibrations due to temperature. Kinetic diameter gives a more realistic approach to estimate the size of a gas molecule. Kinetic diameters of several gases are shown in Table 1-2. By properly tuning the pore diameter of a MOF, it is therefore possible to allow a smaller gas (e.g. H2) to diffuse inside the porosity whereas bigger molecules (e.g. CO2) won't have access to the framework resulting in an efficient gas separation. Here is a remarkable advantage of MOFs, the well-ordered pore size which can be easily tuned from the modification of the building units or their connection modes. Molecular sieve effect can theoretically be observed with pore size (or windows) below 3.3 Å and 3.64 Å for H2/CO2 and CO2/N2 separation, respectively. MOFs are generally known for their very high surface area but some are presenting very narrow pores or large pores but connected by narrow windows.

An example of MOF with very narrow pores is the MIL-140A which is a robust zirconium terephthalate MOF. [START_REF] Guillerm | A Series of Isoreticular, Highly Stable, Porous Zirconium Oxide Based Metal-Organic Frameworks[END_REF] The framework is constructed by infinite chains of edge-sharing dimers of zirconium polyhedra linked by the terephthalic acid ligand. MIL-140A exhibits 1D triangular channels with dimensions around 3.2 Å (see Figure 1-25) perfectly shaped for pre-combustion CO2 capture by molecular sieving. Prakash et al. [START_REF] Prakash | Diffusion of H 2 , CO 2 , and Their Mixtures in the Porous Zirconium Based Metal-Organic Framework MIL-140A(Zr): Combination of Quasi-Elastic Neutron Scattering Measurements and Molecular Dynamics Simulations[END_REF] combined QENS measurements with molecular dynamics (MD) simulations to explain the diffusion of H2, CO2 and their binary mixtures in MIL-140A(Zr). Single gas experiments and simulations have shown, as expected, that H2 diffuses around 10 times faster than CO2. However, when considering H2/CO2 mixtures, H2 diffusivity is reduced while the one of CO2 increases, though hydrogen still diffuses three times faster than CO2 yielding to a promising material for H2/CO2 gas separation. Å in diameter that should rule out this MOF for gas separation of small molecules like H2 or CO2. ZIF-8 is nevertheless of great interest because of its narrow pore windows with dimensions around 3.4 Å that are close to CO2 kinetic diameter (3.3 Å), therefore limiting its diffusion. Bux et al. [START_REF] Bux | Zeolitic Imidazolate Framework Membrane with Molecular Sieving Properties by Microwave-Assisted Solvothermal Synthesis[END_REF] obtained low H2/CO2 selectivity with a pure ZIF-8 membrane (circa 4.5

as determined by single-gas measurements) which is due to the flexibility of the pore aperture (ligand rotation); they indeed observed non-negligible diffusion of CH4 which has a kinetic diameter of 3.8 Å. Better performances could be obtained by decreasing even more the size of the pores (or windows). 7 which surpass Knudsen separation factor proving the sieving effect of ZIF-7 membrane. [START_REF] Li | Molecular Sieve Membrane: Supported Metal-Organic Framework with High Hydrogen Selectivity[END_REF] MOFs are extremely versatile materials and as the pore size can be extended by increasing the length of the linker, it is also possible to reduce the pore size by adding bulky functional groups onto the ligand. One can take the example of MIL-140A that can be synthesized using a modified version of terephthalic acid, e.g. 2-bromoterephtalic acid. The resulting MOF possesses the same structure with triangular channels but here, the bulky -Br group is reducing the accessible porosity with channels aperture below 3.0 Å thus increasing its molecular sieving property (Figure 1 -27). This functionalization of MIL-140A was achieved with several modified linkers. 73 Narrowing the pores can also be achieved once the material is synthesized through Post Synthetic Modification (PSM). Caro et al. [START_REF] Huang | Covalent Post-Functionalization of Zeolitic Imidazolate Framework ZIF-90 Membrane for Enhanced Hydrogen Selectivity[END_REF] used ZIF-90 for H2/CO2 separation; pure MOF membrane prepared exhibited good selectivity (circa 7) but was still far from expectations.

Then, they reported a PSM on ZIF-90 membrane by an imine condensation between the aldehyde moiety of the linker and the primary amine of ethanolamine (Figure 1-28). ethanolamine to enhance H2/CO2 selectivity, as described by Caro et al. [START_REF] Huang | Covalent Post-Functionalization of Zeolitic Imidazolate Framework ZIF-90 Membrane for Enhanced Hydrogen Selectivity[END_REF] .

The modified ZIF-90 membrane showed exceptional H2/CO2 selectivity higher than 62, due mainly to the removal of intercrystalline defects and partial pore blockage, which was, at the time, among the highest selectivity achieved for a MOF membrane.

Last but not least, Eddaoudi and co-workers, [START_REF] Shekhah | Madeto-Order Metal-Organic Frameworks for Trace Carbon Dioxide Removal and Air Capture[END_REF] based on the discovery of Zaworotko and coworkers, 76 

iv. Functional groups

Functionalization of organic linkers has been largely used to change the chemistry of the pores thus affecting the affinity of guest molecules for the framework. Torrisi et al. [START_REF] Torrisi | Impact of Ligands on CO2 Adsorption in Metal-Organic Frameworks: First Principles Study of the Interaction of CO2 with Functionalized Benzenes. II. Effect of Polar and Acidic Substituents[END_REF] investigated by Density Functional Theory (DFT) calculation the interaction between functionalized benzene rings and CO2. They showed that functionalization with polar substituents such as NH2, COOH or SO3H results in more favorable binding sites than with the unsubstituted benzene. This is explained by the presence of lone pair electrons and also hydrogen bond like interactions (in the case of SO3H and COOH) which results in the strong polarization of the CO2 molecule. The incorporation of an amine moiety (-NH2) in the MOF framework was therefore well studied to increase CO2 adsorption at low pressures (below 1 bar) compared to the parent MOF. [START_REF] Stavitski | Complexity behind CO2 Capture on NH2-MIL-53(Al)[END_REF][START_REF] Yeon | Homodiamine-Functionalized Metal-organic Frameworks with a MOF-74-Type Extended Structure for Superior Selectivity of CO2 over N2[END_REF][START_REF] Sabetghadam | Metal Organic Framework Crystals in Mixed-Matrix Membranes: Impact of the Filler Morphology on the Gas Separation Performance[END_REF][START_REF] Lin | Direct Synthesis of Amine -Functionalized MIL-101(Cr) Nanoparticles and Application for CO 2 Capture[END_REF][START_REF] Mcdonald | Cooperative Insertion of CO2 in Diamine-Appended Metal-Organic Frameworks[END_REF] We can first present the case of the MIL-101(Cr) [START_REF] Férey | A Chromium Terephthalate-Based Solid with Unusually Large Pore Volumes and Surface Area[END_REF] which is a mesoporous MOF exhibiting very high CO2 uptake at high pressure (40mmol/g at 50 bars) but much lower CO2 adsorption at pressures below 1 bar. [START_REF] Llewellyn | High Uptakes of CO2 and CH4 in Mesoporous Metal-Organic Frameworks MIL-100 and MIL-101[END_REF] Lin et al. [START_REF] Lin | Direct Synthesis of Amine -Functionalized MIL-101(Cr) Nanoparticles and Application for CO 2 Capture[END_REF] synthesized the amine functionalized MIL-101(Cr) (MIL-101(Cr)-NH2) which exhibits higher CO2 adsorption capacity at low pressure than the parent MIL-101(Cr) even if the CO2 adsorption was lower at high pressures due to the addition of bulky amino group in the framework. Another example of amine functionalized MOF is the MIL-53(Al)-NH2 synthesized by Gascon et al. [START_REF] Gascon | Amino-Based Metal-Organic Frameworks as Stable, Highly Active Basic Catalysts[END_REF] This functionalized MOF showed higher selectivity for CO2 over other gases such as N2 and CH4, although Stavitski et al. [START_REF] Stavitski | Complexity behind CO2 Capture on NH2-MIL-53(Al)[END_REF] demonstrated later that such higher performances were mainly due to the NH2 moiety stabilizing the narrow pore form of MIL-53 (see Figure 1 -30). UiO-66(Zr) is a robust microporous MOF which has been initially synthesized with terephthalic acid (see structure in Figure 1-31a). [START_REF] Cavka | A New Zirconium Inorganic Building Brick Forming Metal Organic Frameworks with Exceptional Stability[END_REF] Thanks to its two microporous cavities, UiO-66(Zr) adsorbs selectively CO2 over N2 with ideal selectivity of 37.5 (based on Henry's constant at saturation capacity). 86 Garibay and Cohen 87 developed an alternative synthesis using 2-aminoterephthalic acid to form functionalized UiO-66(Zr)-NH2 (as shown in Figure 1-31b) in order to increase the CO2 adsorption. This was later confirmed by Cmarik et al. [START_REF] Cmarik | Tuning the Adsorption Properties of UiO-66 via Ligand Functionalization[END_REF] who obtained a higher CO2/N2 ideal selectivity of 66.5 (based on Henry's constant at saturation capacity) compared to the pristine material. UiO-66(Zr) has also been obtained with 1,2,4-BTC and 1,2,4,5-BTeC to form UiO-66(Zr)-BTC and UiO-66(Zr)-BTeC, respectively (See Figure 1-31c andd, respectively). [START_REF] Yang | A Water Stable Metal-Organic Framework with Optimal Features for CO2 Capture[END_REF] The functionalized UiO-66(Zr)-BTeC therefore exhibit two free carboxylic acids per ligand inside the porosity which act as adsorbing sites for CO2 thus enhancing CO2/N2 selectivity up to 56 for flue gas CO2 capture conditions (i.e. CO2:N2=15:85 at 1 bar). Maurin and co-workers [START_REF] Yang | Functionalizing Porous Zirconium Terephthalate UiO-66(Zr) for Natural Gas Upgrading: A Computational Exploration[END_REF] determined the affinity of the framework for CO2 by calculated the low-coverage adsorption enthalpies for several functionalized UiO-66(Zr) listed in Table 1-3. The simulated adsorption enthalpies range from -26.2 kJ/mol for the non-modified MOF to -33.0 kJ/mol for UiO-66(Zr)-BTC and up to -36.4 kJ/mol for UiO-66(Zr)-BTeC. [START_REF] Yang | A Water Stable Metal-Organic Framework with Optimal Features for CO2 Capture[END_REF] For comparison, adsorption enthalpies for N2 is around -20 kJ/mol for UiO-66(Zr)-BTeC, [START_REF] Yang | A Water Stable Metal-Organic Framework with Optimal Features for CO2 Capture[END_REF] thereby showing the difference of interaction of CO2 and N2 with the framework and thus explaining the enhanced CO2/N2 selectivity. GCMC calculations [START_REF] Yang | A Water Stable Metal-Organic Framework with Optimal Features for CO2 Capture[END_REF] predicted however a higher CO2/N2 selectivity (90 compared to 56 experimentally obtained); such discrepancy can be explained by the high density of free carboxylic acids that provokes, upon heating, their intra-framework condensation into anhydride. This has a negative impact on the CO2 adsorption due to a partial pore blockage as observed in Figure 1-32. Such phenomenon is observed for both UiO-66(Zr)-BTC and UiO-66(Zr)-BTeC although anhydrides start to appear at much lower temperature for the latter (50 °C and 100 °C for BTeC and BTC, respectively). [START_REF] Ragon | Acid-Functionalized UiO-66(Zr) MOFs and Their Evolution after Intra-Framework Cross-Linking: Structural Features and Sorption Properties[END_REF] One could nevertheless point out that under real conditions, water vapor will be present and transform back anhydrides into carboxylic groups at the benefit of an increased selectivity. The formation of anhydride is widely observed in microporous MOFs exhibiting free -COOH groups although it does not necessary affect the gas separation performances, especially if they do not hinder the access to the porosity.

The examples presented here concern exclusively post-combustion CO2 capture; porosity and composition are tailored to increase the affinity of framework for CO2 thus enhancing its adsorption at low pressure compared to N2 adsorption. The advantages for adsorption based CO2 capture are straightforward but when considering diffusion based gas separation, we have to remember that in such small pores or channels, the surface diffusion mechanism has a central role in the separation process and these interactions help the diffusion of the adsorbed species (e.g. CO2 over N2) as long as the strength of the interaction is not too high which would slow down the diffusion (with consideration of temperature and pressure conditions). Llewellyn et al. [START_REF] Llewellyn | High Uptakes of CO2 and CH4 in Mesoporous Metal-Organic Frameworks MIL-100 and MIL-101[END_REF] measured very high heat of adsorption upon adsorption of CO2 at -63 kJ/mol which is the highest (absolute) adsorption enthalpy reported so far for a MOF (except for amine grafted MOFs). Figure 1-33 shows the formation of the five-coordinated Cr species followed by CO2 adsorption. Such high affinity of the CUS observed in MIL-100(Cr) for CO2 results in high uptake at low CO2 pressure making this MOF interesting for the capture of CO2 based on adsorption applications.

Last but not least, Mg-MOF-74 was first discovered by Yaghi and co-workers [START_REF] Rosi | Rod Packings and Metal-Organic Frameworks Constructed from Rod-Shaped Secondary Building Units[END_REF] (also denoted CPO-27 and discovered the same year by Dietzel et al. [START_REF] Dietzel | An In Situ High-Temperature Single-Crystal Investigation of a Dehydrated Metal-Organic Framework Compound and Field-Induced Magnetization of One-Dimensional Metal-Oxygen Chains[END_REF] ) and is one of the best performing MOF in CO2 adsorption at low pressure; this can be explained regarding both the 3D structure of the material and the metal used, Mg in this case. As it can be seen in Figure 1-34, Mg-MOF-74 exhibits a honeycomb 3D structure with nanosized 1D channels decorated by Mg 2+ which

tend to form open-metal sites upon activation (removal of DMF molecules). Calorimetry measurements performed on this material revealed high low-coverage CO2 adsorption enthalpy reaching -47 kJ/mol. [START_REF] Caskey | Dramatic Tuning of Carbon Dioxide Uptake via Metal Substitution in a Coordination Polymer with Cylindrical Pores[END_REF] Interestingly, Ni and Co derivatives of MOF-74 show much lower heats of adsorption with -41 kJ/mol and -37 kJ/mol, thereby highlighting the influence of the metal for host-guest interactions. [START_REF] Caskey | Dramatic Tuning of Carbon Dioxide Uptake via Metal Substitution in a Coordination Polymer with Cylindrical Pores[END_REF] Once again, this MOF exhibits excellent properties for adsorption post-combustion CO2 capture. However, one shall note that these solids are, at the exception of the Ni form (at room temperature), not moisture stable. Concerning diffusion-based applications, the combination of the strong adsorption enthalpy of CO2 and the high density of CUS makes CO2 to diffuse slower inside the 1 nm channels of Mg-MOF-74. Indeed, Krishna et van Baten [START_REF] Krishna | Investigating the Potential of MgMOF-74 Membranes for CO2 Capture[END_REF] showed, by computational tools, that due to strong Mg 2+ binding sites, CO2 is strongly held on the surface of the framework and seldom returns in the gas phase. Consequently, N2 will diffuse much faster than CO2 yielding selectivity even below Knudsen selectivity (i.e. SKnudsen(CO2/N2) = 0.8). For pre-combustion applications, H2/CO2 selectivity is thus enhanced by the strong CO2 adsorption on the pores' walls but this is less obvious since high temperatures (> 150 °C in pre-combustion) will reduce the CO2 adsorption.

vi. Stability and costs

We have seen numerous features that some MOFs exhibit for the efficient CO2 capture for pre-or post-combustion CO2 capture based on diffusion (membrane). It is now crucial to address the stability of such MOFs upon the processes conditions, in regards to either the high temperature of pre-combustion or the presence of water in post-combustion application.

MOFs are obviously less thermally stable when compared to purely inorganic materials like zeolites. When approaching temperatures as high as 200 to 500 °C, depending on the composition, the organic part starts to degrade (combustion in presence of O2). Under precombustion conditions, with temperatures ranging from 150 °C to 250 °C, the long-term stability of some MOFs might be an issue although the gas mixture does not contain much oxygen to provoke the combustion of the material. Other pollutants can be responsible for the degradation of the MOFs during H2/CO2 separation such as H2S that form metal sulfides. Two main trends can be drawn based on this study:

-For a divalent cation like Zn 2+ , MOFs with imidazole ligands are much more stable than those with carboxylic acids (MOF-5 vs. ZIF-8). More generally, it is expected that the higher the pKa of the ligand, the stronger the metal-ligand bond. However, this enhanced stability is sometimes due to the hydrophobicity of the framework that brings a kinetic stability; it was shown indeed very recently that ZIF-8 degrades when exposed to water/alcohol mixtures or after months in water. 

Membranes for gas separation

The beginning of this chapter dealt with the advantages of membrane technology for gas separation over conventional technologies such as amine absorption which requires a gas to liquid phase change and thus huge quantities of energy and high costs for CO2 recovery.

Compared to PSA or TSA techniques, membrane based gas separation can operate under continuous steady-state conditions without regeneration steps. Moreover, gas separation membrane units do not require much space which is beneficial when implementing the technology to in-use power plants. The next paragraphs will deal with the development of polymeric membranes in parallel with that of purely inorganic membranes for gas separation.

a) Polymer membranes

In comparison to porous materials, polymer membranes do not show any well-defined porosity and therefore diffusion of gas molecules do not follow the same mechanism.

Generally, gas molecules are transported through a polymeric membrane by a solutiondiffusion mechanism which is defined by the relationship between the diffusivity, the permeability and the solubility as observed in equation 10.

(10)

𝑃 = 𝐷 × 𝑆

where P is the permeability coefficient (flux of the membrane in Barrer), D the diffusivity coefficient (mobility of the molecules inside the polymer membrane in cm²/s) and S the solubility coefficient (solubility of the gas within the membrane in cm 3 (STP) cmHg -1 ). This mechanism involves the diffusion of CO2, N2 or H2 within the 3D structure of the polymer;

each gas molecule will diffuse more or less rapidly depending on the affinity of the gas toward the polymer and also the free volume of the polymer membrane. As a result of this type of mechanism, Robeson has pointed out the tradeoff between permeability and selectivity for polymeric membranes as shown previously. A large variety of high-performance polymeric membranes have been prepared nonetheless with good selectivity. Table 1-4 shows a summary of the performance for different classes of polymer membranes. Among them, polysulfone (PSf) and polyimide (PI) represent the most studied membranes for postcombustion application. 109 Examples of polymeric structures are given in Figure 1-37. Industries are using gas separation membranes on large-scale applications since the 1980's with the hydrogen-separating Prism membrane developed by Permea (now part of Air Products). 113 Polysulfone hollow fibers were produced and were a real breakthrough in the gas separation industry, especially or the separation and recovery of hydrogen from the purge gas streams of ammonia plants. Air Liquide developed some polyimide membranes for natural gas upgrading (CO2 removal from natural gas (CH4)) purposes with great success. Nowadays, one third of the N2 production is realized using gas separation membranes; due to their lowcost and low-space required, more than 10 000 nitrogen systems have been installed

worldwide. 114

b) MOF membranes

In parallel to the development of polymer membrane, large efforts were put on the preparation of pure inorganic membranes, which would not suffer from permeability/selectivity tradeoff. Inorganic membranes can refer to activated carbon, 115 zeolite, 116 ceramic, 117 oxide 118 or alloys 119 membranes. Some limitations were nevertheless encountered with inorganic membranes; for example, the case of zeolite membrane has shown limitations. Indeed, most zeolites need to be calcined (> 500 °C) to remove the template and recover the porosity; such treatment can cause defects in the membranes like cracks, as reported by Dong et al. 120 and Tiscornia et al. 121 MOF membrane are also being studied for their well-defined porosity along with their easily tunable size of pores and inner functionalities. They are usually produced either by direct growth or by secondary growth where nanocrystals (i.e. seeds) are initially synthesized following by a growth step. Both techniques require a porous support (e.g. alumina), on which will grow the MOF membrane. Table 1-5 presents a summary of MOF membrane for precombustion applications (H2/CO2).

Table 1-5: Summary of most high-performance MOF membranes for pre-combustion (H2/CO2). RT = Room

Temperature. exceptional performance both in terms of permeability and selectivity. This MOF has ultranarrow channels of 2.1 Å which is below the kinetic diameter of H2; this an extreme example of molecular sieving since CO2 cannot diffuse through the channels. Such high performances are also obtained thanks to the nanosheets microstructure of the material. As shown above, MOF membranes exhibit interesting performance for gas separation applications. Some present excellent thermal and chemical stability, good erosion resistance along with high gas flux and selectivity. However, they also have some drawbacks. First, the mechanical resistance of such membrane is a major issue for industrial applications as for the preparation of MOF membrane with high surface area. Additionally, costs of fabrication of MOF membranes are very high due to the price of either the porous support or the MOF in high amount (even with thickness below 50 µm). The extremely thin nanosheet could be a solution but large-scale preparation of such material is questionable. To give an idea, only one zeolite (zeolite A) membrane was able to reach the market regarding pervaporation applications (alcohol dehydration).

MOF

Mixed-Matrix Membranes (MMMs) a) Introduction

As explained in the previous part, polymeric membranes can present a practical industrial application for gas separation thanks to their good mechanical properties and easy processing; they are also quite cheap for most of them. Nevertheless, Robeson pointed out that a tradeoff must be made between the permeability and the selectivity for the different gas pairs based on an empirical formula. On the other hand, inorganic membranes show excellent performances with at the same time high permeability and high selectivity but they are generally very brittle and very expensive. To combine the best of both worlds, it has been proposed to incorporate inorganic fillers inside a polymer matrix to overcome the Robeson upper bound while conserving the flexibility and ease of processability of polymer membranes and thus to reach the commercially interesting area (Figure 1 -39).

This new type of composite is referenced as Mixed-Matrix Membranes or MMMs. In the following, the incorporation of inorganic fillers such as silica or zeolites will be discussed before addressing the case of hybrid fillers like MOFs.

b) Inorganic fillers

This part is here to present some Mixed-Matrix Membranes (MMMs) based on inorganic fillers such as mesoporous silica or zeolites which were the first composites to overcome Robeson upper-bounds. Besides porous materials, dense (i.e. non-porous) fillers were also considered. Their role consists in decreasing the diffusion of larger molecules and increasing the tortuosity of the composite. 129 Non-porous fillers will be willingly skipped. This should not be considered as an exhaustive list.

i. Zeolites

Zeolites were one of the first inorganic fillers to be introduced in a polymer matrix. This innovation was patented by Christen et al. in 1971 who applied it to O2/N2 separation. 130 Few studies were reported on the incorporation of zeolite in polymer matrices; among them is the introduction of zeolites 13X and 4A in a polyethersulfone (PES) matrix for various gas separation applications. 131 Up to 50 wt% of zeolite 13X were inserted in PES resulting good ideal CO2/N2 selectivity of 43.1. Besides these avant-garde researches, zeolite-based MMMs field emerged quite recently, from the year 2001. Studies reported higher permeabilities for several gases with higher zeolite content but this has the effect to reduce the mechanical resistance of such MMMs. The poor compatibility between organic polymers and purely inorganic material like zeolite showed the limits of MMMs based on zeolite since voids at the interface were formed impacting directly the performances. A functionalization of zeolites (or polymers) was proposed to enhance their compatibility toward the polymer matrix. In this sense, Khan et al. 132 functionalized polysulfone polymer with an acrylate moiety in order to covalently bind the modified polysulfone onto the zeolite (Zeolite 3A) surface using Aminopropyltrimethoxysilane (APTMS) as coupling agent (reaction path shown in Figure 1-41).

Without APTMS, introduction of 25 wt% the inorganic filler in the polysulfone matrix does not have any notable effect on the H2/CO2 selectivity which is probably due to the poor polymer- We discussed earlier the need for most zeolites to be activated at very high temperatures (typically 500 °C to remove the organic template or > 200 °C for water). Such activation procedure is not compatible with most polymers that would be damaged. 120,121 Recently the low temperature synthesis of series of template free nanoparticles of zeolites could nevertheless be advantageous for MMM preparation in a near future. 133

ii. Mesoporous silicas

Mesoporous silicas were also envisaged as fillers of polymer matrix. Indeed, the penetration of the polymer chains inside the mesoporosity of silica is possible, thereby increasing the mechanical properties of resulting MMMs. Zornoza et al. 134 described the preparation of a MMM containing ordered mesoporous silicas with MCM-41 pore structure (pore size around 2.7 nm) and polysulfone. SEM images of the cross-section of the membrane show a good adhesion between the two components as a result of the penetration of the polymer chains (with an apparent diameter of 0.9-1.2 nm) inside the porous network. MMM prepared with 8 wt% of inorganic filler exhibits higher CO2/N2 separation performance than the pristine polymer (selectivity: from 25 to 36; CO2 permeability: from 5.9 to 12.6 Barrers), Barrers). 135 The use of the internal porosity to obtain a good affinity between the filler and the polymer is interesting but it alters the gas separation properties of mesoporous silicas since the pore aperture can be blocked by the polymer chains thus limiting the gas diffusion.

although

c) Hybrid fillers

We largely described MOFs as porous materials containing both inorganic and organic components. This unique feature has encouraged the scientific community to prepare MMMs based on MOFs that would show higher filler/polymer compatibility than pure inorganic fillers.

Moreover, the possibility of functionalizing the organic part with a large variety of functional groups (-NH2, -X (halogens) or -COOH) is of high interest to tune the physico-chemical properties of MOFs and then to prepare defect-free MMMs. In general, for the preparation of symmetric dense membranes (also called self-supported flat membranes) MOF particles are dispersed in a specific solvent by the combination of stirring and ultrasonication and then the polymer powder or solution is added yielding, ideally, to a homogenous MOF/Polymer solution. The latter is finally casted on a flat surface, typically a Petri dish or using a doctor blade system to control precisely the thickness of the casted layer; evaporation of the solvent (at room-temperature or at higher temperatures) produces the MMM which can be further treated if required (curing, annealing…) prior to its activation to remove solvent molecules from the porosity.

Natural gas upgrading (CO2/CH4 separation) through MMMs has been highly investigated during the last decade while the focus on MMMs for CO2/N2 separation is rather new with the urgent need to reduce the emission of CO2 from existing power plants.

A summary of publications related to the most performing MOF MMMs for pre-or postcombustion CO2 capture is available in Table 1-6. H2/CO2 separation. On the other hand, membranes prepared with PIM-1 perform well for post-combustion (CO2/N2) application. Thanks to its pore size close to CO2 kinetic diameter, ZIF-8 is able to increase the performances of the membranes both in pre-and postcombustion gas separation.

We addressed in a previous part the role of functionalization upon CO2 adsorption; UiO-66(Zr)-NH2 introduced in a Pebax 1657 membrane increases the selectivity toward CO2 due to surface-diffusion since the amino functionalized MOF has a higher CO2/N2 adsorption selectivity. Interestingly, the mesoporous MIL-101(Cr) combined with the ultra-permeable PIM-1 exhibit high CO2/N2 gas separation performances, certainly due to the high free-volume of MIL-101(Cr) combined with the low N2 uptake of this MOF. 18 On the other hand, the very narrow pores of ZIF-7 yield exceptional CO2/N2 selectivity around 97 but with a moderate CO2 permeability (i.e. 145 Barrer).

Despite their potential interests, MOF-based MMMs still pose challenges and limitations, which are mainly related to the low MOF loading for numerous MMMs (< 30 wt%). [156][157][158] While the permeability of such MOF-based MMMs is usually improved in comparison to the pure polymer membrane, an improvement in terms of selectivity is only rarely observed. This mainly results from the fact that the selectivity of this system is driven by the polymer matrix which is the dominant component. In addition, a possible physico-chemical mismatch between MOFs and polymers may lead to a poor dispersion of MOFs fillers in the polymer matrix, thereby creating interphase defects (macro or nanovoids). Such voids provide new bypasses through the MMMs that reduce the separation efficiency and compromise performance. 142,143,159

d) MOF/Polymer interaction

Filler/polymer affinity is crucial when designing mixed-matrix membranes; zeolite MMMs failed to produce acceptable performances due to the lack of interactions between the inorganic crystals and the polymer chains. To mitigate this situation, numerous studies reported the surface modification of zeolites, an example was described previously. Due to their hybrid nature, MOFs tend to form better composites in presence of polymer although the interactions could be strengthened allowing higher MOF loading in the final MMMs. Even if this field is quite new for MOFs based MMMs, different strategies have been studied. As explained above, linkers can be functionalized to bring new properties to the porosity of the synthesized MOF; the outer surface of the MOF particle can also be modified by the organic linker with functions able to react with the polymers. Anjum et al. 160 synthesized UiO-66(Zr)-NH2 that exhibits NH2 moiety at its outer surface which can covalently bind to the polyimide used to prepare the MMM, e.g. Matrimid. The amine functionalization of the outer surface can be enhanced by adding, during the synthesis, a monodentate carboxylic acid with an amino group such as the 4-aminobenzoic acid. With this specific synthesis, MMM with 30 wt% of MOF could be prepared (vs. 25 wt% for the pristine UiO-66(Zr)) showing improved CO2/CH4 separation (over 50 % more selective and 540 % more permeable than the reference Matrimid membrane and respectively 30% and 140% more selective and permeable than the MMM based on the reference UiO-66(Zr). Finally, Zimpel et al. 163 grafted PEG5000 chains (chains of PEG with a molecular weight of 5000 Da) onto MIL-100(Fe) by using the free carboxylic acid groups of trimesic acid present at the outer surface of the MOF particles; such surface modification was used to improve colloidal stability for drug delivery purposes. This strategy is highly dependent on the number of ligands accessible at the external surface; consequently, less than 3 wt% of PEG5000 were however grafted on MIL-100(Fe).

It is admitted by the scientific community that a better molecular-level understanding of MOF surfaces and interfaces is required to improve integration of these two disparate materials. 164,165

e) Nanoparticle synthesis and morphology

Another aspect on the preparation of efficient, defect-free, MMMs is the introduction of fillers as nanoparticles (NPs) as small as possible. Two obvious reasons can be given: the first one is the production of thin, and ultra-thin, membranes which will 1) reduce the amount of expensive MOF material, 2) increase the mass transport properties of the membrane thereby increasing its productivity and 3) increase the percentage of polymer that interacts with the MOF external surface. The open objective of the scientific community is the preparation of membranes with active layer reduced to thickness below 1 µm. The second reason for using NPs is to obtain homogeneous distribution of the filler inside the polymer matrix. The time between the preparation of the initial MOF/polymer solution and the casting of the dry membrane can be long depending on the physicochemical properties of the system; therefore, it is crucial that MOF nanoparticles are well dispersed in the polymer solution forming stable colloidal solution with the absence of any aggregation, for a relatively long period of time (i.e. from few hours to one day).

Nanoparticles of MOF (by convention every particle smaller than 500 nm in the three dimensions) can be obtained through different strategies. The use of microwave (Mw) assisted hydro-solvothermal routes, Mw being the heating source, can be beneficial for the synthesis of smaller particles. Indeed, microwave-assisted reactions allow very fast heating ramps, combined with homogeneous heating (as compared to the slow heat diffusion observed with steel autoclaves in conventional ovens, see Figure 1-46) which fastens the nucleation process, therefore yielding to smaller nanoparticles with a lower degree of polydispersity. Several MOFs were synthesized as nanoparticles through this synthesis route; for example, MIL-101(Cr) has been obtained in only 5 minutes as nanoparticles with dimensions below 90 nm while conserving its porosity and thermal stability. 166 In the same family of MOF, MIL-100(M) (M = Al, Fe or Cr) series has been synthesized as nanoparticles using microwaveassisted hydrothermal synthesis in a 6 minutes reaction. Particles obtained for MIL-100(Al), MIL-100(Fe) and MIL-100(Cr) have a diameter of 100 nm, 130 nm and 30 nm, respectively, as determined by TEM images. 50 Nanoparticles can also be obtained by adding a modulator to the reaction mixture. A modulator is a monodentate molecule which can bind to the metal node but cannot extend the network. Monocarboxylic (e.g. acetic or benzoic) acids are widely used as modulator in MOF synthesis. Depending on the amount introduced in the reaction mixture, modulators can have the opposite effect. Schaate et al. 167 reported the syntheses of UiO-66(Zr) with various amounts of benzoic acid; by using up to 3 equivalents (with respect to ZrCl4 precursor), smaller particles were obtained compared to the standard synthesis without modulator (39 nm vs. 85 nm). By increasing the amount of benzoic acid from 10 to 50 equivalents, particles are getting bigger and bigger and with better crystallinity. The authors claimed that large amount of benzoic acid yields to the formation of molecular Zr complexes. The construction of the network will then proceed through an exchange between benzoic acid and terephthalic acid; as a result, fewer nuclei are formed and therefore larger particles are obtained. Serre and coworkers 168 similarly described the synthesis of MIL-88A nanoparticles by adding small amounts of acetic acid (i.e. up to 0.5 equivalent with respect to the Fe precursor). In the case of ZIF-8 NPs synthesis, the ligand itself acts as a modulator; 2-methylimidazole, in its neutral state in MeOH, possesses only one binding site and cannot extend the network. This results in the formation of ZIF-8 nano crystals with a diameter around 45 nm as described by Cravillon Besides the size of the particles, the morphology of MOF particles impacts also the properties of MMMs. Gascon and co-workers 169 developed an interesting approach by incorporating CuBDC nanosheets (thickness ranging from 5 to 25 nm, see Figure 1-47 Left) into a polyimide matrix for CO2/CH4 gas separation. The nanosheet morphology forces both gases to encounter the MOF framework although CO2 diffuse easily through the MOF whereas CH4 will tend to bypass the MOF nanosheets, therefore increasing its path in the membrane (and consequently lowering its permeability). This strategy is schematized in Figure 1-47 (Right).

They prepared MMMs with different morphology and size of CuBDC crystals (microcrystals, nanocrystals and nanosheets) that were tested for natural gas upgrading (CO2/CH4 separation).

At high transmembrane pressures (e.g. 7.5 bar), CuBDC nanosheets showed exceptional CO2/CH4 selectivity around 90 (compared to 50 for the bare PI) whereas nanocrystals and microcrystals exhibited much lower selectivity around 35 and 10, respectively.

Conclusion

Through this first chapter, we explored numerous ways to capture CO2 and especially using nanoMOFs-based membranes for H2/CO2 and CO2/N2 separation.

The first part dealt with the urgent need for lowering the CO2 emissions due to climate change in an era when it cannot be ignored. For this purpose, this chapter has covered several techniques to capture carbon dioxide formed during power generation; we described the differences between absorption, adsorption and membrane-based gas separation. Two types of CO2 capture were presented: pre-and post-combustion applications. The first one relies on the production of pure H2 for power generation or H2 utilization (e.g. fuel cell) and requires a H2/CO2 separation unit to reduce its environmental footprint. The main challenge of precombustion CO2 capture is the high operating temperatures along with some impurities in the gas feed (NOx, SO2…). The second one produces energy by burning carbon sources which release CO2 that must be separated from N2. Post-combustion CO2 capture operates at low pressure and low CO2 content in presence of water vapor which makes it difficult to achieve at a convenient price. Both applications require materials with outstanding properties for gas separation and thus better performances than polymer membranes that are limited by their intrinsic tradeoff between permeability and selectivity.

Various adsorbents were described in the second part, among them are zeolites or mesoporous silicas which present some limitations for the CCS applications. We then focused our attention on a recent class of porous hybrid materials referenced in the literature as Metal-Organic Frameworks. The structure, porosity and functionality of MOFs can be precisely tailored to meet applications requirements by modifying the metal and/or the linker. Several key physico-chemical features of MOFs were clearly identified to impact the performance of membrane for CO2 capture applications; In particular, the pore size and the functionalization of the framework (presence of Lewis acid sites or polar groups) strongly affect the sorption properties of MOFs while the chemical and thermal stability as well as the cost of the material are also of primary importance to achieve reliable manufacturing procedures of membranes.

For the last decade, pure MOF membranes have been produced and some of them have shown performances above Robeson upper-bound (developed for polymeric membranes).

However, it has been established that purely inorganic or MOF membranes are far from ideal for commercial applications for two main reasons: they are very brittle and not easy to integrate in an industrial process and most of them are, expensive since a huge amount is required. For these reasons, the industrial application of membranes for gas separation was mainly restricted to pure polymers.

The concept of Mixed-Matrix Membranes (MMMs) was then introduced to take the best of both worlds: the exceptional performances of inorganic (MOF) membranes with the ease of fabrication of polymer membranes. Due to their hybrid nature, MOFs have shown to be well suited for their incorporation in a polymer matrix although additional challenges had to be faced to obtain acceptable performances. Indeed, thin and homogeneous membranes can only be prepared by using stable colloidal MOF-polymer mixtures and the compatibility between MOF/polymer pairs is required to obtain defect-free MMMs with good gas separation performances. 

Introduction

This chapter deals with series of Fe(III) polycarboxylate based MOFs exhibiting free -COOH groups. Indeed, the use of the trivalent Fe(III) cation and polycarboxylic acids leads usually the formation of stable MOFs which are cheap (depending on the ligand) and biocompatible; the presence of free -COOH groups in the porosity can also greatly improve the adsorption of CO2 as explained in the first chapter. We will then focus on their synthesis and characterizations and evaluate their performances in gas separation. To do so, gas adsorption experiments were conducted with N2, CO2 and H2 as probes to assess the accessibility of the pores and the impact in terms of overall selectivity. As a reminder for the reader, Table 2-1 recalls the kinetic diameters of several gases of interest. The most promising MOFs have finally been prepared as MMM by different M 4 CO2 partners and evaluated under pre-or post-combustion conditions (see chapter 1 for more details on operating conditions).

The first part will deal with already known MOFs such as MIL-53(Fe)-BTeC and MIL-61(Fe) and the different attempts to obtain pure particles down to the nanoscale. The last part will describe the synthesis of two new materials. Noteworthy, the use of tri or tetracarboxylic acids has led to highly water stable materials. Gas adsorption also confirmed their interest for gas separation applications, particularly for membrane-based systems.

MIL-53(Fe)-BTeC a) Flexibility upon gas adsorption in the MIL-53 series

MIL-53 is well-studied MOF, known for its 'breathing effect' upon gas adsorption reported initially by Serre et al. previously that this compound is water stable, at room temperature while it can be synthesized quite easily, even at room temperature. 3 Such properties would rank MIL-53 as a good candidate for post-combustion CO2 capture. In the first chapter, it was shown that rigidity of a MOF is a prerequisite for gas separation applications since the opening or closure of the pores could negatively impact not only the selectivity but also the integrity of the membrane since repeated expansions of the MOF inside a polymer matrix would result in possible failures. For the two other syntheses, the extra peaks do not correspond to those of the recrystallized ligand but most likely to another phase. Other syntheses containing the unknown phase (Devic and Chu) show similar ligand to metal ratio and residual oxide content; initial weight loss is however slightly different. Moreover, these two products start to degrade at lower temperatures compared to the pure MIL-53(Fe)-BTeC (320 °C vs. 350 °C). We can therefore assume that the additional phase is a priori a denser hybrid material with a chemical formula close to the one of MIL-53(Fe)-BTeC. So far, numerous attempts to obtain a reproducible recipe protocol for the formation of pure MIL-53(Fe)-BTeC were tried by changing various parameters (Fe sources, metal/ligand ratio, temperature, duration, addition of base or acid…) without success.

ii. Identification of the new phase

In order to identify the additional phase, we tried to synthesize it in its pure form.

Replacing iron perchlorate by anhydrous FeCl3 in Devic et al. synthesis (see conditions in Table 2-3) at 200 °C (vs. 150 °C) led to a smaller amount of MIL-53(Fe)-BTeC. Interestingly, full dissolution of the ligand prior to the introduction of FeCl3 (anhydrous) had a huge impact since only the new phase was obtained pure. The same chemical formula for both phase is consistent with the presence of similar TGA curves with the samples containing both phases. 

MIL-53(Fe

iii. Ligand modification

We have seen that the main difference in the formation of MIL-61(Fe) is the -meta connection mode between carboxylate groups and Fe nodes. In order to favor the -para connection, two carboxylate groups positioned in -para of H4BTeC ligand were esterified to lower their reactivity.

The modified linker allowed the reproducible formation of pure MIL-53(Fe)-BTeC without additional oxide. However, traces of MIL-61(Fe) were observed using larger Teflon liners (125 mL vs. 23 mL). The full description of this esterification can be found in Appendix 5.

MIL-61(Fe) a) Structural description

As described before, MIL-61(Fe) is a Fe carboxylate based MOF which crystallizes in an orthorhombic system (crystallographic data reported in Table 2-4) with the following chemical formula: Fe(OH)(H2BTeC). Only two of the four carboxylic acids are coordinated to Fe 3+ octahedra. The free -COOH groups inside the framework can thus a priori interact with guest molecules such as CO2 for instance (cf. Chapter 1-3-c)-iv)). Based on these conditions, a large batch of 12 g of pure MIL-61(Fe) was prepared using only 100 mL of solvent which is promising for large-scale production. It is to be noted that large scale synthesis of MOFs usually requires longer times of reaction; in this case, 2 h were required to form MIL-61(Fe). Figure 2-17 represents the PXRD of the MIL-61(Fe) obtained with the best synthesis conditions (details in Table 2-5). These latter were improved to obtain a protocol that could be easily transferred to larger batch synthesis (> 100 g). Although the size of the particles has been reduced, no nanoparticles below 500 nm in length were obtained whatever the concentration or the duration of the reaction. Microwave assisted hydrothermal syntheses attempts were tried to better control the nucleation but only amorphous solids were obtained. The use of a modulator, e.g. acetic acid, was finally investigated under hydrothermal and reflux conditions. Adding small amounts (i.e. 1 to 10 equivalents) of acetic acid did not affect the particle size but resulted in the formation of MIL-53(Fe)-BTeC/MIL-61(Fe) mixtures. Apparition of a new phase was also observed upon addition of 30 equivalents of acetic acid; at 60 equivalents, this additional phase was obtained pure (synthesis conditions in Table 2-6). This phase is denoted MIL-121(Fe) and corresponds to a MOF initially reported with aluminum by Volkringer et al. 14 The 3D structure of MIL-121(Fe) is presented on Figure 2 One can notice that two bands are attributed to the stretching of the carbonyl groups from the free carboxylic acids. This can be explained by the fact that the -COOH groups have different interactions through hydrogen bonds with the framework (Fe-µ2-OH, -COO -or -COOH). Relatively high N2 uptake is observed at high p/p 0 which is due to the capillary condensation of N2 in macropores formed between MIL-61(Fe) micro crystals. 

d) Anhydride formation

The anhydride formation can occur without the need for a phase transition. In the case of UiO-66(Zr)-BTC or UiO-66(Zr)-BTeC, free carboxylic acid functions on the organic linker tend to condense to form anhydrides by increasing the temperature without any phase transition. 15 FT-IR is a powerful technique to see the appearance of anhydride upon heating. The team of The blue curve in Figure 2-24 shows the TGA profile of a MIL-61(Fe) sample that has been heated up to 210 °C for several hours prior to the TG measurement. For this sample, no weight loss is observed between 125 °C and 250 °C; moreover, the loss corresponding to the degradation of the ligand is lower but fits well with the calculated one based on the lower molecular weight of the hypothetical anhydride ligand (MW = 504 -2 x 18 = 468 g/mol) compared with two BTeC ligands (MW = 504 g/mol).

The anhydrides are not very stable compounds and, in the presence of a nucleophilic entity (e.g. H2O), can easily be converted back into two carboxylic acids yielding to a reversible phase transition, as in the case of UiO-66(Zr)-BTC/BTeC. 15 Reversibility was assessed by different strategies: 1) the activated sample (anhydride form) was kept under ambient humidity for several days or 2) the sample was dispersed in deionized water at RT or reflux for several days.

In all cases, no reversibility was observed. 

MIL-61(Fe) MIL-61(Fe)-anhydride

Crystal system

Orthorhombic Orthorhombic A strong effort was devoted to the growth of bigger crystals by changing multiple parameters, such as the concentration of the reactants, the iron precursor or the duration of the reaction.

Space group

None of these attempts was successful. Noteworthy, increasing the concentration of the reactants (up to 5 folds) led to higher STY (up to ≈ 32.5 kg m -3 day -1 ) thus optimizing the synthesis conditions for large-scale synthesis (optimized synthesis conditions reported in The degradation of the framework starts from 250 °C and corresponds to a net loss of 62 wt%

Concentration Anhydrous

(not considering H2O). Finally, the residual oxide, iron oxide, is estimated at 38 wt% (not considering H2O). This analysis led to the conclusion that this material is formed with a stoichiometry of 2 iron per BTeC ligand. As expected in the case of material exhibiting free -COOH groups, anhydrides are formed upon heating as seen by the asymmetric and symmetric carbonyl bands at 1857 cm -1 and 1782 cm - 1 , respectively. In parallel of the apparition of anhydrides (from 125 °C), the band at 1725 cm - Finally, BAS performed some FT-IR analysis using probe molecules to obtain some structural information. FT-IR spectra were collected in presence of carbon monoxide (CO) after activation at different temperatures, see Figure 2-36. Physisorbed CO is observed from RT to 200 °C with the band at 2137 cm -1 indicating the accessibility of CO to the porosity. Additional bands are detected at 2177 cm -1 and 2165 cm -1 which correspond to CO adsorbed on Fe 3+ (CUS)

and on Brønsted acid sites (COOH), respectively (band at 2158 cm -1 can be attributed to CO in interaction with water left in the pores). This series of analyses indicates the presence of Fe 3+

CUS sites that appear right after evacuation (from RT). No quantification has been performed

yet. However, this information rules out the presence of infinite chains of Fe 3+ octahedra as observed with MIL-53(Fe) and MIL-61(Fe) since no CUS sites can be created with such entity.

Furthermore, no bands could be assigned to µ2-OH groups present in the chains of Fe 3+ octahedra of the MIL-53 topology (around 3500 cm -1 ). We can then make the hypothesis that Fe/BTeC exhibits µ3-oxo trimer SBU which is known to form CUS sites as observed in numerous iron polycarboxylate MOFs with the same SBU (e.g. MIL-88, MIL-100, MIL-101 and MIL-127). 18- 20 However PXRD analysis shows undoubtedly that this MOF exhibits a different structure compared to the previously Fe µ3-oxo trimer SBU dicarboxylate MOF reported previously such as MIL-88(Fe) 21 or MIL-101(Fe) 22 adsorption of CO2 at low pressure is essential. The CO2 uptake at 1 bar is 2.30 mmol/g while N2 uptake is only 0.38 mmol/g at the same pressure. IAST calculations showed however a low CO2/N2 selectivity around 7 (at 1 bar for CO2:N2 15:85). This result shows that Fe/BTeC selectively adsorbs CO2 over N2 but the low selectivity indicates that Fe/BTeC is not suitable for CO2/N2 applications certainly due to its relatively large pore size (≈ 6 Å as estimated previously by N2 sorption (77 K)) and lack of strong adsorption site.

Without any structural information on this new material, it is difficult to explain the low selectivity for a MOF exhibiting free -COOH groups, except maybe the formation of anhydrides upon outgassing. Additional characterizations are in progress to help the determination of the structure; then, we could explore other applications for this MOF that is extremely robust, easy to make, with relatively cheap reactants, in pure water at room temperature. For instance, applications in the field of drug delivery could be investigated since Fe/BTeC is a priori biocompatible (i.e. nanoparticles made of iron with a highly soluble ligand in aqueous media and relatively high surface area).

Fe/BTC

The use of another carboxylic acid was studied: 1,2,4-BTC. This ligand exhibits three Despite the narrow diffraction peaks, no suitable single crystals were obtained for the laboratory single-crystal diffractometer at ILV (even with a XRD instrument equipped with a micro source suited for small crystals).

This was confirmed by the SEM images (Figure 2 Such particles were however good candidates for single-crystal XRD on the SOLEIL beam-line PROXIMA 2. This beamline is equipped with a microfocused beam suitable for the structure determination of protein (very) small crystals. Since the metal to ligand ratio is an important information for a structure determination, TGA was performed on Fe/BTC. Interestingly, only one carboxylic acid from the ligand is coordinated to two adjacent Fe 3+ that holds the 1D chain together; the two others are free -COOH groups. Free -COOH groups from two different ligands are facing each other and thus create a network of strong hydrogen bonds that maintains the structure in the c direction (see Figure 2-41). Finally, weak interactions hold the structure in the b direction. Some electronic residues located inside the channels were attributed to EtOH since it is used to wash the sample. Fe/BTC Formula Fe(OH)(1,2,4-BTC)

Crystal system Orthorhombic

Space group Pnma ( 62)

Lattice parameters a = 6.9300( 14 Fe polyhedra are in blue and carbon, oxygen and hydrogen are in grey, red and white, respectively.

In this structure, two free -COOH groups are present but they do not point toward the channels; consequently, these groups would not play the role of adsorbing sites for CO2 as expected. Nevertheless, Fe-µ2-OH moieties decorate the channel's walls potentially acting as adsorbing sites for CO2. 

c. Characterizations

The flexibility of this new coordination polymer was characterized by collecting PXRD patterns at different temperatures. As it can be seen in Figure 2-44, Fe/BTeC is stable up to 200 °C (in air) and no peak shift occurs indicating that the framework is rigid upon removal of the solvent and at high temperature. Similar experiment was conducted with FT-IR analysis rather than XRD. As expected from the close -COOH groups, anhydrides are formed but this may not affect significantly the porosity since the carboxylic acids are not initially pointing at the channels.

Interestingly, the total conversion of carboxylic acids in anhydrides would result in the formation of a 2D coordination polymer (rather than a 1D system), although water could transform back easily this compound into its initial 1D structure. Conversely to MIL-61(Fe), no phase transition (i.e. with unit cell modification) is observed as seen above.

Nitrogen adsorption was performed at 77 K to evaluate the specific surface area of Fe/BTC, among other properties. As expected, Figure 2-46 shows the isotherm of Fe/BTC which indicate the very small amount of N2 adsorbed; such isotherm is close to a Type II isotherm characteristic of a non-porous material for nitrogen. Therefore, N2 do not have access to the 1D channels at 77 K which is very promising for post-combustion (or pre-combustion) if CO2

(or H2) is able to diffuse through the structure. 

d. Synthesis of nanoparticles

The synthesis of nanoparticles is necessary for the preparation of optimal MMMs (as discussed nm, width around 200 nm and length around 1 µm. While these particles are not at the nanoscale in each direction, this synthesis route (i.e. at room temperature) is the best way so far to form small particles of Fe/BTC. Following this relatively easy synthesis, a larger batch has been produced and more than 30 g of pure Fe/BTC were obtained at once in a 2 L flask at room temperature (see Figure 2-51). Note that these results (synthesis of Fe/BTeC and Fe/BTC) were included into a French patent related to the room synthesis of MOFs nanoparticles. As a whole, Fe/BTC is a very cheap, water stable and easy to make material; Table 2- 

e. Gas adsorption and MMM for pre-and post-combustion

Due to its promising features, Fe/BTC could be a good candidate for both pre-and postcombustion. Samples of this coordination polymer were sent to different partners for gas adsorption and MMMs preparation.

i. CO2/N2 separation

First experiments were performed for post-combustion with gas adsorption including CO2 and N2 (performed at 30 °C). More than 20 g of Fe/BTC (large scale synthesis at RT) were sent to UMons for single-gas adsorption of CO2 and N2 as well as co-adsorption with a mixture of CO2:N2 15:85 (composition of flue gas for post-combustion CO2/N2 separation). In the first case, we can see in Figure 2-52 that Fe/BTC selectively adsorbs CO2 over N2 with 0.6 mmol/g and 0.05 mmol/g at 1 bar, respectively. IAST calculations were performed to estimate the CO2/N2 selectively with different parameters such as 1) the molarity of CO2, from 10 % to 15 % compared to N2 and 2) the absolute pressure of the gas feed from 1 to 3 bars. At a feed pressure of 1 bar, good IAST selectivity is obtained around 36-37 showing the preferential adsorption of CO2. This ideal selectivity is further improved by increasing the pressure at 3 bars; at this feed pressure, the CO2/N2 selectivity reaches 42 which is promising for this water stable Fe based coordination polymer.

To validate the IAST predictions, CO2/N2 co-adsorption measurements at absolute pressures of 1 and 3 bars (and with 10 or 15 % of CO2) have been performed by Périne Normand at UMons and showed a different picture in terms of CO2/N2 selectivity. Indeed, as shown in Table 2-12, experimental co-adsorption selectivity is much higher especially at 1 bar with an exceptional CO2/N2 selectivity around 145 (at 15 % of CO2) which is almost four times more than the selectivity predicted by IAST (37.5). Similar conclusions can be drawn at 3 bars, although the deviation is less pronounced. Such results could be due to the size and shape of the pores but also some specific adsorption sites (e.g. Fe-OH). Further adsorption experiments and calculations should provide useful information on the selective adsorption of CO2 in Fe/BTC. 

ii. H2/CO2 separation

In the structural analysis, we pointed out that 1D channels of Fe/BTC have narrow dimensions in the range of CO2 kinetic diameter and we observed that CO2 is indeed able to diffuse inside the porosity. As for the case of H2, adsorption measurements are not appropriate for diffusion-based separation but one can assume that H2 will diffuse in the channels and faster than CO2 thus yielding good H2/CO2 separation performances. To evaluate these performances, MMMs have been prepared by UNIZAR by dispersing 20 wt% of Fe/BTC nanoparticles in a PBI (PolyBenzImidazole) matrix which is a highly stable polymer at high temperatures (> 150 °C for pre-combustion) combined with acceptable H2/CO2 separation properties (see Chapter 1 for more details). Although these preliminary results do not represent a breakthrough in membrane-based precombustion CO2 capture (below revisited Robeson upper-bound), further experiments will be necessary to confirm and understand the positive impact of Fe/BTC on PBI membranes.

Therefore, higher Fe/BTC loadings and/or attempts to further reduce the particle size should be investigated to promote gas transport in the coordination polymer rather than in the polymer phase which would be beneficial for increasing H2/CO2 selectivity. Additionally, it would be interesting to prepare MMMs with other type of polymers that may perform better.

Conclusion

This chapter arises from the need to synthesize interesting MOFs for CO2 capture as nanoparticles for their further incorporation in MMMs. In this chapter, we focused our efforts on preparing known or new iron-based MOFs involving polycarboxylic acid linkers providing potential accessible -COOH groups that would act as CO2 adsorption sites. The use of iron was motivated by two main reasons: 1) its natural abundance and cost, 2) it mainly forms MOFs with Fe 3+ cations that are relatively stable in the presence of water.

MIL-53(Fe) has been widely studied for gas and liquid adsorption but would suffer, due to its flexibility upon adsorption of solvent molecules, for the preparation of MMMs for gas separation. Thus, MIL-53(Fe)-BTeC (with two free -COOH groups) was selected for its very low flexible character and narrow 1D channels and numerous attempts were carried out to obtain it pure as nanoparticles but without any success. A polymorph was however obtained, denoted MIL-61(Fe), which shares the same SBU (infinite chains of corner-sharing Fe 3+ octahedra) and the same chemical formula as MIL-53(Fe)-BTeC but with a different connection mode between Fe 3+ cations and linkers (meta vs. para for MIL-53 series).

This MOF was suspected to be a good candidate for H2/CO2 separation due to very narrow 1D channels below 2.5 Å but first gas adsorption experiments revealed that no CO2 nor H2 is adsorbed on the internal surface of the material. MIL-61(Fe) was obtained by reflux synthesis in water as microparticles with a high STY. As expected, formation of anhydrides (condensation of two carboxylic acids) is observed for MIL-61(Fe) upon heating, associated with a phase transition although limited in cell volume. Revisiting 

INTRODUCTION

Metal Organic Frameworks (MOFs), known as a class of hybrid porous crystalline materials have developed rapidly due to their outstanding properties and myriad possible applications such as gas storage, separations, catalysis, biomedicine, electronic devices, and information storage. 1 , 2 These hybrid solids consist of periodic coordination networks composed of inorganic building blocks and organic multifunctional ligands and they can be rationally designed through crystal engineering. The explosion of interest in this class of materials stems from their endlessly 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 physico-chemical features for the targeted application. 1,2,3,4 As a result of their crystallinity, these materials are well suited to the in-depth characterization of their structure as well as establishing clear structure-property relationship. 5,6 However, the synthesis and/or structure determination of numerous MOFs remains an hurdle due to the high reactivity of their precursors and low crystallinity of the solids. 7 The complexity of their architecture associated with a possible structural disorder (water molecules, guest molecules, free ions, defects,…) and more importantly the existence of crystals with large unit cells and low symmetry has led to the development of methodology that combines X-ray or neutron diffraction to advanced complementary experimental (solid state NMR, EXAFS, transmission electron microscopy…) and computational tools. 8 The use of a large number of solid-state NMR experiments integrating high magnetic field, specific pulse sequences, multiple-resonance decoupling and ultrafast magic-angle spinning (MAS) has become a powerful tool to provide information on the local environment of atoms (symmetry, coordination shell…) and probe their spatial proximity and connectivity, thereby constraining the possible structural solutions. 9,10 Moreover, modelling tools involving energy minimization techniques at the force field (interatomic potential) and/or electronic (quantum) levels were combined with experimental information and this computational assisted structure determination approach was revealed indispensable for the structure resolution of numerous MOFs with low symmetry and/or poor crystallinity. 8,11,12,13,14 Here, this paper intends to reinvestigate the crystallographic structure of the aluminum trimesate MIL-96(Al), 15 with a subtle combination of advanced experimental (X-ray diffraction, Solid State NMR, Infra-red spectroscopy) techniques and Density Functional Theory calculations. The periodic aluminum-oxo framework including the coordination sphere of Al centers was 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. This MOF is part of the subclass of ultra-microporous MOFs. This family of materials is notably of special interest owing to their pore aperture sizes below 4-7 Å and can potentially address key challenges such as carbon capture and separation of olefin/paraffin, acetylene/ethylene, linear/branched alkanes, xenon/krypton. 16 The separation ability of MIL-96(Al) was previously demonstrated for several relevant applications of interest. 17,18,19,20,21 Moreover, its rigid framework with relative small pores incorporating diverse potential adsorption sites (Al acid sites, hydroxyl groups and coordinating water) with potential high affinity for CO2 makes this MOF attractive for the selective capture of CO2 over N2. In this context, the promise of this solid for thermodynamic CO2 capture was further confirmed by a subtle combination of single component CO2 and N2 and their binary mixture adsorption measurements and grand canonical Monte Carlo simulations. Due to its high thermal and hydrothermal stability, this MOF was further envisaged for the processing of mixed matrix membrane (MMM) for post-combustion CO2 capture. For that purpose, the synthesis of MIL-96(Al) crystals of different morphology and diameter was further achieved in water or water/DMF solvents. Two sets of nanoparticles of MIL-96(Al) with a monodisperse size distribution (200 and 70 nm) were selected as inorganic fillers for the processing of MMMs.

The glassy and high free-volume polyimide 6FDA-DAM was selected owing to its high CO2 permeability, good mechanical properties and easy processability. Defect-free membranes were prepared that consist of homogeneously distributed MOF particles in the polymer matrix with adequate interfacial properties. Their gas sorption properties were fully characterized, showing very promising performances for post-combustion CO2/N2 separation.

Such results are very promising in the field of MMMs for CO2 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. MOFs were recently proposed as fillers due to their outstanding gas separation properties. 5 However, MOF-based MMMs still pose challenges and limitations, which are mainly related to a possible physicochemical mismatch between MOFs and polymers. 22 , 23 , 24 , 25 , 26 Such lack of chemical compatibility between both components limits the MOF loading for numerous MMMs and thus the performance of the membrane. [21][22][23][24][25][26] Indeed, for numerous MOFs based MMMs, 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 MOFs fillers in the polymer matrix may take place thereby creating interphase defects (macro or nanovoids). 27,28 Such voids provide new bypasses through the MMMs that reduce the separation efficiency and compromise performance. 29 EXPERIMENTAL SECTION.

Microwave Synthesis of MIL-96(Al) hexagonal platelets (MIL-96(Al)-HP). MIL-96(Al) hexagonal

platelets were synthesized by microwave assisted hydrothermal synthesis. Aluminum nitrate nonahydrate (191.7 mg, 0.511 mmol) and trimesic acid (70.4 mg, 0.335 mmol) were dissolved in distilled water (45 mL) under vigorous stirring. Acetic acid (14 µL, 0.25 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 down 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.

Synthesis of MIL-96(Al) nanoparticles in water (MIL-96(Al)-NP1).

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 hours and the white powder was cooled down 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 were finally obtained and dried in air at RT. 

Synthesis of MIL-96(Al) nanoparticles in water/DMF (MIL-96(Al)-NP2 and NP3

RESULTS AND DISCUSSION

Synthesis of MIL-96(Al) and structure resolution by combining single-crystal X-ray

Diffraction, solid-state NMR and DFT calculations.

The microporous MIL-96(Al) (see Figure 3-1 and Figure 3-2) was first reported using hydrothermal conditions from a mixture of trimesic acid (BTC) and aluminum nitrate. 15 However these conditions have to be strictly controlled since two larger pores polymorphs, MIL-100(Al) and MIL-110(Al), among others, can be produced in the same reaction system. 30,31,32,33 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 crystallization-hydrolysis-recrystallization process. 31 In addition, this route involves the use of HF and tetraethoxysilane. 15 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 more friendly 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- 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 Å x 3.6 Å) and hence accessible to H2, CO2 and to a lesser extent to N2 (Figure S4) which is crucial for high CO2/N2 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 "zigzag" channels between cavities B and C (Figure S3). The nitrogen adsorption isotherm of MIL-96(Al) at 77 K (Figure S5(a)) is of type I(a) from the IUPAC classification which is characteristic of a microporous adsorbent. A BET area of ≈ 60010 m².g -1 and a pore volume of 0.23 cm 3 .g -1 are obtained. In addition, the semi-logarithmic plot of the N2 isotherm is consistent with a narrow pore size distribution (Figure S5(b)). In contrast to the previously reported structure, 15 no electronic residue could be attributed to a fourth octahedral aluminum site. This observation contradicts the initial set of 27 Al MAS NMR spectroscopy data which evidenced the presence of four 27 Al NMR signals in MIL-96(Al). 15 In order to explain such a deviation, this phase was thoroughly investigated by combining solid state NMR, thermogravimetric analysis (TGA), and density functional theory (DFT) calculations. First, the 27 Al MQMAS NMR spectrum (see Figure S6(a) of SI) of the hydrated MIL-96(Al) shows only three 27 Al signals at δiso of 3.2, 3.4 and 6.2 ppm, which, according to the deconvolution of the 27 Al MAS NMR spectrum (Figure 3-3(a)) 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 The structural model of the anhydrous MIL-96(Al) thus proposed 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 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 H2O/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 first-principle calculated 27 Al NMR parameters including isotropic 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 centres or hydroxy groups, trimesate ligands, or coordinating water molecules) (see Figure 34).

The characteristic distances between two water/host oxygen atoms range from 2.6 and 3.05 Å, which fit well with those evidenced from the experimentally-refined structure (Figure 3-4(b)). The confined water molecules form a relatively strong hydrogen bond network with corresponding Ow-Ow distances (2.77 Å) as short as those usually observed for water in bulk state. This H2O network is extended throughout the porosity by hydrogen bonded water molecules between cavities B and C as shown in Figure S9. Finally, a theoretical accessible surface area of 700 m².g -1 was evaluated, in fair agreement with the BET area of 600 m².g -1

(see vide supra), thereby providing additional evidence of the reliability of the so-built structural models. 

Angströms. The dashed lines represent interactions between the water molecules themselves (black), between water and water coordinated to framework (blue), between water and hydroxyl group coordinated to framework (orange), between the water and the μ2-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 to the Al(2) sites are arranged in such a way to form hydrogen bonds with the framework between 1) their oxygen atoms Ow and the proton of the µ2(OH) functions (orange) and 2) their protons Hw and the oxygen atoms of the carboxylate group (purple). In addition, the water molecules located near to 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).

Control of the particle size and morphology: synthesis of nanoparticles of MIL-96(Al).

The characteristic morphology of MIL-96(Al) crystals, as initially described, is that of a truncated hexagonal bipyramid. 15 Several solvo-and hydrothermal routes led to MIL-96(Al) crystals with such a morphology but with different diameters (ranging from 0.8 µm to 40 µm) using Me3BTC or trimesic acid. 19,31,34,35 Finally, nanoparticles of MIL-96(Al) (from 160 nm to 55 nm) were recently reported by Knebel et al. 18 following a solvothermal synthesis in a mixture of H2O/DMF solvents. We report here several synthesis routes yielding to pure MIL-96(Al) with various morphology and size, 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 homogeneous heating favoring the nucleation process. 36 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 minute microwave assisted hydrothermal synthesis performed at 473 K led to pure MIL-96(Al) hexagonal platelets (i. e. 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 3 show changes in relative intensity of 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 S10) and HP (Figure S11). Hexagonal rods present a strong (010) reflection while the intensity of (00l) peaks is reduced, and (002) almost extinct. On the other hand, (00l) and (0kl) 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 345c)), in agreement with that previously reported for MIL-96(Al) crystals of similar morphology. 18 Since acetic acid may act as a modulator as reported for several polycarboxylate based MOFs, 37,38 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 In situ IR spectroscopy: characterization of adsorbed water, hydroxyl groups and Al 3+ 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 3-6A, spectrum a) shows (i) the lack of free trimesic acid (evidenced by the absence of bands in the 1740-1710 cm -1 region), 39,40 (ii) the confirmation of a significant amount of adsorbed water (OH stretching band at 3388 cm -1 and combination band at 5215 cm -1 , as well as a (D2O) band at ca. 1205 cm -1 recorded with the deuterated sample) 41 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 -1 and deformation band at 1071 cm -1 ). 41 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 is an important issue affecting the sorption capacity of samples, infrared 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 -1 (Figure 3 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 -1 . In addition, a set of bands appears in the (OH) region, the assignment of which is more complicated due to the possible overlapping between OH vibrations of adsorbed water and free hydroxyl groups. 41 For a correct assignment, partly deuterated samples were also investigated, thereby showing that all bands above 3600 cm -1 are due to -OH groups (see details in Figure S19 of SI). Therefore, the water OH modes appear below 3600 cm -1 which suggests that the two protons of residual 

(D 2 O) h i 1223 l m j k n - 1208
adsorbed water are involved in H-bonding with basic sites (presumably oxygen atoms of carboxylates) from the MOF structure. The T-type species (3695, 3681 cm -1 ) are assigned to structural terminal Al-OH hydroxyl while the B type species (3650, 3639, 3623 cm -1 ) can be attributed to bridging 2-OH type groups. 41 In addition, stable H-bonded OH groups (C-type) were also detected by a band at 3275 cm -1 .

(Figure 3-6B, spectrum d). The low (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 breaking of OH(H2O) bonds which confirms the very weak acidity of these hydroxyl. Upon evacuation, the intensity of these bands decreases above 323 K pointing out some possible dеhydroxylation process (for details see Figure S20). Bridging and C-type hydroxy groups are thermally stable. (see Figures S19-20 and the SI for more details). As shown by 27 Al NMR spectroscopy, a modification of the Al environment takes place at temperatures higher than 473 K: a 27 Al resonance centred 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). Noteworthy, 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 Brønsted and Lewis acidity, adsorption of different probe molecules (CO, 15 While the pores of MIL-96(Al)-HR evacuated at RT are not accessible to CO or 15 N2 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 cm -1 42 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 -1 . 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 Al 3+ coordinatively unsaturated sites (CUS) are also detected by CO or 15 N2 (adsorbed at 100 K) with a sample evacuated at temperatures as high as 423 K. In contrast to the low-temperature experiments, adsorption of CO2 on a sample evacuated at RT leads to formation of Al 3+ OCO (3(CO2) at 2345 cm -1 ) and OHOCO adducts (2338 cm -1 ). 43,44 The amount of the former species increases with the pre-evacuation temperature up to 473 K due to removal of coordinated water while that of OHOCO decreases.

CO2/N2 gas sorption properties of MIL-96(Al)-NP2: single gas adsorption, CO2/N2 coadsorption and molecular 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 3-7(a) shows the excess adsorption isotherms of pure single gas components CO2 and N2 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 -1 for CO2 while much lower capacity of about 0.2 mmol.g -1 for N2 is obtained. Grand Canonical Monte Carlo (GCMC) simulations were carried out at 303 K to predict the single component adsorption of CO2, and N2 (see SI for details). The experimental findings are qualitatively reproduced by the GCMC simulations (see Figure 3-7(a)), 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 whole porosity of 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 CO2 at 1 bar (~3.2 mmol.g -1 at 303 K) and 10 bar (~6.3 mmol.g -1 ) are among the best performances for small pore MOFs previously reported for CO2 separation such as MIL-91(Ti) (~3.0 mmol.g -1 at 1 bar/303K and ~4.5 mmol.g -1 at 10 bar/303 K), 45 MIL-53(Al)-NH2 (1.6 mmol.g -1 at 283 K and 1 bar), 46 Sc2(BDC-NO2)3 (1.1 mmol.g -1 at 303 K and 1 bar), 47 UiO-66(Zr)-2COOH (1.0 mmol.g -1 at 303 K and 1 bar) 48 and SIFSIX-3-Zn (2.3 mmol.g -1 at 308 K and 1 bar). 49 However, this CO2 adsorption capacity value is lower than both of a benchmark zeolite 13X (5.0 mmol.g -1 at 1 bar and 298 K) 50 and Mg-MOF-74 (8.0 mmol.g -1 at 1 bar and 298 K), although this later is not water stable. 51 The initial slope of the CO2 adsorption isotherm is significantly higher than that of N2 and this emphasizes a much stronger affinity of MIL-96(Al) for CO2. Such results are fully consistent with FT-IR, showing a strong adsorption of CO2 at both the Lewis acid Al 3+ sites (2345 cm -1 ) and terminal/bridging hydroxyl groups (2338 cm -1 ) of MIL-96(Al)-HR (see Figure S26). The enthalpy of adsorption for CO2 in MIL-96(Al)-NP2 as a function of loading is given in Figure 3-7(b). The high experimental enthalpy values at low coverage are certainly due to the interaction of CO2 molecules with Al 3+ CUS. Experimental and simulated enthalpy values of CO2 adsorption remain between -35 kJ.mol -1 and -30 kJ.mol - 1 throughout the CO2 uptake except at lower coverage. This relatively flat energetic profile indicates a homogeneous energetic interaction with the adsorption sites. Interestingly, this adsorption enthalpy for CO2 is substantially higher or comparable to other MOFs (i. e. UiO-66(Zr) :∼ -26 kJ mol -1 , 52 UiO-66(Hf)-(OH)2 : -28.4 kJ mol -1 , 53 and UiO-66(Hf) : ∼ -22.8 kJ mol -1 , 53 however lower than other highly efficient CO2 adsorbents such as zeolite 13X (-38 kJ mol -1 ), 50 and MIL-91(Ti) :~ -43 kJ.mol -1 ), 45 MIL-53(Al)-NH2 : ~ -40 kJ.mol -1 46, 54 , Mg-MOF-74 (∼ -50 kJ.mol -1 ), 51,55 SIFSIX-3-Zn (-45 kJ.mol -1 ), 49 and SIFSIX-3-Co (-47 kJ.mol -1 ). 56 Such a moderate adsorption enthalpy suggests an easy reversibility 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 industrial operations. Experimental and simulated enthalpy values of N2 adsorption are lower than that of CO2, 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 MOFs with small pores size (3.0-4.0Å). 16,45 The sorption-based binary gas separation performance of MIL-96(Al)-NP2 was evaluated by considering post-combustion CO2 capture, in which 10% to 15% of CO2 needs to be removed from flue gas mixtures containing N2. Co-adsorption measurements were performed on about 10 g of MIL-96(Al)-NP2. Such real co-adsorption data, rarely reported in the literature, were collected by using an advanced homemade device that combines a volumetric apparatus and S6). The almost unchanged CO2/N2 selectivity of MIL-96(Al)-NP2/6FDA-DAM MMM for increased CO2 concentration is in line with the nearly constant selectivity for the CO2/N2 co-adsorption of pure MOF (see vide supra). Although the permeability of the membrane decreased (~27 %) with increased CO2 concentration, ascribed to saturation of adsorption sites in the membrane matrix, 57 the CO2 flux through the membrane nevertheless increases with concentration. The influence of the humidity on the CO2/N2 separation properties of the neat 6FDA-DAM and MIL-96(Al)-NP3/6FDA-DAM membranes was further evaluated (see details in SI). As shown in Table S7, similar results of CO2/N2 permeability and selectivity were obtained for MIL-96(Al)-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 selectivity of the MIL-96(Al) based MMMs regarding the Robeson 2008 limit is illustrated in Figure S33. 58,59 A comparison of their performance with membranes prepared with 6FDA-based polymer is also shown (see Figure S33 and Table S8). Although the Robeson upper bound is not exceeded, the addition of the filler significantly improved the overall performance of the neat polymeric membrane.

Moreover, in comparison to MMMs previously reported, the composite membranes based on MIL-96(Al) present promising performances for post-combustion application with enhanced CO2/N2 selectivity. 

CONCLUSION

In the present study, by using advanced complementary experimental and computational tools, the crystalline structure of the microporous Al trimesate MIL-96(Al) (anhydrous 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 gaps in the original structural model reported of MIL-96(Al), 15 which remained questionable due to inconsistencies between solid state NMR and single crystal XRD experiments. The complex hydrogen bonds network formed by the adsorbed water molecules within the MOF framework and its hydroxyl groups was fully described. Several synthesis 

4-X-ray crystallography

The single crystal data of MIL-96(Al)-HR were collected on Proxima-2A microfocus beamline at the SOLEIL Synchrotron (λ = 0.8266 Å) 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. 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 (2c). 

Solid State NMR of MIL-96(Al)-HR

The 1 H and 27 Al MAS NMR spectra were recorded on an Avance III 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 1 H MAS NMR spectrum was recorded using a rotor-synchronized Hahn-echo sequence with a 3.0 µs 90° pulse length.

16 transients with 1 s recycle delay were accumulated. The 27 Al Hahn-echo NMR spectra were recorded using a 4.0 µs 90° pulse length. 128 transients with 0.5 s recycle delay were accumulated for each sample. The 27 Al multiple-quantum (MQMAS) NMR spectrum was acquired using the z-filter sequence. 1 The durations of the first two pulses are 2.8 and 0.6 µs, while the last pulse is selective on the central transition. For each sample, 64 t1 slices with 192 transients each were co added (recycle delay of 0.5 s). The 27 Al- 27 Al double-quantum singlequantum (DQ-SQ) spectrum used the supercycled symmetry-based R2 2 1 R2 2 -1 sequence 2 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 t1 evolution filters out the singlespin double quantum transitions connected to satellite transitions. 3 For each sample, 90 t1 slices with about 900 transients each were co added (recycle delay of 0.5 s). For all 2D experiments, the States procedure 4 was applied to obtain phase sensitive NMR spectra.

Further 27 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 27 Al MAS NMR spectrum was recorded. The 1 H chemical shifts are referenced to TMS, while those of 27 Al are referenced to a 0.1 M solution of aluminum nitrate. The NMR spectra were analyzed using the DMfit software. 5 Table S3. 27 Al NMR isotropic chemical shift (iso, ppm), quadrupolar coupling constant (CQ, MHz) and asymmetry parameter (Q) of MIL-96(Al) determined from the reconstruction of the 27 . 

III-In situ IR spectroscopy analysis: characterization of sorbed water, hydroxyl groups and

Al 3+ 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 cm -1 ). 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 vacuumadsorption apparatus with a residual pressure lower than 10 -3 Pa.

Carbon monoxide (>99.5% purity) was supplied by Merck. Labeled dinitrogen ( 15 N2, isotopic purity of 99.7%) was provided by Isotec Inc. (a Matheson USA company). D2O 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-1 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 -1 are assigned to coordinated carboxylates. Contribution of the C=C aromatic bond is expected at ca. 1630 cm -1 . The band at 1117 cm -1 is attributed to C-H in-plane bending modes.

Finally, the bands at 1160, 1075, 1011 and 962 cm -1 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 -1 region (Fig. S19). If some of the bands in the region were due to asymmetric H2O 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 -1 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 -1 should be observed. 6 Noteworthy that the as(OH) mode of water with the absence of H bonding should also be observed at high frequencies . 7 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. 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 + -OOC-C6H5-COO -HOH Al-OH -OOC-C6H5-COO -… + H2O (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). As shown by 27 Al NMR spectroscopy, a modification of the Al environment takes place at temperatures higher than 473 K: a 27 Al resonance centered around 35 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. 

4-Water adsorption/desorption cycles

Wavenumber, cm

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 evacuated at 423 K several carbonyl bands of low intensity were recorded (Fig. S23A): on open Al 3+ sites (ca. 2180 cm -1 ); on OH groups (2155 -2152 cm -1 ) and physically adsorbed CO (2137 cm -1 ).

With a sample evacuated at 473 K all of the carbonyl bands appeared with enhanced intensity.

The heterogeneity of the Al 3+ sites is evidenced by the appearance of two maxima at 2186 and 2172 cm -1 . The most pronounced increase in intensity is that of the band associated with physically adsorbed CO (2138 cm -1 ) 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. Consider the CO-induced changes in the (OH) region (Fig. S24). We discuss the spectra obtained with the 473 K evacuated sample since the observed bands are of high intensity (Fig. S23). Because the experiments were performed at 100 K it is also important to note that the (OH) bands were slightly shifted at this temperature and detected at 3708, 3686, 3660, 3636 and 3621 cm -1 . The two T-hydroxyl bands are shifted to one band at ca. 3670 cm -1 and the B- As in the case of CO, no adsorbed 15 N2 was observed after evacuation of the sample at ambient temperature. The results on 15 N2 adsorption on a sample evacuated at 473 K are consistent with the CO adsorption results: 15 N2 on open Lewis acid sites was detected at 2263-2260 cm -1 (corresponding to 14 N2 at 2341-2338 cm -1 ), while 15 N2 on Brønsted acid sites, at 2255-2251 cm - 1 ( 14 N2 at 2332-2328 cm -1 ). In addition, a ( 15 N-15 N) band at 2248 cm -1 (2325 cm -1 for 14 N2) is observed that may be assigned to 15 N2 on coordinatively unsaturated O 2-sites. 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. 9,10 The excess adsorbed masses are determined by correcting the buoyancy effect of the gas phase on the adsorbent sample volume. 11 The buoyancy effect on the adsorbed phase is not considered. 

2-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. 8 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 ± 1 kJ mol. -1 . 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 Δadsℎ ̇, via the following expression:

∆ 𝒂𝒅𝒔 𝒉 = ( 𝒅𝑸 𝒓𝒆𝒗 𝒅𝒏 𝒂 ) 𝑻 + 𝑽 𝒄 ( 𝒅𝒑 𝒅𝒏 𝒂 ) 𝑻 , eq.1
Here dQrev is the heat reversibly exchanged with the surrounding environment at temperature T, as measured by the calorimeter, dn a is the amount adsorbed after introduction of the gas dose, dp is the pressure increase and Vc 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 -3 mbar. The carbon dioxide (99.998% purity) and nitrogen (99.9995% purity) were provided from Air Liquide (Alphagaz, France). In order to acquire mixture adsorption equilibrium data, we used a homemade volumetric apparatus as shown in Figure S28. The principle of volumetric co-adsorption measurements 12,13 is based on the same principle as "classic pure compound manometric apparatus". [14][15][16] The homemade installation 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. 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 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. 17 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 CO2 and 28% for N2.

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 µ2-oxygen atoms connecting Al sites Al2. Further, all Al sites both Al1 and Al3 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. [18][19][20][21] 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 22 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. 23 The pseudopotentials used for all of the atoms were those derived by Goedecker, Teter and Hutter. 24 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. 25 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 26,27 using the PBE functional and ultra-soft pseudo-potentials generated 'on the fly'. 28 The wave functions were expanded on a plane wave basis set with a kinetic energy cut-off of 610 eV. The interactions between MIL-96(Al) and the guest species (CO2 and N2) 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 S4). 32 For the adsorbate molecules, CO2 was described by a 3-sites charged LJ model as defined by Harris and Yung 35 and N2 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). To study the influence of humidity on CO2/N2 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 CO2/N2 separation of these MMMs was performed by using a CO2/N2 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 N2 and CO2 separation measurements. The permeation results of MMMs are presented in Table S7 in comparison to that of the initial MIL-96(Al)-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. 

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  = 1 Å to get a q-range from 1.7×10 -3 Å -1 to 0.28 Å -1 .

-NCD beamline (ALBA, Barcelona, Spain) with: D = 6 m and  = 1 Å to get a q-range from 2.6×10 -3 Å -1 to 9.6×10 -2 Å -1 .

The 2D scattering intensity function for oriented ellipsoids of revolution with uniform scattering length density is given by (39). α is the angle between the axis of the ellipsoid and the q-vector, V is the volume of the ellipsoid, R2 is the radius along the rotational axis of the ellipsoid, R1 is the radius perpendicular to the rotational axis of the ellipsoid, G is the background scattering and Δρ (contrast) is the scattering length density difference between the scatterer and the solvent. While the permeability of such MOF-based MMMs is usually improved in comparison to the pure polymer membrane, an improvement in terms of selectivity is only rarely observed. This mainly results from the fact that the selectivity of this system is driven by the polymer matrix which is the dominant component. Increasing the particle content may prevent the dispersion of the fillers in the polymer matrix and it might favor their aggregation. As a result of an insufficient affinity, the creation of interphase defects can be observed which generates new bypasses around the fillers that affect the gas selectivity of the membranes.
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In this context, we studied the microstructure and interfacial properties of a MMM based on ZIF-8 and PIMs (Polymer of Intrinsic Microporosity). As widely reported in the litterature, ZIF-8 is well known for its hydrothermal stability as well as its pore size close to the kinetic diameter of CO2 which makes this MOF interesting for gas separation. PIMs possess excellent performances in gas separation due to their very high permeability. ZIF-8/PIMs were therefore well studied for gas separation for CO2 capture, although the interfacial properties had not been investigated.

We proposed to study this aspect through a complete physico-chemical characterization of the ZIF-8/PIM solutions and composite membranes by using multiple The polymer model consisted of 9 polymer chains between 10 and 20 monomers each, with a total of 112 monomers, a number that is similar to the one for the PIM-1 model we previously considered for the study of the ZIF-8/PIM-1 composite. Regarding the chain terminations, the following procedure was employed:

(1) the phenyl termination was capped by adding an NH2 group to atom 2.

(2) for the nitrogen side termination, atoms 19 to 23 were removed and an NH2 group was added to atom 13.

These terminations were chosen so that the model resembles the real polymer.

Interface generation

The ZIF-8/PIM-EA-TB interface was generated as follows:

(1) the [011] ZIF-8 surface model was chosen to build the interface, since this one had the lowest energy amongst those we have previously explored. 1 (2) The model PIM-EA-TB was generated in a box of dimensions 50 Å x 50 Å x 150 Å, and then two empty boxes were added in the z direction, resulting in a box of dimensions 50 Å x 50 Å x 400 Å.

(3) PIM-EA-TB was equilibrated using a 21-steps equilibration scheme as proposed by (3) the coordinates of PIM-EA-TB were unwrapped in the z direction, and then the ZIF-8 surface was added, by putting the two simulation boxes together in the z direction. Again, a 21steps equilibration was performed, but this time, the constant pressure simulations were carried out so that the cell could only change its volume by variations of the z length. The porosity of the polymer phase in contact with ZIF-8 was studied according to two different methodologies: (i) the v_connect method, 5 and (ii) the one reported by Bhattacharya et al. 6 In the first one, the voids within the polymer were determined by superimposing a 3D grid of 0.7 Å, and assigning 1 to the cubes where atoms were found and 0 if the cubes were empty. The "0" labeled regions are then sampled by a positronium or nitrogen sized particle 

Introduction and contribution

This work is written in the format of a research article; While the writing is in progress, further experiments and data from different partners will be required to complete this first draft.

We have seen in the first part of this chapter that the study of the interactions between each component of a MMM, including the solvent, is crucial for the preparation of defect-free membranes. Moreover, high content of MOF is required to significantly increase the performances, otherwise they are dictated by the polymer properties. We therefore propose in this work to study interfacial properties of smaller ZIF-8 nanoparticles (25-30 nm in diameter) with PVOH polymer. In order to increase the compatibility between MOF and the polymer, a strategy has been developed to graft selectively at the outer surface of MOF particles (unaltering the porosity) short chains of PEG thus forming ZIF-8@PEG composites.

The PEG coating would act as an interfacial layer between PVOH chains and ZIF-8 prone to yield defect-free MMM even at high loadings (> 30 t%).

Contributions to this research

After the synthesis of ZIF-8 nanoparticles, I performed the covalent grafting of the PEG chains Besides experimental part, I contribute to the writing of the first draft of this paper.

Molecular simulations have been performed to study the ZIF-8/PVOH interface as well as the PEG/PVOH interface; such results will be included to this draft.

PVOH, in full agreement with molecular simulations. In a last step, self-supported ZIF-8@PEG /PVOH mixed matrix membranes were prepared with high MOF loadings (up to 33 wt%).

INTRODUCTION

Controlling the diameter, shape and surface chemistry of nanoparticles (NPs) has been an intense research topic in recent years. While the physical properties of NPs are strongly impacted by their morphology, the interface that resides at the boundary between the surface NPs and their local environment was found to be crucial for the colloidal stability, aggregation state, reactivity and stability of nanomaterials. As a consequence, functionalities of NPs such as adhesive properties, wettability, anti-corrosion or biocompatibility requires the mastering of the surface chemistry of NPs. Therefore, strategies for the surface functionalization of NPs were developed for numerous NPs including metals, metal oxides, polymers and carbons.

Metal-Organic Frameworks (MOFs) are a recent class of crystalline hybrid porous materials composed of organic ligands connected to metal containing subunits. 3,4 Most of them exhibit a very large and monodisperse porosity with tunable pore sizes and volumes (typically, 0.2-4 cm 3 .g -1 , SBET300-7000 m 2 /g, pore diameter 3-60 Å) often exceeding those of other porous solids. Their structural (crystalline structure, pore size and shape) and functional tailorability relies on the high diversity of organic linkers and inorganic building units that can be combined. Over the past few years, these materials have sparked a great interest for several applications such as gas storage/separation, catalysis, sensing, biomedicine etc… In order to tune their physico-chemical properties, different strategies 5,6,7 such as post synthetic modification 8,9 were proposed to modify the internal surface of MOFs and thus functionalize the framework such as metal-binding sites or organic linkers. 10,11,12 In contrast, the functionalization of the outer surface of MOFs particles remains a challenging objective for numerous materials. Whatever the targeted domain of application (biomedicine, separation…), there is still strong need to better characterize and understand the surface chemistry of MOFs which is 'by essence' complex and heterogeneous due to the possible presence of organic and inorganic building units at the surface as well as vacant coordination sites, surface defects and coordinating solvent molecules. Even if advanced characterization techniques allow to gain a better understanding of the MOF outer surface such as Atomic Force Microscopy or high resolution low doses electron microscopy, 13 only recently computational methodology started to integrate density functional theory calculations and force field-based molecular dynamics simulations to model the surface of a few MOFs and their interfacial properties with polymers. 14,15 Such variability of surface chemistry makes difficult the development of general and reliable synthetic pathways for the external surface functionalization of MOFs NPs. One important issue is related to the selectivity of the modification process. Since the functional groups may be large enough to access to the porosity, the functionalization of the bulk surface of MOFs may take place together with the surface modification of nanoparticles. The use of bulky functional groups 16,17 or branched polymers was proposed as a possible strategy to tackle this lack of selectivity. However, as reported previously for other nanomaterials, the reaction of MOFs with polymers generally led to composite particles with poor interfacial properties as the result of weak interactions between both components. Therefore, for numerous applications, the most desirable surface modification of MOFs NPs is by far a selective covalent grafting of a thin organic or polymeric layer at the surface of MOF NPs with a good control of the surface density of functional groups while preserving the crystalline structure and the porosity of the MOF. For instance, in a view of biomedical applications, if several strategies involving non covalent post-synthesis grafting have been considered recently relying on biopolymers (heparin, chitosan, …), 18,19 mainly to enhance the colloidal stability and the stealth properties of nanoparticles of MOFs, …), a few covalent routes were recently proposed based on biomolecules (cyclodextrine-phosphate…)

or through a chemical reaction, leading to a clear-cut decrease of the kinetics of internalization of the nanoparticles into macrophages. The selective attachment of functional groups on the external surface of MOFs was also used to prepare core-shell structures. 20 Another strategy takes profit of externally exposed unsaturated functional groups of the organic linker while the equivalent functional groups of the framework are involved in coordination bonds with metals. By using conditions of peptide coupling chemistry (carbodiimide-mediated amidation), it was possible to covalently attach green fluorescent protein or trypsin at the surface of MOFs. 21,22 Zimpel et al. 23 used the surface free carboxylic acid groups to graft PEG chains at the surface of MIL-100(Fe) NPs, in small amount though (i.e. 1-3 wt%). Recently, Abánades Lázaro et al. 24 also grafted PEG chains onto external surface of UiO-66(Zr) nanoparticles through click chemistry with a much higher PEG content (ca. 23 wt%) but with some loss of porosity.

In this work, we propose a novel and selective functionalization approach based on the covalent coupling of PEG at the surface of MOF NPs. This synthesis method called Graftfast was previously developed to covalently graft organic polymer films with controlled thickness onto various surfaces (glass, metal, Teflon, natural plastic, ceramics, nanoparticles…). 1,2 This green simple process that implies a short one-step reaction at room temperature and water is based on a simple redox activation of aryl diazonium salts (strong oxidizing agents) with a reducing molecule (L-ascorbic acid). This method was used very recently to coat nanoparticles of the MIL-100(Fe) solid in a view of bioapplications (MIL stands for Materials from Institut Lavoisier) using PEG with different chain lengths leading to a high coating (> 20 wt %) and an increase in the colloidal stability of the particles. 25 Besides, reaching a good chemical matching between MOFs and polymers is of primary importance for the processing of composites membranes for gas separation. These latter also denoted Mixed-Matrix Membranes (MMMs) were developed to overcome the limitation of polymeric membranes in several separation processes (gas or liquid) by embedding specifically tailored materials (fillers) in polymer matrices while keeping good mechanical properties and processability of polymers. 26,27 Acryl-PEG5 (225 mg or 5.85 g for 5 kDa and 480 Da, respectively) is added to the diazonium salt solution and the mixture is stirred until the polymer is totally dissolved (solution B).

Solutions A and B are then mixed and stirred for 1 min prior to the addition of L-Ascorbic Acid (26 mg). The mixture is kept under stirring for 30 minutes at room temperature. The dark red solution is then centrifuged and the liquid phase is discarded. The dark red product is then washed four times with 30 mL of absolute ethanol to remove the excess of diazonium salt.

Then ZIF-8@PEG is washed three times with deionized water to remove the excess of Acryl-PEG that did not react. After removing the liquid phases, ZIF-8@PEG is dispersed in H2O. ZIF-8@PEG samples are dried overnight at 100°C for further characterization by X-ray powder diffraction (XRPD), thermogravimetric analyses (TGA) and FT-IR spectroscopy.

Preparation of ZIF-8/PVOH and ZIF-8@PEG/PVOH colloidal dispersions. ZIF-8 and ZIF-8@PEG solutions at [ZIF-8] concentrations (for ZIF-8@PEG, the weight concentration is based on the amount of ZIF-8 and PEG) ranging from 0.1 to 1 g.L -1 were prepared by diluting an initial 10 g.L -1 aqueous stock solution with H2O. ZIF-8 solutions were sonicated using a horn (20%; 1 min), before adding desired amount of a 5wt% aqueous solution of PVOH. Colloidal dispersions of ZIF-8/PVOH and ZIF-8@PEG/PVOH with PVOH/ZIF-8 weight ratio ranging from 0.5 to 0.9 were prepared. Before DLS measurements, each solution is stirred for several hours and sonicated (horn, 10%, 1 min). For some TEM experiments, the excess of polymer was removed by centrifugation at 14500 rpm for 15 min, followed by the redispersion of the solid in H2O. Samples were prepared by deposition of one droplet of colloidal suspensions onto a carboncoated copper grid and left to dry in air. High angle annular dark field in the scanning transmission electron microscopy mode (STEM-HAADF) experiments were recorded using an JEOL annular detector. In the same way, chemical maps were recorded using a JEOL X-ray energy dispersive spectrometer coupled with the STEM mode (STEM-XEDS). 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  = 1 Å to get a q-range from 1.7×10 -3 Å -1 to 0.28 Å -1 and NCD beamline (ALBA, Barcelona, Spain) with: D = 6 m and  = 1 Å to get a q-range from 2.6×10 -3 Å - 1 to 9.6×10 -2 Å -1 .

RESULTS AND DISCUSSION

Synthesis and characterizations of ZIF-8 NPs

ZIF-8 NPs were synthesized at reflux conditions in MeOH by reacting the 2-methylimidazole ligand with zinc nitrate following the procedure previously reported by Tsai and Langner 28 . As compared to the room temperature synthesis initially reported by Cravillon et al. 29 , performing the synthesis under reflux conditions allows the formation of smaller ZIF-8 NPs around 25±6 nm in diameter (vs. 45 nm for the room temperature synthesis) as observed by SEM (Figure S1). ZIF-8 NPs were further characterized by PXRD, TGA, FTIR and N2 porosimetry (in Figures 2345) thus indicating the formation of only monodisperse ZIF-8 nanoparticles.

According to DLS measurements (Figure 1) on ZIF-8 colloidal solutions of 0.1 g L -1 , particles with a hydrodynamic diameter (Dh) of about 100 nm are detected in water, and consist presumably of aggregates of a few ZIF-8 NPs. At the ZIF-8 concentration of 1 g L -1 , this aggregation process is more pronounced where particles with Dh > 1000 nm are detected (Figure 1). According to these results, it may be suggested that the dispersion of ZIF-8 NPs in PVOH would be strongly hampered by the strong aggregation of ZIF-8 NPs in aqueous solution.

It is worth noting that the processing of MMMs is based on the casting of highly concentrated solutions (> 1 g L -1 ). These results clearly show that the surface modification of ZIF-8 NPs is required for a homogeneous embedding in the PVOH matrix. Grafting PEG chains on ZIF-8 nanoparticles.

PEG chains of different lengths (480 Da and 5 kDa) were grafted onto ZIF-8 external surface using a diazonium-induced anchoring process (DIAP), also called GraftFast®, described by Mévellec et al. 1,2,30 This method involves the reduction of 4-nitrobenzene diazonium salt which is accompanied by the cleavage of dinitrogen, giving rise to surface-active 4nitrobenzene radicals. This step is followed by the binding of such radicals to the surface of ZIF-8 through carbon-carbon or/and carbon-metal bonds, as initially reported for other materials. 1,2,30 The propagation of this reaction leads to the formation of a grafted polyphenylene film at the surface of ZIF-8 NPs. In this work, we propose to graft short chains of Acryl-PEG onto the external surface of ZIF-8 nanoparticles. The acryl moiety of the PEG is involved in radical polymerization in solution thereby inducing the covalent binding of the PEG chains onto the polyphenylene layer (as shown on the simplified Scheme 1). This scheme depicts the different steps of polymer grafting: 1) 4-nitrobenzene diazonium salts are reduced and active radical species are formed followed by their binding to the ZIF-8 surface, 2) the radical species can react with the terminal acryl function of PEG to form macro-radical entities that can be strongly bound to the nitro-polyphenylene film on ZIF-8 surface, finally 4) additional PEG radicals can react with the ZIF-8 surface, thereby forming a PEG coating at the top surface of ZIF-8 nanoparticles. Figure 2 shows the PXRD of ZIF-8@PEG composites with 480 Da and 5 kDa PEG chains; no additional peaks or loss of crystallinity is observed confirming the stability of ZIF-8 NPs upon the grafting process. Thermogravimetric analyses (TGA) have been used to evaluate the amount of PEG (wt%) that has been grafted onto ZIF-8 surface (Figure 3). While ZIF-8 NPs are thermally stable up to 300°C, ZIF-8@PEG composites present an earlier degradation step around 150 °C which may be imparted to the degradation of PEG 31,32 . For both 480 Da and 5 kDa PEG lengths, the amount of PEG in the composite is estimated to 10 wt% (excluding the weight of the thin polyphenylene film), according to the residual amount of oxide at T > 400 °C. FT-IR spectra were also measured (see Figure 4) for both PEG lengths to further confirm the presence of PEG in the composite. Besides structural vibration bands of ZIF-8, IR spectra of both ZIF-8@PEG composites present two sets of additional peaks: {1725, 1260, 1110, 854 cm - 1 } and {1525, 1340 cm -1 } that can be attributed respectively to PEG and nitrobenzene as depicted in Table 1. The low intensity peak at 1728 cm -1 corresponds to the carbonyl group of the ester function of the Acryl-PEG; such specific carbonyl peak is clearly attributed to the polymer contribution since no carbonyl groups are present in the MOF framework. Finally, the selective external surface grafting was assessed by adsorption of N2 at 77 K (see Figure 5). The uptake of ZIF-8@PEG NPs is however lower than that of pure ZIF-8 with a BET surface area of 1200 m².g -1 and 1700 m 2 .g -1 respectively. This could be due either to the steric hindrance of the polymer chains at the surface of ZIF-8 NPs limiting the accessibility of N2 to the microporous cages of the MOF or to a partial intrusion of some of the PEG chains into the micropores of ZIF-8. mV and -26.4 mV for ZIF-8@PEG480 and ZIF-8@PEG5000, respectively (see Table S1), thus confirming the surface modification of ZIF-8 nanoparticles by PEG chains.

Characterization of ZIF-8@PEG/PVOH solutions by DLS and SAXS.

In order to investigate the impact of PEG on the colloidal stability of ZIF-8 NPs, we have prepared diluted aqueous solutions of ZIF-8@PEG NPs (0.1 g L -1 ). More concentrated solutions (1 g L -1 ) of ZIF-8@PEG NPs were also realized since they are prone to mimic the real casting solutions used for the processing of ZIF-8/PVOH MMMs.

The solutions of ZIF-8@PEG NPs dispersed in H2O at 0.1 g L -1 and 1 g L -1 were analyzed by DLS to determine the hydrodynamic diameter of particles and thus evaluate their colloidal stability (see Figure 1. With the shortest PEG chains, (i.e. ZIF-8@PEG480), the aggregation phenomenon seems to depend strongly on the MOF concentration. Indeed, ZIF-8@PEG480 NPs are strongly aggregated at 0.1 g L -1 since particles with Dh ≈ 600 nm are detected in solution. This suggests that the polymer plays a role in enhancing aggregate formation presumably with the ZIF-8 NPs acting as cross-linking agents between different short PEG chains. In contrast at higher p/p 0 ZIF-8 ZIF-8@PEG5kDa ZIF-8@PEG480Da concentration (i. e. 1 g L -1 ), the ZIF-8@PEG480 NPs are significantly less aggregated with Dh= 80 nm. When dealing with the longest PEG chains (i.e. ZIF-8@PEG5000), particles of smaller diameter are observed whatever the concentration (between 70 and 110 nm at 0.1 and 1 g.L - 1 , respectively), showing a good dispersion of ZIF-8@PEG5000 in solution. These DLS measurements show that the PEG surface modification has a stabilizing and efficient shielding effect on the dispersion of ZIF-8 NPs even at high concentrations, especially in the case of PEG5000. This indicates that the PEG coating prevents aggregation and enhances the colloidal stability of these NPs solutions which is crucial for the preparation of homogeneous MMMs. Since the PEG functionalization enhance the stability of the ZIF-8 NPs dispersion in aqueous solutions, we then prepared ZIF-8@PEG/PVOH solutions at different weight ratio and ZIF-8@PEG concentrations of 0.1 g L -1 and 1 g L -1 . The assembly process of ZIF-8@PEG NPs and PVOH was again assessed by combining DLS and SAXS. Figure 6 shows first the evolution of the hydrodynamic diameter of ZIF-8 and ZIF-8@PEG solutions by DLS. At 0.1 g L -1 , both ZIF-8

and ZIF-8@PEG NPs tend to aggregate in presence of small amount of PVOH. For low PVOH content, it may be suggested that ZIF-8@PEG (and ZIF-8) NPs are interconnected by a few PVOH chains, thereby leading to aggregates with Dh > 600 nm. However, when PVOH content reaches 80 wt%, a typical concentration used to prepare MMM, the aggregation process is markedly limited since the hydrodynamic diameter of particles decreases strongly. It may be suggested that the addition of PVOH to the solution may induce the formation of ZIF-8@PEG/PVOH (and ZIF-8/PVOH) interactions at the expense of inter-particle interactions between ZIF-8 NPs. All these results are in agreement with a good compatibility between ZIF-8@PEG and PVOH, and to a lesser extent between ZIF-8 and PVOH. At 1 g L -1 , the addition of PVOH significantly improves the dispersion of pure ZIF-8 NPs in solution, as shown by the strong decrease of the hydrodynamic diameter of particles. In contrast, the hydrodynamic diameter of ZIF-8@PEG particles is almost constant whatever the PVOH amount. These results

show that the dense PEG coating is certainly beneficial for shielding ZIF-8 NPs from PVOH adsorption. This also indicates the high colloidal stability of these dispersions.

These colloidal solutions were also characterized by Small-Angle X-ray Scattering (SAXS) measurements. It is worth noting that the SAXS signal is dominated by the scattering of ZIF-8

NPs due to the high mass of MOF. Therefore, the signal of PVOH or PEG is negligible. Figure 7 shows the evolution of the gyration diameter as measured by SAXS with ZIF-8/PVOH and ZIF-8@PEG/PVOH solutions. As observed by DLS, the colloidal solution of pure ZIF-8 NPs presents a low stability compared to PEGylated samples. Indeed, RG of ZIF-8@PEG NPs is almost constant whatever the PVOH amount. At higher concentrations (i.e. 1 g L -1 ), the colloidal stability of ZIF-8 and ZIF-8@PEG NPs is higher with a stable value of RG whatever the PVOH content. Moreover, the gyration radius of pure ZIF-8 NPs is significantly higher than that of ZIF-8@PEG NPs, showing the stabilizing effect of the PEG shell on the dispersion of ZIF-8 NPs in PVOH. More importantly, this positive impact of the PEG functionalization is much more efficient for PEG with longer chain length (i. e. 5kDa) since RG of ZIF-8@PEG480 NPs is significantly higher than that of ZIF-8@PEG5000. The colloidal stability of the solutions was also evaluated by visual observations over a long period (see Figure S3). While phase separation starts after 30 h for pristine ZIF-8 suspensions, ZIF-8@PEG/PVOH suspensions are much more stable in time. No phase separation was even observed for ZIF-8@PEG5000 whatever the amount of PVOH. Such exceptional long-term colloidal stability is the result of a modified interface between ZIF-8 and PVOH chains due to the PEG coating. To confirm this result, SAXS data of ZIF-8 and ZIF-8@PEG were collected after 24h. After 24h, the intensity of the signal of the different ZIF-8@PEG5000/PVOH solutions (0.1 g/L) did not change and maintained at its initial value thus proving the exceptional interaction between PVOH and PEG chains (Figure 8). The microstructure of ZIF-8/PVOH and ZIF-8@PEG/PVOH was finally characterized by STEM-HAADF experiments. STEM-HAADF is a powerful technique to probe inorganic/organic interfaces since the contrast of images is strongly dependent on the atomic number of elements. As shown in Figure 9 for ZIF-8@PEG5000 NPs, compact aggregates of a few hundred nanometers in diameter are observed. These objects consist of an assembly of strongly aggregated ZIF-8 NPs. The presence of the polymer at the surface of these particles can be clearly observed. For ZIF-8@PEG/PVOH with 90 wt% of PVOH, similar aggregates are present with however a thicker polymer layer around 6.8 ± 2.2 nm at the surface of ZIF-8 NPs. ZIF-8@PEG/PVOH membranes.

Due to the interesting results obtained on the colloidal stability of ZIF-8@PEG composites, we prepared MMMs with high MOF loadings in a view of future separation tests. Two ZIF-8/PVOH membranes were then prepared with 20 wt% and 33 wt% of ZIF-8@PEG5000. As it can be seen on the pictures in Figure S4, membranes could be obtained with a homogeneous distribution of ZIF-8 NPs.

CONCLUSION

We have reported the surface functionalization through the graft-fast method of the outer surface of ZIF-8 nanoparticles of 25 nm in diameter with PEG of two chain lengths (480 Da and 5000 Da) to improve their affinity toward PVOH chains and prepare defect-free MMMs. High amount of PEG (i.e. 10 wt%) was grafted onto the surface of ZIF-8 NPs without any significant blocking of the MOF internal porosity. If the colloidal stability of pristine ZIF-8

NPs was shown to strongly depend on the PVOH content, ZIF-8@PEG composites were less prone to aggregation with a high stability in the presence of PVOH, especially in the case of ZIF-8@PEG5000. These results can be attributed to the thick PVOH coating of ZIF-8@PEG nanoparticles. Noteworthy, a strong increase in the long-term stability of ZIF-8@PEG NPs was observed (DLS, SAXS) in the presence of PVOH over a 24 h time scale. Finally, MMMs were prepared with high content of ZIF-8@PEG fillers without any visible sign of phase separation.

If further tests will be required to determine the homogeneity of the membrane and the presence of any defects, this paves the way for the preparation of next generation of MMMs with enhanced performances. 

Conclusion and Perspectives

In the last decades, Metal-Organic Frameworks (MOFs) have shown that they hold great promises in the field of gas separation. They are a recent class of porous materials, among a large variety of well-established adsorbents such as silicas, zeolites and activated carbons, and their extraordinary versatility, in terms of metal nodes and organic spacers, have led to the development of thousands of original structures. Requirements for efficient membrane-based gas separation including CO2/N2 (post-combustion) and H2/CO2 (precombustion) separation, have been stated in Chapter 1; and a summary of the state of the art materials have been made. This overview also exposed the main drawbacks of other commonly used adsorbents (i.e. zeolite, activated carbons…) for these applications such as the low CO2 content and moisture in flue gas (post-combustion).

While pure MOF membranes may display exceptional gas separation performances, their difficult large-scale industrial fabrication may hamper their use. Then, the preparation of composite materials, i.e. Mixed-Matrix Membranes, have been proposed and promising performances for both pre-and post-combustion were obtained as described in Chapter 1;

the benefit of the hybrid structure of MOFs is obvious compared to zeolite or other classic adsorbents. However, several limitations were encountered with the result that expected performances are seldom reached. The main issue in MMMs that was pointed out is the relatively low amount of MOF filler (< 30 wt%) inside the polymer matrix which tends to increase the overall permeability of the membrane although the selectivity is rarely increased if not reduced by the presence of bypasses created by some defects in the membrane. Such defects often result from the relatively low compatibility between MOF crystals and polymer chains and several strategies were proposed to improve this aspect such as the use of specific functionalized ligand prone to interact with the polymer or the grafting of a polymer on the external surface of the MOF. Moreover, better results were obtained with MOF nanocrystals that can be well dispersed in the polymer matrix. This aspect is also important for the preparation of ultra-thin membranes.

Based on these observations, this thesis had multiple objectives. First, the synthesis of iron-based polycarboxylate MOFs exhibiting free carboxylic acid groups for gas separation with optimized conditions for large-scale production (water, low temperature). Some known MOFs have then been shortlisted based on their promising properties in terms of gas separation: MIL-53(Fe)-BTeC, with two free -COOH groups that holds the 1D channels in a very narrow configuration, is ideal as a molecular sieve for H2/CO2 separation. The synthesis of MIL-53(Fe)-BTeC was not easy as a polymorph was also formed which was identified as MIL-61(Fe).

The latter also exhibits free -COOH groups but the 1D channels of MIL-61(Fe) have revealed to be too narrow for H2 diffusion; moreover, no nanoparticles could be obtained for further testing in MMMs. Two new porous solids were also synthesized based on iron and BTeC or 1,2,4-BTC ligands with water as solvent; both can be obtained at room temperature as nanoparticles. While the structure of Fe/BTeC remains unknown, relatively high surface area (SBET ≈ 900 m²/g) was measured and free -COOH groups are exposed along with Fe 3+ CUS sites as detected by FT-IR. On the other hand, the structure of Fe/BTC has been solved and revealed a 1D coordination polymer with narrow 1D channels exhibiting Fe-µ2-OH for potential CO2 adsorption sites; while SBET is negligible depicting a non-porous framework for N2, Fe/BTC adsorbs twice as much CO2 than Fe/BTeC at 1 bar. Therefore, excellent CO2/N2 selectivity was estimated around 42 which indicates that Fe/BTC is a promising cheap, water-stable and easy to produce adsorbent for post-combustion CO2 capture.

In a second part, we focused on the synthesis of nanoparticles of MIL-96(Al) which is a water-stable aluminum MOF with interesting features for CO2/N2 separation. MIL-96(Al) is a microporous MOF with ultramicropores exhibiting several -OH and -OH2 groups prone to interact strongly with CO2 and less with N2. Due to some inconsistencies in the initial description of the framework, the 3D structure of MIL-96(Al) has been refined by combining single-crystal XRD, in situ FT-IR, solid state NMR and DFT calculations. Size optimization of particles was also achieved with the synthesis (at reflux conditions to allow further large-scale production) of monodisperse nanoparticles with a diameter around 70 nm. Such particles were tested for CO2/N2 gas separation both in adsorption (co-adsorption on powder) with high selectivity and in MMMs (with 6FDA-DAM) with excellent performances increasing at the same time CO2 permeability and CO2/N2 selectivity compared with the bare polymer.

In the last part, interfacial properties of MOF-based MMMs were studied and a surface modification strategy was proposed to improve them. First, by combining solution (DLS, TEM, SAXS) and solid state (NMR, SEM-EDS, IR) characterizations, ZIF-8/PIM system was composed of two kinds of particles: ZIF-8 aggregates with a polymer coating of a few nm, and PIM-1 aggregates of a few hundred nm in diameter showing the relatively poor compatibility between the two components. Such weak interactions were confirmed by molecular simulations with the presence of interfacial microvoids created by anchoring points formed by the interaction of -CN group of PIM-1 and -NH group from the ZIF-8. However, while the aggregation between ZIF-8 and PIM-1 occurs in THF, the presence of a large amount of PIM-1 slightly reduced this phenomenon. This suggests that the ZIF-8/PIM-1 interactions may not be high enough to overcome the self-aggregation and the phase separation of PIMs. These results emphasize the important role of the solvent for the preparation of MMMs.

In a second study, the external surface of ZIF-8 nanoparticles was covalently modified by In terms of perspectives, additional characterizations such as 57 Fe Mössbauer spectroscopy could provide useful information regarding the structure of Fe/BTeC while controlling the diffusion of BTeC ligand in the Fe solution could yield to the formation of larger crystals, more suitable for structure resolution by XRD. Fe/BTeC is not appropriate for CO2/N2 separation but its intrinsic biocompatible properties (iron MOF, water stable, nanoparticles…) could be interesting for drug delivery as a nanocarriers directly in the blood stream or through a patch in contact with the skin. For these purposes, Fe/BTeC could be surface modified by using anhydrides (formed at high temperature) to graft, for example, a molecule to target tumorous cells or specific organs. The synthesis of Fe/BTC could also be modified by using modulators to obtain free-standing nanosheets that could be further incorporated in MMMs for higher CO2/N2 separation performances.

Excellent results were obtained for MIL-96(Al) MMMs with only 25 wt% of MOF; one can expect better performances by increasing the MOF content especially with small particles (≈ in presence of moisture (real or synthetic flue gas) could be performed to evaluate further this system for post-combustion CO2 capture. To go even closer to the industrial application, polymeric hollow fibers could be coated with an ultra-thin MIL-96(Al)/6FDA-DAM layer.

Eventually, other types of polymer could be used for the preparation of MIL-96(Al) MMMs. 

b) Emission sources of CO2

CO2 released in the atmosphere by human activity has different sources and each one of them has to be answered by appropriate methods. Figure A1-3 shows the worldwide emissions of CO2 by economic sectors (based on 2010 emissions). 9 As expected the electricity and heat production is the activity that emits the most CO2 with 44 %. This means that almost half of the CO2 emissions comes from the power plants burning coal, natural gas or oil. The other half is mostly due to the Industry (manufacturing, construction and industrial process) and the use of fossil fuel for road, rail, air and marine transportation. These are the sectors where large efforts must be made to reduce our impact on the environment. -Type II isotherm is generally associated with non-porous or macroporous materials.

A progressive increase of the N2 uptake is observed with increasing the pressure. One can say that type II isotherms are typical of a multimolecular (multilayer) adsorption.

-Type III isotherm is less frequently observed and indicates very weak adsorbentadsorbate interactions, -Type IV isotherm is characteristic of mesoporous materials, it is similar to type II isotherm for low relative pressure but it exhibits a steep increase at higher pressure in addition with a hysteresis loop in the case of type IV(b); the latter is associated with the filling and emptying of the mesopores by capillary condensation. The position and the shape of the hysteresis depend mostly of the size and geometry of the pores, -Type V isotherm is a combination of type III isotherm and type IV isotherm, at low and high pressure respectively. Therefore, it is characteristic of a non-wetting mesoporous material.

-Finally, type VI isotherm can present multiple steps of adsorption corresponding to successive adsorption on a uniform non-porous surface.

One of the most reported physical properties of porous materials is the specific surface area expressed as the number of square meters per gram of material, abbreviated m²/g. Specific surface area is generally determined by N2 adsorption at 77 K. The isotherm obtained is treated by mathematical models using Langmuir or BET (Brunauer, Emmett and Teller) 6 theories. The former one is mostly used for chemisorption considering the formation of a monolayer while the latter is widely used for physisorption. Moreover, we will see that MIL-61(Fe) exhibits narrower pores than MIL-53(Fe)-BTeC which is beneficial for H2/CO2 separation and makes it interesting for further studies. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 
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 11 Figure 1-1: Scheme representing the overall process of CO2 capture and sequestration. Different techniques are listed below each step. Those in italic are not yet commercially available.3 

Figure 1 - 3 :

 13 Figure 1-3: Scheme representing the post-combustion CO2 capture overall process. Adapted from 4 .

  CO2 can be captured by physical or chemical absorption in a bath of solvents. The nature of the solvent varies with the process; pre-combustion CCS use glycol-based solvent like the widely used commercial Selexol® whereas post-combustion CCS mostly use amines. We will focus on the amines bath for post-combustion CO2 capture, which acts as a chemical absorbent.
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 14 Figure 1-4: Molecular representation of monoethanolamine (MEA).

Figure 1 - 5 :

 15 Figure 1-5: Diagram of a CO2 absorption unit of a coal-fired power plant using MEA as absorbent.13 

Figure 1 - 6 :

 16 Figure 1-6: Simplified scheme representing the different steps of a general PSA process for CO2 capture. Pads and Pdes represent the pressure with Pdes<Pads.

Figure 1 - 7 :

 17 Figure 1-7: Schematic representation of two of the different possible mechanisms for membrane gas separation.

Figure 1 - 8 :

 18 Figure 1-8:Robeson plots with upper bounds for a) H2/CO2 and b) CO2/N2. Red circles represent data from a tested membrane in similar conditions of pressure and temperature. Prior upper bound is from 1991, present upper bound is the revised one from 2008. Adapted from 21 .

Figure 1 - 9

 19 presents a simplified scheme of both pre-and post-combustion CO2 capture based on membrane gas separation. Taking the pre-combustion scenario, the syngas (H2 and CO2) produced by gasification of coal or reforming of natural gas is introduced in the separation unit at high temperature (T > 150 °C) and pressure (absolute pressure typically between 10 and 70 bars depending on the powerplant);24 the membrane must let H2 go through the membrane to retain carbon dioxide. Using a highly selective membrane, nearly pure H2 stream is produced on the permeate side and used for clean power generation, CO2 is pressurized and transport prior its sequestration. Working at high pressure reduces the cost of CO2 pressurization and consequently the overall impact on the CCS cost.
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 19 Figure 1-9: Scheme representing the membrane-based gas separation for pre-combustion (top) and postcombustion (bottom) with H2/CO2 and CO2/H2 separation, respectively.

Figure 1 -

 1 Figure 1-10: SEM images of the cross-section of a polysulfone HF membrane, (a) lumen, and (b) outer edge.26 

Figure 1 - 12 :

 112 Figure 1-12: Simplified scheme of the porosity of an activated carbon with the different sizes of pores. Blue and red spheres represent different sizes of adsorbates. Adapted from 36 .
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 1 Figure 1-13: (Left) Scheme representing one type of zeolite assembly. Multiple TO4 (T = Al or Si) tetrahedra assemble by corner sharing linkage to create the SBU which consequently forms the 3D framework. (Right) Structure of zeolite NaX exhibiting the FAU type with sodalite cages and hexagonal prisms forming a supercage.
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 115 Figure 1-15: Schematic representation of the formation of a mesoporous silica, here MCM-41. Adapted from 43 .

Figure 1 -

 1 16 shows different inorganic bricks found in the most common MOFs. The dimensionality of the framework is mostly governed by the inorganic sub-unit which can exhibit multiple coordination sites and acts as reticulation nodes.
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 116 Figure 1-16: Different SBUs found in MOFs: a) CuO5 dimer (HKUST-1); b) infinite Al(OH) chains (MIL-53(Al)); c) µ3oxo trimer (MIL-100(Fe)); d) ZnO4 tetramer (MOF-5); e) octamer of TiO5OH (MIL-125(Ti); f) Zr6O4(OH)4 (UiO-66(Zr)).

Figure 1 - 17 :

 117 Figure 1-17: Examples of organic linkers used for the synthesis of different MOFs: a) Trimesic acid (BTC); b) Terephtalic acid (BDC); c) 1,2,4-BTC; d) 1,2,4,5-BTC or BTeC; e) Naphtalene dicarboxylic acid (NDC); f) 2-Methyl Imidazole; g) N,N'-piperazinebis(methylenephosphonic acid).
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 118 Figure 1-18: Overview of different methods routes for the synthesis of MOFs. Adapted from 49 .

Figure 1 - 19 :

 119 Figure 1-19: Few examples of MOFs from the IRMOFs series based on MOF-5 and their pore sizes. Yellow spheres indicate the dimensions of the cavity.
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 120 Figure 1-20: Scheme representing the construction of MIL-100/101 from the µ3-oxo trimer (left) to the hybrid super tetrahedra to the final porous structure. From 61 .

Figure 1 - 21 shows

 121 the extended linkers designed for the formation of isoreticular MOF based on MIL-100(Fe)/101(Fe).
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 121 Figure 1-21: Scheme representing (top) the linker for MIL-100 (BTC) and MIL-101 (BDC) as well as extended linkers to form isoreticular extended MOF and (bottom) the super tetrahedron resulting from the assembly of the µ3-oxo trimers and the ligands. Adapted from 62 .

63

 63 

Figure 1 -

 1 Figure 1-22: MIL-88A 3D structure (left) and its cavity (right). Iron atoms are represented by green octahedra, oxygen atoms by red spheres and carbon atoms by black spheres. Adapted from 64 .

  -23). Similar swelling has been observed for other members of the MIL-88 series (i.e. MIL-88B, MIL-88C and MIL-88D) upon solvents adsorption.66 
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 123 Figure 1-23: Crystal structures of MIL-88A(Fe) framework in its a) contracted (dried), b) as synthesized and c) open (H2O) forms. Adapted from 64 .
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 1 Figure 1-24: a) CO2 adsorption/desorption isotherm and b) MIL-53(Cr) flexibility upon ads/des of CO2.[START_REF] Serre | An Explanation for the Very Large Breathing Effect of a Metal-Organic Framework during CO2 Adsorption[END_REF] 
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 125 Figure 1-25: View along the narrow trigonal channels of MIL-140A(Zr). Zirconium atoms are represented in blue, oxygen atoms in red and carbon atoms in black, hydrogen atoms have been removed for clarity.

Figure 1 -

 1 Figure 1-26: 3D Structure of the sod topology of ZIF-8 (left) and the dimensions of ZIF-8 spherical pore and aperture (right). Zinc atoms are represented in pink, nitrogen atoms in blue and carbon atoms in black.

Figure 1 - 27 :

 127 Figure 1-27: 3D representation of the triangular channels of MIL-140A-Br. Zirconium atoms are in blue, oxygen atoms in bright red, bromine atoms in dark red and hydrogen atoms in white.

Figure 1 - 28 :

 128 Figure 1-28: Covalent post-functionalization of a ZIF-90 molecular sieve membrane by imine condensation with

Figure 1 - 29 :

 129 Figure 1-29: 3D structure of SIFSIX-3-Cu showing the very narrow channels (3.5 Å) exhibiting the negatively charged fluorine atoms. Copper atoms are represented in orange, silicon in yellow, fluorine in cyan, nitrogen in blue, carbon in grey and hydrogen in white.

Figure 1 - 30 :

 130 Figure 1-30: 3D structure showing the narrow pore form of MIL-53(Al)-NH2.

Figure 1 -

 1 Figure 1-31: a) 3D structures of UiO-66(Zr) series and the organic ligand of b) UiO-66(Zr), c) UiO-66(Zr)-NH2, d) UiO-66(Zr)-BTC and e) UiO-66(Zr)-BTeC (Zr polyhedral; C black; O red, N blue and H white).
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 132 Figure 1-32: Simulated structure of the anhydride form of UiO-66(Zr)-BTeC hindering the pores aperture. Extracted from 90 .

was HKUST- 1 (

 1 or Cu-BTC) which exhibits a cubic structure and CuO5 dimers where each Cu has one terminal ligand.[START_REF] Vishnyakov | Nanopore Structure and Sorption Properties of Cu?BTC Metal?Organic Framework[END_REF] Adsorption enthalpies were measured for an activated sample of HKUST-1 with values around -30kJ/mol at CO2 low-coverage. Such adsorption enthalpy value was attributed to CO2 directly binding to Cu 2+ open metal site, as confirmed by in situ FTIR.[START_REF] Bordiga | Adsorption Properties of HKUST-1 toward Hydrogen and Other Small Molecules Monitored by IR[END_REF] MIL-100's mesoporous structure was discussed previously, its SBU is made of µ3-oxo trimers where each metal (e.g. Cr, Fe or Al) composing the trimer holds a terminal H2O or OH molecule.Upon thermal activation at high temperature (> 150 °C) of MIL-100(Cr), one can see the formation of five-coordinated Cr sites as detected by in situ FTIR.[START_REF] Vimont | Investigation of Acid Sites in a Zeotypic Giant Pores Chromium(III) Carboxylate[END_REF] 
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 133 Figure 1-33: Scheme representing the formation of Cr CUS in MIL-100(Cr) upon removal of H2O molecules by thermal activation followed by the addition of CO2 resulting in a strong interaction (Cr in orange, oxygen in red, carbon in black and hydrogen in white).

Figure 1 - 34 :

 134 Figure 1-34: Scheme representing the honeycomb structure of Mg-MOF-74. As-synthesized material is shown (left) with remaining DMF molecules attached to Mg 2+ sites while solvent exchange and/or activation allow the apparition of Mg 2+ CUS throughout the structures (right). Adapted from 99 .

For

  post-combustion CO2 capture, temperatures are relatively low (not exceeding 70 °C) but the presence of water vapor can cause the anticipated degradation of the MOF structure. The first MOFs synthesized were far from being water stable, MOF-5 degrades in air at ambient conditions due to the hydrolysis of the Zn-OOC bond by water molecules. UiO-66(Zr) is a more robust MOF with long-term water stability due to the high oxidation state of Zr (Zr 4+ ) along with the high coordination number of its Zr6O32 cluster with 12 connections to the terephthalic acid. Based on quantum simulation tools and experimental studies, Low et al. 100 have been able to define a 'map' for hydrothermal stability of several MOFs. Figure 1-35 lists the MOFs that are stable (based on XRD analysis) depending on the temperature and the presence of water (% steam).
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 135 Figure 1-35: Hydrothermal stability map for several MOFs regarding the temperature (°C) and the presence of water vapor (% steam) assessed by XRD analysis. Calculated energy of activation for ligand displacement by a water molecule is shown in magenta. Adapted from 100 .
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 136 Figure 1-36: Gas transport in polymer membranes according to the solution-diffusion model showing the adsorption, diffusion, and desorption of the gas molecules through a membrane with thickness 𝑙. Adapted from 108 .

Figure 1 - 37 :

 137 Figure 1-37: Main repeating units of commercial polymers usually used in MOF based MMMs. From 110 .

Figure 1 - 38 :

 138 Figure 1-38: Scheme showing the different contorted parts of two PIMS; a) PIM-1 and b) PIM-EA-TB. Taken from 112 .

  .125 prepared a 15 µm thick NH2-MIL-53(Al) membrane onto a porous glass frit support with ultra-high H2 permeance along with an excellent H2/CO2 separation factor around 30. As explained before, amino-MIL-53(Al) keeps its narrow pore configuration (on the CO2 pressure range tested) which reduces the diffusion of CO2 in the narrow 1D channels (0.26 x 1.36 nm). Peng et al. 126 developed 2D nanosheets made of the MOF Zn2(bim)4 with

Figure 1 - 39 :

 139 Figure 1-39: Robeson plot representing the tradeoff between permeability and selectivity in polymer membranesand the predicted area for MMMs toward the commercially interesting area.127 

Figure 1 - 40 :

 140 Figure 1-40: Scheme representing a Mixed-Matrix Membrane. Blue color shows the continuous polymer matrix while orange squares represent the inorganic or hybrid fillers dispersed, more or less efficiently, throughout the membrane.

Figure 1 -

 1 Figure 1-40 shows a schematic representation of a MMM. This strategy was recently envisaged by using MOFs (or other inorganic materials) as fillers that are known not to form continuous films such as MIL-101(Cr), UiO-67(Zr) or NU-1000. 128

  filler compatibility (α(H2/CO2) = 1.70 vs. 1.53 for the pure PSf membrane). Using APTMS, they prepared MMMs with high loadings presenting higher H2/CO2 selectivity of 2.41, 2.67, 2.93 and 3.57 for 25, 30, 35 and 40 wt% loadings, respectively. This study shows the crucial role of filler-polymer compatibility in MMMs preparation; zeolites have to be functionalized to be incorporated inside an organic matrix to prevent the formation of non-selective pathways.
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 141 Figure 1-41: Reaction scheme of covalently bonded zeolite with acrylate modified polymer. Taken from 132 .

  lower than the Robeson upper-bound due to very low CO2 permeability. The use of a more permeable polymer, e.g. 6FDA-DAM (structure shown in Figure 1-37), and mesoporous silica spheres (MSS) allowed the preparation of MMMs with CO2/N2 separation performances surpassing Robeson upper-bound (CO2/N2 selectivity: 23.7 and CO2 permeability: 1400

Figure 1 -

 1 Figure 1-42: (Left) Scheme representing the component of MOF-based MMM and the different types of composite membranes that can be obtained; (Right) Number of publications published each year from 2007 to 2017 including the keywords "Mixed-Matrix Membranes" AND "Metal-Organic Framework". Term "Mixed-Matrix Membrane" was not used prior to 2007 explaining why no publications appear in this chart prior to 2007. Web Of Science®.

Figure 1 -

 1 Figure 1-43: a) self-supported MMMs (1 x 1 cm²) made with different MOFs; b) Pictures showing the large area MMMs with good mechanical properties. From 139 .

Figure 1 -

 1 Figure 1-44: Post Synthetic Modification (PSM) of MIL-53(Al) with an aminosilane group to improve its interfacial affinity with the polymer maxtrix, as well as enhancing the CO2 adsorption. 161

Figure 1 - 45 :

 145 Figure 1-45: Scheme representing the synthesis of the PEI-decorated MIL-101(Cr). Cr is green, carbon in white and oxygen in red. Taken from 162 .

Figure 1 - 46 :

 146 Figure 1-46: Scheme depicting the fast heating ramp of microwave-assisted synthesis compared to the slow heat transfer in steel autoclave during conventional heating.

et al. 51

 51 

Figure 1 -

 1 Figure 1-47: (Left) SEM images of ultrathin CuBDC nanosheets and (Right) scheme representing the incorporation of MOF nanosheets in a polymer matrix to increase to the path of CH4 that cannot diffuse through the MOF porosity.

Figure 2 - 1 :

 21 Figure 2-1: Scheme representing the phase transition of MIL-53(Al) upon heating and in presence of water/air.Adapted from Loiseau et al.4 Hamon et al.5 performed CO2/CH4 co-adsorption measurements on the chromium version of MIL-53 and reported that a high CH4 content in the gas feed keep the MOF in its large pore
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 22 Figure 2-2: Phase transformation of MIL-53(Fe) series upon CO2 adsorption. Behavior of MIL-53(Cr) is shown for comparison. From 7 .

Figure 2 - 3 :

 23 Figure 2-3: Unit cell volume of the MIL-53(Fe) and its derivatives in their (air) hydrated form and immersed in various solvents: tetrachloroethane (TCE), Pyridine (Pyr) and ethanol (EtOH).8

Figure 2 - 4 :

 24 Figure 2-4: Scheme showing the permanent narrow pore form of MIL-53(Fe)-BTeC due to hydrogen bonds (cyan).Iron is represented in blue, carbon in black, oxygen in red and hydrogen in white.

8 proposed

 8 an alternative (shorter) synthesis using iron perchlorate as the Fe source. All these three syntheses were first reproduced by introducing first the reactants, then the amount of water inside a Teflon-lined autoclave which was heated in an oven to the desired temperature for a specific duration (no heat ramp was fixed). Powder X-Ray Diffraction (PXRD) of the resulting powders are reported on Figure2-5 (unless mentioned, PXRD are collected with a Cu source with Kα1 and Kα2 radiations).

Figure 2 - 5 :

 25 Figure 2-5: PXRD obtained from the three different syntheses reported in the literature for MIL-53(Fe)-BTeC.

Following

  these syntheses conditions, MIL-53(Fe)-BTeC can always be obtained, although in very small amount based on Chu et al.'s conditions, along with some impurities as seen by the additional Bragg peaks observed. Only the conditions reported by Sanselme et al. led to pure MIL-53(Fe)-BTeC; nevertheless, we could not reproduce again this result and/or it led to the extra formation of iron oxide (see Figure 2-6).
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 26 Figure 2-6: Picture of MIL-53(Fe)-BTeC obtained using Sanselme et al. conditions showing orange powder (MIL-53(Fe)-BTeC) and dark bits (Fe oxide).

Figure 2 -

 2 7 shows a Scanning Electron Microscopy (SEM) image showing the crystals obtained by Devic et al. conditions. Two different shapes of crystals suggest the presence of another phase. Similar observations were reported for the synthesis of Chu et al.
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 27 Figure 2-7: SEM image of crystals obtained with Devic et al. conditions.
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 28 Figure 2-8: TGA of pure MIL-53(Fe)-BTeC sample previously synthesized by the group at ILV (under O2 at 2 °C/min).Weight losses and residual oxide content are in good agreement with the MOF formula: Fe(OH)(H2BTeC).H2O.
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 29 Figure 2-9: TGA of products obtained from the different reported synthesis of MIL-53(Fe)-BTeC.

  mL A good quality PXRD was collected on this pure sample and allowed the unit cell determination (see PXRD in Figure 2-10).

Figure 2 -

 2 Figure 2-10: PXRD of pure MIL-61(Fe) synthesized using anhydrous FeCl3 without pre-dissolution of H4BTeC ligand, compared with calculated pattern for MIL-53(Fe)-BTeC and MIL-61(V).
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 211 Figure 2-11: Different connection mode in the formation of MIL-53(Fe)-BTeC (Left) and MIL-61(Fe) (right).

Figure 2 - 12 :

 212 Figure 2-12: Full structureless pattern matching of MIL-61(Fe) (λCu=1,54056Å) indicating that the sample is composed of pure MIL-61(Fe) with no traces of MIL-53(Fe)-BTeC. Blue curve: experimental data, Red curve: calculated data (off-set), Grey curve: calc-exp difference and blue ticks represent the position of Bragg reflections. Data collected up to 60 ° (2Θ) and present a good match (Rwp = 1.22).

Figure 2 -

 2 Figure 2-13 shows the 3D structure of MIL-61(Fe) along the b axis with the -meta connection and along the c axis displaying the very narrow 1D channels with dimensions around 2.4 Å and the free -COOH groups. It is important to note that the free -COOH moieties are in the plane of the benzene ring, thus forming the boundaries of the narrow channels. Dimensions of such channels are below kinetic diameter of H2 and should not adsorb H2 molecules but Peng et al.13 reported excellent H2/CO2 separation (i.e. α(H2/CO2) = 290) with a MOF with pore size around 2.2 Å.
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 213 Figure 2-13: 3D structure of MIL-61(Fe) along c axis (top) and along b axis (bottom). Iron atoms are in blue, carbon in black, oxygen in red and hydrogen in white.

Figure 2 -

 2 Figure 2-14: SEM images of MIL-61(Fe) obtained by hydrothermal synthesis.

Figure 2 - 15 :

 215 Figure 2-15: Pictures of MIL-61(Fe) reflux synthesis at initial state (left) and after 40 min (right). Color yellow indicates the formation of the MIL-61(Fe).

Figure 2 - 16 :

 216 Figure 2-16: SEM images of MIL-61(Fe) obtained by reflux synthesis with concentration of reactants C = 0.1 M.

Figure 2 - 17 :

 217 Figure 2-17: PXRD of the different synthesis conditions able to form pure MIL-61(Fe). All patterns are normalized on the first Bragg peak (i.e. (110)).

  -18; MIL-121 corresponds to the open form of MIL-53(Fe)-BTeC where the free carboxylic acids interact with each other to maintain the pore in its large pore form.The formation of MIL-121(Fe) upon the addition of a large excess of acetic acid is observed both for hydrothermal and reflux synthesis.
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 218 Figure 2-18: 3D structure of MIL-121(Fe) along the c axis showing the hydrogen bonds between free carboxylic acids. Iron polyhedra in blue; carbon, oxygen, hydrogen atoms are in black, red and white, respectively.

Figure 2 -

 2 Figure 2-19: FT-IR spectra of MIL-61(Fe).

Finally, nitrogen sorption

  porosimetry was performed on MIL-61(Fe) at 77K. Prior to the measurement, the sample was activated at 100 °C for 16h. As it can be seen on Figure2-20, MIL-61(Fe) presents a Type II isotherm in agreement with its non-porous character for N2 at 77K. BET surface area is thus very low, close to 3.0 m²/g (mostly external surface area).

Figure 2 -

 2 Figure 2-20: N2 adsorption isotherm for MIL-61(Fe) performed at 77 K. SA(BET) = 3 m²/g.

Figure 2 -

 2 Figure 2-21: Temperature-dependent PXRD performed on MIL-61(Fe) showing the phase transition upon heating. Cu Kα1, Kα2 radiations with a small fraction of Cu Kβ radiations (additional peaks observed for most intense reflections (e.g. (110) with an extra peak at 9.2 °).

Figure 2 -

 2 Figure 2-21 shows no change in peaks position up to 170°C in agreement with a rigid framework; from 170 °C, several changes appear. Reflection (200) is shifted to higher angles

  Prof. Hadjiivanov from the Institute of General and Inorganic Chemistry at the Bulgarian Academy of Sciences (BAS) collected FT-IR spectra at different temperatures after evacuation at different temperatures to follow the phase transition (see Figure 2-22).

Figure 2 -

 2 Figure 2-22: FT-IR analysis after evacuation of MIL-61(Fe) sample at different temperatures collected by BAS.
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 223 Figure 2-23: Scheme representing the condensation reaction between two carboxylic acids into an anhydride function liberating one water molecule. Only one condensation is shown here, the two free -COOH of the BTeC ligand condense to form two anhydrides.

Figure 2 -

 2 Figure 2-24: TGA of MIL-61(Fe) (black) and MIL-61(Fe) activated at 210 °C (blue).

e

  ) indexing of anhydride phase and structural model In order to determine the structure of the anhydride phase of MIL-61(Fe), hereafter noted MIL-61(Fe)-anhydride, the PXRD of the sample activated at 210 °C was collected. It showed only the pattern of the anhydride form (full structureless pattern matching in Figure 2-25).

Figure 2 -

 2 Figure 2-25: structureless pattern matching of MIL-61(Fe)-anhydride (λCu=1,54056Å), no traces of MIL-61(Fe). Blue curve: experimental data, Red curve: calculated data (off-set), Grey curve: calc-exp difference and blue ticks represent the position of Bragg reflections. Data collected up to 60 ° (2Θ) and present a good match (Rwp = 1.82).

  were transferred to the team of Prof. Guillaume Maurin at Institut Charles Gerhardt (University of Montpellier) to calculate a structural model using computational tools. They started with the MIL-61(Fe) structure with all the carboxylic acids converted into anhydrides and then relaxed the structure with Density Functional Theory (DFT) calculations to fit the cell parameters determined experimentally for the anhydride form.Figure 2-26 shows the DFT optimized 3D structure of the anhydride form of MIL-61(Fe) along the b axis.

Figure 2 - 26 :

 226 Figure 2-26: DFT optimized model of MIL-61(Fe)-anhydride along the b axis showing the anhydride function inside half of the narrow channels.

Figure 2 - 27 :

 227 Figure 2-27: Scheme representing the formation of cyclic anhydrides (in yellow) from the condensation of noncoplanar carboxylic acids (highlighted by yellow circles). Some Fe atoms connected to the ligand are omitted for clarity. Carbon atoms are in grey, oxygen in red and hydrogen in white.

3 .

 3 Fe/BTeC a) Room temperature synthesis of a new MOFAfter obtaining successively MIL-53(Fe)-BTeC, MIL-61(Fe) and MIL-121(Fe), continuous efforts were pursued to obtain carboxylate Fe MOFs with free -COOH groups. A new phase, denoted Fe/BTeC, was obtained at room temperature by mixing 1.27 g (5 mmol) of H4BTeC ligand with 0.81 g (5 mmol) of anhydrous FeCl3 in 50 mL of deionized water for 2 days. The room temperature synthesis condition is very important for the formation of this phase since, as we described it above, reflux and hydrothermal syntheses yield only MIL-61(Fe) and MIL-53(Fe)-BTeC/MIL-61(Fe) mixtures, respectively. This new phase is indeed obtained in pure form only when considering temperatures not exceeding 50 °C. The orange mixture was centrifuged and the water discarded to recover a brown product. The latter was washed with 100 mL of EtOH to remove the unreacted BTeC ligand and then centrifuged one more time. After drying one night in an oven at 100 °C, a brown power was obtained (m = 0.65 g). Figure2-28 shows the PXRD of the resulting product. Bragg peaks are rather broad which rules out any satisfying indexation of this phase from PXRD; no cell parameters could therefore be obtained even with longer collection time (2 weeks) by using a diffractometer featuring energy discrimination (reducing the fluorescence of Fe thus increasing the signal/noise ratio).

Figure 2 - 28 :

 228 Figure 2-28: PXRD of Fe/BTeC collected with discrimination of energies. Cu Kα1 radiation.

  The rigidity of the framework was assessed by temperature-dependent PXRD as shown in Figure2-29. Fe/BTeC is stable up to 250 °C at ambient conditions (air at 1 atm) and the absence of any peak shift indicates that its framework is rigid under these conditions.

Figure 2 -

 2 Figure 2-29: Temperature-dependent PXRD showing the rigid framework of Fe/BTeC, stable up to 250 °C. Extra peak observed after 7 ° corresponds to Cu Kβ radiation.

Figure 2 -Figure 2 - 31 :

 2231 Figure 2-30: TGA of Fe/BTeC performed at 2 °C/min under O2.

Figure 2 -

 2 Figure 2-32: SEM images of Fe/BTeC as synthesized (Left) and after 72h in refluxing water (Right).

Figure 2 - 33 :

 233 Figure 2-33: PXRD of Fe/BTeC after synthesis (noted As) and after 72 h refluxing in water showing its hydrothermal stability.

Figure 2 -

 2 Figure 2-34: FT-IR spectra of Fe/BTeC performed after evacuation at different temperatures in air. Bands in blue correspond to the acid form while numbers in red highlight the bands corresponding to anhydride.

1

  decreases in intensity confirming the condensation of carboxylic acids into anhydride. In contrast to MIL-61(Fe), the formation of anhydrides in Fe/BTeC does not provoke any phase transition (see thermodiffraction in Figure 2-29). The team at BAS also studied this sample by FT-IR and showed that the formation of anhydrides was a reversible process; they put Fe/BTeC (anhydride) in presence of water vapor and the carboxylic acid band reappeared while those corresponding to the anhydrides completely disappeared (see Figure 2-35).

Figure 2 -

 2 Figure 2-35: FT-IR spectra of Fe/BTeC as prepared (top), after evacuation at 200 °C (middle) and the anhydride form in presence of water vapor (bottom). Asterisks indicate the characteristic bands of anhydrides.

  . Upon information collected by the different characterizations techniques, we can tentatively propose a formula based on 2 Fe by ligand, µ3-oxo trimer (2 H2O and 1 OH) and free -COOH groups: Fe3O(H2O)2(OH)4(H2-BTeC)1.5.

Figure 2 -

 2 Figure 2-36: FT-IR spectra collected on Fe/BTeC sample in presence of CO at different activation conditions.

Figure 2 -

 2 Figure 2-37: CO2 (top) and N2 (bottom) isotherm performed at 30 °C on Fe/BTeC activated at 110 °C.

  carboxylic acids like trimesic acid (1,3,5-BTC) although the position of the -COOH on the benzene ring are different. 1,2,4-BTC would allow coordinate the metal in -para configuration leaving the remaining carboxylic acid free. We will see in this part the synthesis of a new porous material based on 1,2,4-BTC and Fe for gas separation applications.a. Hydrothermal synthesisThe ligand used here, 1,2,4-BTC (see inset in Figure2-38), is less soluble in water than its tetracarboxylic parent, BTeC. Therefore, hydrothermal synthesis was investigated with an iron source with the following conditions: 5.5 mmol of 1,2,4-BTC, 8 mmol of anhydrous FeCl3 and 10 mL of deionized water are placed in a 150 mL Teflon-lined steel autoclave which is heated at 200 °C for 72 hours. The resulting solution was then filtered and a yellow powder was obtained after several washes with water and ethanol to remove the unreacted ligand. PXRD pattern was collected and showed the presence of a new crystalline material, denoted Fe/BTC (seeFigure 2-38).

Figure 2 - 38 :

 238 Figure 2-38: PXRD of Fe/BTC obtained by hydrothermal synthesis showing the crystalline structure of the material. The inset represents the chemical structure of 1,2,4-BTC. Cu Kα1 radiation.

  -39) showing Fe/BTC particles with an elongated rice-like morphology and dimensions around 20 µm in length, 3 µm in width and 1 µm in height.

Figure 2 -

 2 Figure 2-39: SEM images of Fe/BTC micro crystals obtained by hydrothermal synthesis; a) zoom-out view, b) closeup on a 20 µm long crystal and c) close-up on the edge of the crystal with a height of 1 µm.

Figure 2 - 40 :

 240 Figure 2-40: TGA of the Fe/BTC micro crystals showing the presence of free molecules in the porosity and low content of iron in the framework (1 Fe for 2 ligands).

Figure 2 - 41 :

 241 Figure 2-41: Scheme representing one slice of Fe/BTC structure along the a axis showing the hydrogen bonds between facing -COOH groups holding the structure in the c direction. Fe polyhedra are in blue and carbon, oxygen and hydrogen are in grey, red and white, respectively.

Figure 2 - 42 :

 242 Figure 2-42: Structure of Fe/BTC along the a axis exhibiting the 1D narrow channels and the weak interactions extending the structure in the c direction. Blue dashed lines represent the hydrogen bonds between free -COOH.

Figure 2 - 43 :

 243 Figure 2-43: Scheme of Fe/BTC structure (space filling mode) representing the narrow channels. Fe polyhedra are in blue and carbon, oxygen and hydrogen are in grey, red and white, respectively.

Figure 2 - 44 :

 244 Figure 2-44: Temperature-dependent PXRD showing the rigidity of Fe/BTC upon heating.

Figure 2 -

 2 45 shows the appearance of different bands upon heating corresponding to strained anhydride (e.g. 1852 cm -1 and 1783 cm -1 ) concomitant to the decrease of the free -COOH band at 1703 cm -1 while the one at 1543 cm -1 (carboxylate function linked to iron) is not affected by the temperature.

Figure 2 -

 2 Figure 2-45: Temperature-dependent FT-IR spectra showing the formation of anhydrides upon heating. Bands in red are attributed to the carbonyl of anhydrides.

Figure 2 - 46 :

 246 Figure 2-46: Nitrogen adsorption (77 K) performed on Fe/BTC showing that no N2 adsorption occurs.

Figure 2 - 47 :

 247 Figure 2-47: PXRD and TGA of Fe/BTC after hydrothermal stability test (reflux in water for 72h).

in chapter 1 )

 1 . The diameter of the particles of Fe/BTC obtained through hydrothermal synthesis is too high; reflux synthesis was performed by mixing 5 mmol of 1,2,4-BTC and 5 mmol of anhydrous FeCl3 with 50 mL of deionized water. After 16h, the red solution has turned yellow and the mixture was filtered to recover a bright yellow powder. PXRD, shown in Figure 2-48, indicates the synthesis of pure Fe/BTC. A slight peak broadening is indicative of the presence of smaller particles.

Figure 2 - 48 :

 248 Figure 2-48: PXRD of Fe/BTC obtained through different synthesis routes. RT = Room Temperature.

Figure 2 - 49 :

 249 Figure 2-49: SEM images of Fe/BTC obtained by reflux (a and b) and by room temperature (c and d) syntheses.

Figure 2 - 50 :

 250 Figure 2-50: Pictures showing the color change during Fe/BTC synthesis; solution initially red (Left) turns yellow after 5 days (Right).

  11 shows the optimized synthesis conditions for the different synthesis routes. Gas adsorption and tests in MMMs in the next paragraphs will inform us about the performances of this compound for CO2 capture.

Figure 2 - 51 :

 251 Figure 2-51: Picture of the large batch synthesis (> 30 g) of Fe/BTC performed at room temperature with 1.5 L of H2O.

Figure 2 - 52 :

 252 Figure 2-52: Gas adsorption isotherms (CO2 and N2) performed at 30 °C on Fe/BTC sample activated at 110 °C (left); close-up at lower pressures (right). Inset indicates the CO2/N2 ideal selectivity (IAST) regarding the molarity of CO2 (yCO2) compared to N2 and the absolute pressure (1 & 3 bars).

Filler

  20 wt% of Fe/BTC in PBI yielded a MMM with a thickness around 90 µm along with promising results (see Table2-13) since both H2 permeability and H2/CO2 selectivity are increased from 32 to 61 Barer and from 3.0 to 5.0, respectively. Performances of Fe/BTC@PBI are reported in Figure 2-53 along with the gas separation properties of the bare PBI; MMM based on Fe/BTC is above 1991 Robeson upper-bound and close to the revisited one from 2008.

Figure 2 - 53 :

 253 Figure 2-53: Robeson plot showing the performances for H2/CO2 separation of Fe/BTC@PBI and MIL-61(Fe)@PBI MMMs along with the pure PBI membrane (T = 180 °C). 1991 and 2008 upper-bounds are represented in black.

  Mihaylov from the team of Prof. Hadjiivanov) experiments have provided useful information to refine the structure and especially regarding the local environment of the different aluminum sites (i.e. terminal molecules and CUS/OH sites). DFT calculations were finally performed by Dr. R. S. Pillai (Postdoctoral fellow), in the team of Prof. Maurin at Institut Charles Gerhardt Montpellier, on the new structure to validate the refined model. With the objective of preparing MMMs, new syntheses were developed to control the size and shape of MIL-96(Al) particles and CO2 and N2 single gas adsorption were performed by V. Benoit (PhD student in the team of Dr. Llewellyn at MADIREL). To evaluate the gas separation performance of MIL-96(Al) under post-combustion conditions, co-adsorption CO2/N2 measurements were performed by P. Normand (PhD student) in the team of Prof. De Weireld at Mons University. Finally, A. Sabetghadam (PhD student in the team of Prof. Kapteijn and Gascon at TUDelft) prepared some MMMs with different particles sizes and their performances were evaluated for post-combustion CO2 capture with promising results. SEM images of the surface and the cross-section of several MMMs were recorded by Dr. Montero from IMPC at UPMC. Contributions to this research In this project, I provided the different samples of MIL-96(Al) (from micro crystals to nanoparticles, including the different shapes) by developing several synthesis routes which are, for some, likely to be suitable for large-scale synthesis. Based on the PXRD and NMR experiments and the analysis of the data, I studied the local environment of the Al sites and also the connections between the different cavities. I also characterized the different samples of MIL-96(Al) by complementary techniques (PXRD, TGA, FT-IR, N2 adsorption (77 K)), and I was also involved in the SAXS measurements performed at SOLEIL synchrotron with the collaboration of Dr. Carn from MSC at Université Paris Diderot. Finally, for the composite materials, I studied the colloidal stability of different MIL-96(Al) solutions containing pure solvent or with polymers by Dynamic Light Scattering and SAXS. I finally contributed to the writing of the paper. Prior to the submission of this paper, I also co-authored another paper led by Prof. Caro published in ACS Applied Materials and Interfaces on the preparation of MIL-96(Al) based MMM membrane for pre-combustion applications. My contribution is mainly on the description of the 3D structure and its porosity. The full paper can be found in Appendix 7.
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 96 Al)-HR) up to 20 µm long and 5 µm wide. (See Figure 3-1(a) and Figure S1 of SI).

Figure 3 - 1 :

 31 Figure 3-1 : 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 H2O/DMF (NP2); e) SEM image of NP3 and f) TEM-bright field image of NP3.The structure of MIL-96 (Al), initially described by Loiseau et al.,15 presents four nonequivalent aluminum sites. The fourth aluminum labelled as Al4, exhibits very short and unrealistic Al-O distances which suggests a crystallographic disorder of the initial structure.Therefore, in the present article, this structure has been reinvestigated using first microfocused beam synchrotron-based single crystal X-ray diffraction (see SI for details). As previously described, the structure results from the assembly of two distinct building units (see Figure3-2(a) and (b)). The first one is an oxo-centered trimer {Al(1)} of crystallographically equivalent Al(1) octahedra which are coordinated to bridging trimesate and 3-O ligands (see Figure 3-2(c). The second building unit consists of a 2D hexagonal network containing 18membered 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 and three bridging 2-hydroxo moieties (Figure 3-2(d) and (e) respectively. The hexagonal 18-membered rings are interconnected each other by another type of trimer. This 'unusual' {Al(3)} trimer, seldom observed so far in the field of MOFs, is composed of three Al(3) octahedra that are corner-linked by µ2-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 SI).
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 32 Figure 3-2: (a) Framework of MIL-96(Al) along c axis; (b) Framework of MIL-96(Al) along a axis; (c-e) Structural description of the different inorganic sub-units of MIL-96(Al): (c) {Al(1)}trimer (d) Sinusoidal chain composed of two Al(3) bridged by Al(2); (e) {Al(3)} trimer.

Figure 3 - 3 :

 33 Figure 3-3: Experimental (Exp.) and deconvoluted (Dec.) 27 Al MAS NMR spectra of MIL-96(Al) (a) hydrated, (b) dehydrated (i.e. previously dried overnight at 423 K). The individual contributions are shown below. 27 Al-27 Al DQ-SQ correlation NMR spectra of (c) hydrated MIL-96(Al) and (d) dehydrated MIL-96(Al). The diagonal has a slope of 2. For (c) the auto-correlations 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 (d) the auto-correlations Al(3')-Al(3') and Al(1)-Al(1) are the diagonal peaks while the cross-correlation Al(3)-Al(3') and Al(3)-Al(2) are indicated by the dashed lines. (e,f) A view of the {Al(1)} and {Al(3)} trimers sub-units of (e) hydrated MIL-96(Al) and (f) dehydrated MIL-96(Al).

  Figures S7 and S8). However, the dehydration provokes a modification of the local environment of Al 3+ cations since a fourth27 Al resonance (labelled Al(3')) is detected in the27 Al 1D MAS, (Figure3-3(b)) MQMAS (Figure S6(b) of SI) and 27 Al-27 Al DQ-SQ NMR spectra (Figure 3-3(d)).
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 34 Figure 3-4: Crystal structure of the MIL-96(Al) in its hydrated form. (a) DFT optimized model, (b) refined experimental model. (Gray, carbon; white, hydrogen; red, oxygen; pink, aluminum) Interatomic distances are in

  -1(b)). 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 3-5(a))

  along with MIL-100(Al) as by-product. 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 conditions 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 hours at reflux, the colorless solution becomes cloudy indicating the formation of MIL-96(Al) nanoparticles (i. e. MIL-96(Al)-NP1) as shown by PXRD (Figure 3-5(a)). As observed by SEM (Figure 3-1(c)), 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, Y = 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 16h of reflux, nanoscale MIL-96(Al) crystals were obtained as indicated by the presence of broad Bragg peaks on the XRD pattern (i.e. MIL-96(Al) NP2, see Figure 3-5(a)). As shown by the structureless refinement (Figure S12) and SEM images (Figure 3-1(d) 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.34 
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 35 Figure 3-5: (a) PXRD of the different MIL-96(Al) particles. All patterns were normalized using the (012) reflection; (b, c) 3D representation of the crystal morphology and the (hkl) planes of MIL-96(Al) b) Hexagonal rods and c) Hexagonal platelets. (d) SAXS curves of MIL-96(Al)-NP2 (black square) and MIL-96(Al)-NP3 (green triangle) 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 radius indicated in the inset and log-normal polydispersity. For the continuous line the polydispersity index (PD) are: PD R1 = 0.01 and PD R2 =0.15 while for dash-dot line PD R1 = 0.1 and PD R2 =0.2.

  -6(A), spectrum b). Only H2O coordinated to Al sites remains in the pores after evacuation at 323 K, as shown by a weak (OH) band centered at 3415 cm -1 , two weak combination bands at 5364 and 5288 cm -1 and, for the deuterated sample, two (D2O) components at 1218 and 1209 cm - 1 (Figure3-6(B), right inset).
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 36 Figure 3-6: (A) IR spectra of MIL-96(Al)-HR: (a) as prepared sample and (b) after activation at RT. The left inset shows the spectrum in the (+) region. The right inset shows the (D2O) mode with a deuterated sample (g) under D2O vapour and (h) after activation at RT. (B) IR spectra of MIL-96(Al)-HR in the (OH) and (OH) regions.Sample activated at (b) RT, (c) 373 K, (d) 423 K, (e) 473 K and (f) deuterated sample activated at 473 K. The left and the middle insets show the spectra in the (+) region of H2O and OH groups, respectively. The right insetshows the (D2O) mode with a deuterated sample after activation at (h) RT, (i) 323 K, (j) 348 K, (k) 373 K, (l) 398 K, (m) 423 K and (n) 448 K.

  N2 and CO2) 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 S23-26 of SI).
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 37 Figure 3-7: Experimental (empty symbols) and simulated (full symbols) CO2 (black circle) and N2 (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.

  Figure S32), 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 m. Similar results were obtained with MMMs based on MIL-96(Al)-NP3. It is worth noting that SEM images clearly show the absence of any defects (voids) at the interface between the MIL-96(Al) NP and polymer.
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 38 Figure 3-8: (A) PXRD of the MIL-96(Al)-NP2/6FDA-DAM and MIL-96(Al)-NP3/6FDA-DAM MMMs in comparison with the pure polymer and MIL-96(Al) NP; (B) SEM image of the top-surface of MIL-96(Al)-NP2/6FDA-DAM; (C) cross-section SEM image of MIL-96(Al)-NP2/6FDA-DAM. The high dispersion of MIL-96(Al)-NP2 in the volume of the membrane is confirmed with higher magnification SEM images (D).

Figure 3 - 9 :

 39 Figure 3-9: (a) CO2 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 CO2 and N2 mixture (15/85) of MMMs comprising 25 wt.% of MIL-96(Al)-NP2 and -NP3 as filler and 6FDA-DAM as polymer matrix at 298 K and 2 bars feed pressure. Permeate side atmospheric with helium as sweep gas.

  leading pure MIL-96(Al) crystals with various morphology and size, 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, THF). The complete characterization of the CO2/N2 gas sorption properties of MIL-96(Al) including in-situ FT-IR, CO2/N2 adsorption/coadsorption experiments, calorimetry and GCMC simulations has shown that MIL-96(Al) presents a high CO2 uptake at low concentration due to the high affinity of CO2 molecules to Al 3+ CUS and OH ligands of MIL-96(Al). Finally, MMMs based on MIL-96(Al)-NP and 6FDA-DAM with a high MOF loading (~25 wt%) were casted, showing an excellent dispersion of the MOF fillers in the polymer matrix and very promising CO2/N2 performance (permeability and selectivity). Such properties are likely to be due to the excellent 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%). ASSOCIATED CONTENT Supporting Information. Crystal structure of MIL-96(Al) (CIF); 27 Al MQMAS NMR and FTIR spectra; TGA; PXRD pattern and structureless refinement of MIL-96(Al) samples; Size distribution of MIL-96(Al)-NPs; Single adsorption isotherms; Simulated CO2/N2 selectivity; SEM images of membranes; This information is available free of charge via the Internet at http://pubs.acs.org/.
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 5 Figure S1. SEM images of MIL-96(Al)-HR crystals obtained by hydrothermal synthesis and used forsingle-crystal X-Ray diffraction.

Figure S2 .

 S2 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.

Figure S5 .

 S5 Figure S5. (a) Nitrogen adsorption isotherm at 77K of MIL-96(Al) (HR); (b) Semi-loogarithmic plot.

Figure S6 .Figure S7 .

 S6S7 Figure S6.27 Al 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.

Figure S8 .

 S8 Figure S8. Temperature dependent XRPD collected at ambient pressure on hexagonal rods (hydrothermal) showing the rigid framework of MIL-96(Al).

Figure S9 .

 S9 Figure S9. Scheme showing a) close contacts (< 2.9 Å) 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.

Figure S10 .

 S10 Figure S10. PXRD of MIL-96(Al)-HR recorded using reflection (black line) and transmission (red line) geometry.

Figure S11 .

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

Figure S12 .Figure S13 .Figure S14 .

 S12S13S14 Figure S12. Structureless refinement of MIL-96(Al)-NP2 (H2O/DMF); a = 14.3094 Å, c = 31.1728 Å, V = 5527.8 Å 3 , space group: P63/mmc; experimental data in blue and calculated pattern in red. Particle size:

Figure S15 .

 S15 Figure S15. Structureless refinement of MIL-96(Al)-NP3; a = 14.3613 Å, c = 31.2697 Å, V = 5585.2 Å 3 , space group: P63/mmc; 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).

Figure S16 .Figure S17 .Figure S18 .

 S16S17S18 Figure S16. Size distribution of MIL-96(Al)-NP3 as determined by TEM images. Mean diameter = 67±40 nm

Figure S19 .

 S19 Figure S19. IR spectra in (OH) and (OD) regions of partially deuterated MIL-96(Al) (50 % degree of deuteration) 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.
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 3 Spectra of fully deuterated samplesThe changes in intensities of different OD groups as a function of the evacuation temperature are shown on Fig.S20.

Figure S20 .

 S20 Figure S20. (A) IR spectra in (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.

Figure S21 .

 S21 Figure S21.27 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).

Figure S22 . 5 -

 S225 Figure S22. IR spectra of MIL-96(Al)-HR after adsorption-desorption of H2O 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).

Figure S24 .

 S24 Figure S24. Spectral changes in the (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 insetshows the spectra in the (CO) region. The left inset shows the (OH) region but upon CO desorption by short evacuations (g, h).

  Figure S25. IR spectra of 15 N2 adsorbed on MIL-96(Al) by addition of small doses of 15 N2 up to equilibrium pressure of 50 mbar at 100 K. Before adsorption the sample was evacuated at (a) RT, (b) 473 K and (c) 573 K.

Figure S26 . 1 -

 S261 Figure S26. IR spectra of CO2 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 KThe formation of Al 3+ OCO complexes on RT evacuated sample is associated with displacement of coordinated water by CO2 molecules. This is supported also by the decrease in intensity of the water combination band at 5295-88 cm -1 and development of a band at ~5180 cm -1 .

1 Figure S27 .

 1S27 Figure S27. CO2 (back) and N2 (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

Figure S28 .

 S28 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.

Figure S31 .

 S31 Figure S31. Simulated selectivities for CO2/N2 from its 15/85 molar ratio gas mixture, in MIL-96(Al) as a function of the bulk pressure at 303 K.

Figure S32 .

 S32 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 (tilt angle 40°) showing the homogeneous distribution of MIL-96(Al)-NP2.

Figure

  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 ( ). The performance of previously reported MMMs with 6FDA-based polyimide for CO2 / N2 is also shown for comparison ( ). (CO2 and N2 (15/85 vol.%) mixture was used as feed at 298 K and 2 bars).

Figure S1 .Figure S2 .Figure S4 .Figure S5 .

 S1S2S4S5 Figure S1. XRD pattern matching of ZIF-8 NPs

Figure S6 . 1 )Figure S7 .

 S61S7 Figure S6. SAXS curve of ZIF-8 dispersed in THF at [ZIF-8] = 0.01 g.L -1 .

Figure S9 .Figure S10. 13 C

 S913 Figure S9. FT-IR spectra of ZIF-8, PIM-1 and ZIF-8/PIM-1 membranes with different ZIF-8 NPs loading.

Figure S12 .

 S12 Figure S12. Cross-section SEM image of ZIF-8/PIM-1 MMM (ZIF-8 of 10 wt%, ultrasonication) and (b) EDX analysis of different parts of the membranes indicated in SEM image (a).

Figure S13 .

 S13 Figure S13. (a) SEM image of ZIF-8/PIM-1 membranes (ZIF-8/PIM-1 = 80/20 wt%, ultrasonication) and (b-d) elemental mapping of (b) carbon, (c), oxygen and (d) zinc by SEM-XEDS for the rectangular area indicated by the white box in panel (b).

Figure S15 .

 S15 Figure S15. (a,b) HAADF-STEM images of ZIF-8/PIM-1 at [ZIF-8]= 0.1 g/L and ZIF-8/PIM-1 = 80/20 wt%. For these solutions, the excess of polymer was removed by centrifugation. For (b), the solution was deposited on the carbon grid after ultrasonication.

Figure S16 .

 S16 Figure S16. (a, c, d) TEM and (b, e, f) HAADF-STEM images of ZIF-8/PIM-EA-TB colloidal suspensions at [ZIF-8] = 0.1 g.L-1 and different ZIF-8/PIM-EA-TB weight ratios: (a, b, c): 50/50; (d, e, f)): 80/20. For all these solutions, the excess of polymer was removed by centrifugation.

Figure

  FigureS17shows a picture of the PIM-EA-TB monomer. The atom types along with the non-bonded parameters are detailed in Table2.

Figure S17 .

 S17 Figure S17. Scheme of PIM-EA-TB polymer.

Hofmann and collaborators. 2

 2 Seven cycles of three simulations each were performed. The j-th cycle consisted of: (i) NVT ensemble, T = 600 K; (ii) NVT ensemble, T = 300 K; and (iii) NPT, T = 300 K, P = Pj (P1 = 1, P2 = 30, P3 = 50, P4 = 25, P5 = 5, P6 = 0.5, P7 = 0.001, all values in kbar). The same set of parameters was previously used to equilibrate PIM-1.3 

( 4 ) 4 ZIF- 8 /

 448 Figure S18. Radial distribution functions for the ZIF-8/PIM-EA-TB interface model, for the pairs (OH)ZIF-8 … XPIM-EA-TB. Results obtained from four different MD runs. XPIM-EA-TB sites are indicated in red in the inset scheme for each panel

( 1 . 1 Å

 11 or 1.82 Å). The second methodology, computes the distribution of pores taking into account a sphere whose radius increases in a given position of space, up to the point where it overlaps with the polymer atoms. Results for these kinds of analyses for one representative ZIF-8/PIM-EA-TB interface configuration are plotted in FigureS20.

Figure S20 .

 S20 Figure S20. Pore number and free volume of the pores as a function of their radius computed for a representative configuration for ZIF-8/PIM-EA-TB (top and middle panels respectively). Red = nitrogen sized probe, black = positronium sized probe. The bottom panels present results of the pore size distribution as a function of the radius of a growing probe. On the left, region A, on the right, region B.

  at the surface of ZIF-8 nanoparticles and prepared ZIF-8@PEG composites. I performed the complete characterization (PXRD, FT-IR, SEM, TGA) of ZIF-8 and ZIF-8@PEG particles and studied by DLS their colloidal stability. I was involved in the SAXS measurements that were done in synchrotrons ALBA and SOLEIL in collaboration with Dr. F. Carn from MSC at Université Paris Diderot. I prepared the different samples for TEM measurements prior to their analysis by Prof N. Menguy from IMPMC at Université Pierre et Marie Curie. Finally, I prepared colloidal suspensions by mixing polyvinyl alcohol (PVOH) with ZIF-8 and ZIF-8-PEG particles that were also studied by combining DLS, SAXS and STEM. Finally, I prepared some MMMs based on high loadings of ZIF-8@PEG.

Figure 1 :

 1 Figure 1: DLS measurements performed on aqueous solutions of ZIF-8 and ZIF-8@PEG composites at 0.1 g/L (left) and 1 g/L (right). Each curve is off-set for better comparison.

Scheme 1 :

 1 Scheme 1: Simplified scheme representing the supposed grafting mechanism of PEG onto ZIF-8 external surface.For clarity, steps 4) does not represent the complete Ar-PEG entity (simply noted PEG).

Figure 2 :

 2 Figure 2: PXRD of ZIF-8 NPs and ZIF-8@PEG composites showing no degradation of the framework during the grafting reaction. PXRD collected with Cu source with Kα1 and Kα2 radiations.

  33,34 [*] thus corresponds to the number of unconstrained PEG molecules per 100 nm 2 . As reported previously, the []/[*] is indicative of how densely the PEG molecules are packed at the surface of NPs: a ratio<1 indicates a low density of PEG molecules with a mushroom configuration while a ratio >2 indicates a high density of PEG molecules in a dense brush conformation. For both ZIF-8@PEG5000 and ZIF-8@PEG480, []/[*]1.2, showing that the PEG molecules are in the brush configuration.

Figure 3 :

 3 Figure 3: TGA of ZIF-8 and ZIF-8@PEG composites showing the early degradation of PEG (around 150 °C) which amount can be estimated around 10 wt% for both 480 Da and 5 kDa chain lengths.

Figure 4 :

 4 Figure 4: FT-IR spectra of ZIF-8 and ZIF-8@PEG composites showing additional peaks corresponding to PEG and nitrobenzene functional groups.

Table 1 :

 1 Assignment of additional IR peaks observed with ZIF-8@PEG composites (480 Da and 5 kDa) confirming the presence of PEG chains in the composite.

Figure 5 :

 5 Figure 5: Nitrogen adsorption isotherms performed at 77 K on ZIF-8 and ZIF-8@PEG samples. Samples were activated at 120 °C for 20h prior to analysis. ZIF-8@PEG isotherms were normalized with the actual mass of ZIF-8 (thus excluding the PEG mass).

Figure 6 :

 6 Figure 6: Evolution of the hydrodynamic diameter of ZIF-8 and ZIF-8@PEG in water in presence of increasing content of PVOH at 0.1 g/L (top) and 1 g/L (bottom), measured by DLS.

Figure 7 :

 7 Figure 7: Evolution of the gyration radius (measured by SAXS by Guinier fitting at very small scattering angle) for ZIF-8/PVOH solutions at 0.1 g/L and 1 g/L with PVOH content. Empty symbols correspond the analysis after 24h.

Figure 8 :

 8 Figure 8: Variation of the SAXS intensity (at very low q) at t=0 and t=24h for 0.1g/L solutions showing the excellent colloidal stability of ZIF-8@PEG5000 whatever the amount of PVOH.

Figure 6 :

 6 Figure 6: STEM-HAADF images of 0.1 g/L solution of a) and b) ZIF-8@PEG5kDa and c) and d) ZIF-8@PEG5kDa/PVOH (90 wt%).

Figure S1 :

 S1 Figure S1: Size distribution of ZIF-8 nanoparticles as measured by SEM. Average diameter is 25±6 nm.

Figure S2 :

 S2 Figure S2: Pictures of the reaction of grafting PEG on ZIF-8 NPs showing the release of N2 (bubbles) from side (Left) and from the top (Right).

Figure S3 :

 S3 Figure S3: Visual observation of the enhanced colloidal stability of ZIF-8@PEG composites in 1 g/L aqueous solutions, especially for ZIF-8@PEG5kDa where no phase separation occurs after 1 week in presence of PVOH.

Figure S4 :

 S4 Figure S4: Pictures of ZIF-8@PEG5kDa/PVOH MMMs with 33 wt% (Left) and 20 wt% (Right) loadings.

  chains of PEG to form a continuous interfacial layer with the objective to improve the compatibility between ZIF-8 NPs with both the solvent and the polymer matrix, PVOH in this case. Two lengths of PEG chains were grafted onto ZIF-8 nanoparticles external surface with only a slight decrease of accessible porosity. This surface modification has shown to significantly improve the colloidal stability of ZIF-8 NPs in water and in presence of PVOH, as observed by combining DLS, SAXS and HAADF-STEM techniques. Due to this enhanced MOF/Polymer compatibility, MMMs with high loading (> 30 wt%) were prepared and their performances are being tested.

Finally, the surface

  modification strategy developed for the selective grafting of PEG chains on ZIF-8 NPs could be envisaged for other MOFs and also with different polymers chains. A universal technique for selective surface modification of MOFs could pave the way toward their utilization in various applications. d'avoir une meilleure compatibilité vis-à-vis du polymère du fait de leur caractère hybride organique-inorganique. Cette thèse s'est déroulée dans le cadre d'un projet européen FP7 nommé M4CO2 (Membranes à matrice mixte à base de MOFs pour la capture du CO2) et avait pour objectifs de synthétiser des MOFs ultra microporeux construits à partir de cations trivalents (Al 3+ et Fe 3+ ) sous forme de nanoparticules pour permettre la préparation de MMMs de faible épaisseur (< 1µm) et avec une bonne homogénéité (bonne dispersion des nanoparticules de MOFs). De plus, la compatibilité entre les particules de MOFs et le polymère a été largement étudiée par des caractérisations physico-chimiques de solutions colloïdales de MOFs en présence ou non de polymère. Ce manuscrit se compose de quatre chapitres : Le chapitre 1 présente un état de l'art des principales technologies de séparation de gaz, à savoir l'absorption chimique par des solvants à base d'amine ou les procédés dits d'adsorption, pour traiter ensuite de la problématique de la séparation membranaire. Les différentes classes de matériaux poreux sont présentées et plus particulièrement les MOFs. Les caractéristiques importantes de ces matériaux pour une adsorption sélective du CO2 sont discutées et de nombreux exemples récents de la littérature sont cités. Enfin, les avancées majeures, ainsi que les problèmes rencontrés, en termes de MMMs pour les séparations CO2/N2 et H2/CO2 sont décrites. En se basant sur cette analyse, cette thèse avait pour objectifs de synthétiser des nanoparticules de MOFs à base de Fe(III) et d'Al(III) et de ligands de type polycarboxylate possédant des propriétés intéressantes (adsorption, stabilité, coût…) pour l'adsorption du CO2. Un second aspect de cette thèse est l'étude physico-chimique des MMMs, et plus particulièrement de l'interface MOF/polymère. Ainsi, le chapitre 2 porte sur la synthèse de différents MOFs construits avec du Fe(III) et des ligands de type polycarboxylate possédant des fonctions -COOH libres pour favoriser les interactions avec le CO2. De nouveaux matériaux poreux ont été synthétisés et des nanoparticules ont été obtenues par synthèse à température ambiante en utilisant l'eau comme solvant. Les propriétés d'adsorption de ces solides ont été étudiées avant leurinsertion dans des membranes à matrice mixte (MMMs), en collaboration avec des la matrice continue de polymère, du poly(vinyl alcool) PVOH dans ce cas.; fort de ces résultats, des membranes ZIF-8@PEG/PVA ont été préparées avec un taux de ZIF-8 supérieur à 30 % massique. L'étude de ces membranes pour la séparation gazeuse est en cours.

Figure A1- 1 :

 1 Figure A1-1: Records of CO2 (red), CH4 (blue) and N2O (black) atmospheric concentrations from year 0 to year 2005. Periods highlighted in orange and blue correspond to the Medieval Warm Period and the Little Ice Age, respectively.

Figure A1- 1

 1 Figure A1-1 shows the evolution of CO2, CH4 and N2O atmospheric concentrations on a 2,000 years' time scale. Such high level of CO2 concentration is alarming when the slight fluctuations of CO2 concentration resulted in the Warm Medieval Period (orange circle) and the Little Ice Age (blue circle). The European Project for Ice Coring in Antarctica (EPICA) went further in time with ice cores collected in Antarctica. Scientists obtained from these ice cores the atmospheric CO2 concentrations of Antarctica for the past 800,000 years. 8 They also could evaluate the surface temperature for the same period. Results indicated in Figure A1-2 clearly shows a correlation between the increase of CO2 concentrations and the increase of temperature. Current CO2 concentrations are way above concentrations from the past 800,000 years. In 1997, Kyoto protocol proposed worldwide nations to reduce by 5% of the emissions of six anthropogenic greenhouse gases, including CO2, between 2008 and 2012. The ultimate objective was to stabilize the CO2 concentration which would have required much more effort on carbon dioxide emissions reduction.

Figure A1- 2 :

 2 Figure A1-2: Evolution of CO2 concentration (blue) and temperature (red) in Antarctica over the past 800,000 years. Blue star indicates the current level of CO2 concentration.8 

Figure A2- 4 :

 4 Figure A2-4: The typical gas physisorption isotherms as defined by the IUPAC 2,3 . Porous materials can be characterized by the size of their pores 4 : -Pores with width below 7 Å are called ultramicropores, -Pores with width between 7 Å and 20 Å are called micropores, -Pores with width between 2 and 50 nm are called mesopores, -Pores with width exceeding 50 nm are called macropores.Adsorption of N2 at 77 K provides useful information on physical properties of porous materials like the specific surface area, the pore volume or even the pore size distribution; measuring the heat of adsorption can give information on the interactions involved between the adsorbate and adsorption sites. Adsorption/Desorption isotherms can have different shapes depending on the nature of the pores and the interactions at stakes. In 1985, the International Union of Pure and Applied Chemistry (IUPAC) defined six different types of isotherms 2 which were recently revised 5 (see FigureA2-4):-Type I isotherm is characterized by a strong adsorption at low relative pressure which corresponds to the filling of micropores (Type I(a) and I(b) for micropores below 1 nm and 2.5 nm, respectively). A plateau is then observed once micropores are full; subsequent adsorption is thus due to adsorption on the external surface area of the material. Nanoparticles with high external surface area yield to a continuous increase of the amount of N2 adsorbed with the pressure.

Figure 6 : 1 H

 61 Figure 6: 1 H NMR spectra of 2,5-bis(methoxycarbonyl)terephthalic acid dissolved in d6-DMSO.

13 C

 13 NMR spectrum (Figure7) gives the same analysis with the two aromatic C-H being equivalent (at 128.8 ppm). Product obtained is thought to be the one expected: 2,5bis(methoxycarbonyl)terephthalic acid.

Figure 7 :

 7 Figure 7: 13 C NMR spectra of 2,5-bis(methoxycarbonyl)terephthalic acid dissolved in d6-DMSO.

Figure 8 :

 8 Figure 8: XRPD of MIL-53(Fe)-BTeC obtained from the synthesis using 2,5-bis(methoxycarbonyl)terephthalic acid.

Figure 9 :

 9 Figure 9: SEM image of MIL-53(Fe)-BTeC obtained from the synthesis using 2,5-bis(methoxycarbonyl)terephthalic acid.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 

1: Comparison of the CO2 capture conditions between pre-and post-combustion power generation.

Table 1 -

 1 2: Molecular Weight (g/mol) and Kinetic Diameter (Å) of gases encountered in gas separation.

	Molecule Molecular Weight (g/mol) Kinetic Diameter (Å)
	H2	2	2.89
	CH4	16	3.8
	H2O	18	2.65
	N2	28	3.64
	O2	32	3.46
	CO2	44	3.3

Table 1 -

 1 

	3: Calculated low-coverage adsorption enthalpies of pure CO2 in the non-modified UiO-66(Zr) and its
	functionalized derivatives at 303 K. Data from Yang et al. 88,89

UiO-66(Zr)-X Low-coverage Adsorption enthalpies (kJ/mol)

  

	-	-26.2
	Br	-28.4
	NH2	-28.6
	(OH)2	-29.4
	NO2	-30.9
	CO2H (BTC)	-33.0
	(CO2H)2 (BTeC)	-36.4

91,92 v. Open-Metal Site

  

	Among the long list of different metal nodes encountered in MOFs, some present
	Coordinatively Unsaturated Sites (CUS) or Open-Metal Sites (OMS). These sites are usually
	linked to by terminal molecules like the solvent of the reaction, modulators, residual ligands
	or H2O/OH molecules until they are removed by thermal activation and/or by reducing the
	pressure (oxidation state of the metal can change depending on the metal and charge of the
	attached species). Depending on the metal, these sites can have more or less affinity toward
	small gas molecules such as CO2, this affinity can be estimated either by in situ FT-IR (using
	chemical probes such as CO or NO) or by calorimetry. The first widely studied MOF with CUS

101,102

  

-For the same type of ligand, e.g. carboxylic acid, cations with higher oxidation states (Al 3+ , Fe 3+ , Cr 3+ or Zr 4+ ) form more stable MOFs (MOF-5 vs. MIL-101(Cr) or MIL-53(Al)).

Table 1 -

 1 4: Performances of few polymer membranes for CO2/N2 separation based on their chemical functions.109 

	Material	CO2 permeability (Barrer) CO2/N2 selectivity
	Polyarylate	5-85	10-30
	Polycarbonate	5-110	15-26
	Polyimide	5-450	5-55
	Polysulfone	5-110	10-33

Table 1 -

 1 6: Summary of the reported MOF based MMMs including the most performing membranes. Membranes surpassing Robeson upper-bound are highlighted.

	MOF	Polymer	Wt% loading	P (CO2) (Barrer)	α(CO2/N2)	P (H2) (Barrer)	α(H2/CO2) Ref
	HKUST-1	PDMS	40	3050	8.9	900	0.4
	MOF-5	Matrimid	30	20.2	38.8	53.8	2.7
	ZIF-8	Matrimid	50	4.7	26.2	18.1	3.8
	UiO-66(Hf)-(OH)2	PBI	10	-	-	8	19
	ZIF-7	PBI	50	-	-	440	7.2
	ZIF-8	PBI	29	-	-	105.4	12.3
	ZIF-90	PBI	45	-	-	24.5	25
	ZIF-8	Pebax 2533	25	900	53	-	-
	ZIF-8	Ultem	17	31.5	30	-	-
	UiO-66	Pebax 1657	10	139.7	61.1	-	-
	SIFSIX-3-Zn	XLPEO	10	670	29	-	-
	ZIF-8	PIM-1	39	6 300	18.0	-	-
	ZIF-7	Pebax 1657	22	145	97	-	-
	UiO-66-NH2	Pebax 1657	10	130.2	72.2	-	-
	MIL-101(Cr)	PIM-1	33	8 440	36	-	-
	MIL-101(Cr)	SPEEK	40	1 623	40	-	-
	PEI@MIL-101(Cr)	SPEEK	40	2 490	80	-	-

Based on the performances of several MOF MMMs, it is established that these composite materials are suited for gas separation applications involving CO2 diffusion; some diverge from Robeson upper-bound thus reaching the commercially interesting area. For H2/CO2 separation, PolyBenzImidazole (PBI) is widely used thanks to its high thermal stability; moreover, PBI-based membranes seem to perform well with ZIFs materials. One exception is the study of Hu et al.

144 

on the incorporation of UiO-66(Hf)-(OH)2 in PBI resulting in improved
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Table 2 -

 2 

	Molecule Kinetic Diameter (Å)
	H2	2.89
	CH4	3.8
	H2O	2.65
	N2	3.64
	O2	3.46
	CO2	3.3

1: Kinetic Diameter (Å) of gases encountered in membrane gas separation.

b) Synthesis of MIL-53(Fe)-BTeC i. Reproducibility issues MIL

  -53(Fe)-BTeC (formula: Fe(OH)(H2BTeC).H2O) has been synthesized under hydrothermal conditions following different routes (Table2-2). Chu et al.9 reported for the first time the

	synthesis of this iron carboxylate formed with pyromellitic acid (1,2,4,5-
	BenzeneTetraCarboxylic acid or H4BTeC), FeCl3 and NaOH.

Table 2 -

 2 2: Overlook of different attempts for the synthesis of MIL-53(Fe)-BTeC repeated from the literature.

		Fe source (mmol)	H4BTeC (mmol)	Additive (mmol)	H2O (mL)	T (°C)	Time	Ref
	Chu et al.	FeCl3.6H2O (2.75)	1.75	NaOH (7.5)	5	150	72h	9
	Devic et al.	Fe(ClO4)3.xH2O (10)	10	/	50	150	16h	8
	Sanselme et al.	FeCl2.4H2O (1)	0.5	/	5	200	48h	

10

Later on, Sanselme et al.

10 

described the synthesis of MIL-53(Fe)-BTeC, reported as MIL-82(Fe), by mixing Fe II chloride with H4BTeC ligand also in aqueous conditions. Finally, Devic et al.

Table 2 -

 2 

3: Synthesis conditions to prevent from the formation of MIL-53(Fe)-BTeC for extra phase identification.

Ligand is first dissolved before adding the metal to avoid the formation of MIL-53(Fe)-BTeC during synthesis.

Table 2 -

 2 4: Crystallographic data of MIL-53(Fe)-BTeC and MIL-61(Fe).

Table 2 -

 2 

	Concentration Anhydrous FeCl3 H4BTeC	H2O	Temperature Time
	0.1 M 0.5 M	5 mmol 50 mmol	5 mmol 50 mL 50 mmol 100 mL	Reflux	1-2 h

5: Conditions for the reflux syntheses of pure MIL-61(Fe).

Table 2 -

 2 6: Reflux syntheses using different equivalent of modulator, i.e. acetic acid, yielding to an additional phase.

	Anhydrous FeCl3 H4BTeC Acetic acid H2O Temperature Time Phase obtained
	5 mmol	5 mmol	1-10 eq	50 mL	Reflux	16 h	MIL-53(Fe)-BTeC + MIL-61(Fe)
	5 mmol	5 mmol	30 eq	50 mL	Reflux	16 h	MIL-61(Fe) + MIL-121(Fe)
	5 mmol	5mmol	60 eq	50 mL	Reflux	16h Pure MIL-121(Fe)

Table 2 -

 2 

	Wavenumber (cm -1 ) Mode	Function
	1735	ν(C=O) Free acid function
	1705	ν(C=O) Free acid function
	1670/1638	ν(C-O)as Carboxylate group
	1440	ν(C=C)	Benzene group
	1395	ν(C-O)s Carboxylate group
	1350/1280/1208	ν(C-O) Free acid function

7: Characteristic IR bands of

MIL-61(Fe) 

Table 2 -

 2 8: Crystallographic data of both acid and anhydride form of MIL-61(Fe).

Table 2 -

 2 

9)

. If the temperature is raised above 50 °C to reflux (in water) only MIL-61(Fe) was formed; under hydrothermal conditions, above 100 °C, MIL-61(Fe) and/or MIL-53(Fe)-BTeC were obtained (pure or in mixtures). Interestingly, when cooling the reaction temperature down to 4 °C (fridge, without stirring) the pure Fe/BTeC phase was obtained.

Table 2 -

 2 

9: Optimized conditions for the synthesis of pure Fe/BTeC performed at room-temperature (RT).

Table 2 -

 2 10: Crystallographic data of Fe/BTC as determined by single-crystal XRD (PROXIMA 2 beamline, SOLEIL).

Table 2 -

 2 

	11: Optimized conditions for the different synthesis routes yielding pure Fe/BTC (from micro crystals to
	nanoparticles) (RT = Room-temperature).				
	Synthesis	Anhydrous FeCl3	1,2,4-BTC	H2O	Temperature	Time	Size of particles (µm)
	Hydrothermal	8 mmol	5.5 mmol	10 mL	200 °C	72 h	20 x 3 x 1
	Reflux	5 mmol	5 mmol	50 mL	Reflux	16 h	5 x 5 x 0.5
	RT	5 mmol	5 mmol	50 mL	RT	5 days	0.1 x 0.2 x 1
	RT -Large scale	150 mmol	150 mmol	1.5 L	RT	5 days	0.1 x 0.2 x 1

Table 2 -

 2 12: CO2/N2 selectivity obtained by co-adsorption measurements on Fe/BTC sample, compared with IAST predictions.

	y CO2 S(CO2/N2) exp S(CO2/N2) IAST
	1 bar 0.1	115.9	35.6
	0.15	144.8	37.5
	3 bar 0.1	65.7	42.1
	0.15	58.7	42.5
	Moreover, MMMs are being prepared using both Pebax and 6FDA-DAM polymers by TUDelft
	for testing in CO2/N2 separation. Adsorption measurements showed that CO2 can diffuse
	inside the 1D channels of Fe/BTC whereas N2 adsorption showed limited diffusion due to its
	kinetic diameter larger than the dimensions of the channels.

Table 2 -

 2 

13: Performances of PBI membranes containing 0 and 20 wt% Fe/BTC performed at 180 °C with Pfeed = 3 bar and (H2/CO2 50:50).

  If the structure of Fe/BTeC could not yet be solved due to its poor crystallinity, FT-IR analysis revealed however that this MOF contains Fe 3+ CUS sites as well as undergoes the formation of anhydrides upon heating. We can therefore hypothesize that Fe/BTeC exhibits

	exhibiting Fe-OH sites. Noteworthy, these channels have dimensions close to the kinetic
	diameter of CO2 revealing promises for both CO2/N2 and H2/CO2 separation. The former was
	recently evaluated by mixed-gas adsorption resulting in a promising CO2/N2 selectivity of 145
	(at 1 bar and CO2:N2 = 15:85). First MMM was prepared with 20 wt% of Fe/BTC nanoparticles
	in PBI, and showed promising performances for H2/CO2 separation with improved
	permeability and selectivity compared to the bare polymer, just below 2008 Robeson upper
	bound.
	Finally, throughout this chapter, we have reported the synthesis of several Fe based porous
	solids of interest, some of them as nanoparticles, together with optimized chemical
	procedures at ambient pressure and low temperature in water in a view of larger scale
	production. Two new porous solids, Fe/BTC and Fe/BTeC, also exhibit an excellent
	hydrothermal stability which paves the way toward green large-scale production of stable
	MOFs with promising properties in membrane-based gas separation applications.
	Fe 3+ µ3-oxo trimers and free -COOH group(s). Electron diffraction tomography (in progress)
	should help to solve this major issue. Gas adsorption measurements were nonetheless
	conducted and showed that Fe/BTeC is not really suitable for CO2/N2 separation due to its low
	adsorption selectivity.
	Concerning Fe/BTC, relatively large crystals could be obtained from this new phase and the
	structure determination revealed a 1D coordination polymer with narrow 1D channels

Two new coordination polymers were also synthesized, denoted Fe/BTeC and Fe/BTC, based on BTeC or 1,2,4-BTC ligands, respectively. Remarkably, both solids, obtained as nanoparticles following a room temperature green synthesis in water, are stable in refluxing water which is of strong interest especially considering the presence of moisture during post-combustion CO2 capture.
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	Introduction and contribution
	This work is described in the format of a research article currently under revision in
	Chemistry of Materials.
	This chapter deals with the microporous MIL-96(Al) solid. This MOF was initially
	reported by Loiseau et al., although the attribution of the four aluminum sites led to some
	inconsistencies, in particular regarding the length of some Al-O bonds. Regardless this
	structural issue, MIL-96(Al) presents promising features for CO2 adsorption with a great water
	stability suitable for post-combustion CO2 capture. Finally, MIL-96(Al) is formed from cheap
	reactants which is crucial for large scale-synthesis as required for the application.
	In the following paper, we describe the synthesis of MIL-96(Al) as single crystals. The data has
	been collected at the synchrotron protein crystallography beamline PROXIMA 2 at SOLEIL by

Conclusion ....................................................................................................................................... REFERENCES .................................................................................................................................... SUPPORTING INFORMATION ................................................................................................. Dr. Marrot and Dr. Tissot with the assistance of Dr. Shepard while Dr. Marrot solved the crystal structure. Solid state NMR (conducted by Dr. Martineau) and (in situ) FT-IR (performed by Dr.
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  H2O/DMF (v:v =1/1) mixture. Acetic acid (1.68 mL, 30 mmol) was added and the mixture was heated under reflux for 16 hours. The resulting white mixture was centrifuged at 14500 rpm for 15 min, and then washed once with deionized water (30 mL), one more time with a H2O/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) NP (i. e. MIL-96(Al)-NP2) of 200 nm in diameter were obtained, with no traces of trimesic acid, nitrates or DMF. MIL-96(Al) NP of 70 nm in diameter (i. e. MIL-96(Al)-NP3) were also prepared at the gram scale by using the same reactants but with concentrations two times lower. were dispersed 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 casted by Doctor Blade technique tuning the thickness to about 80 µm. The solvent/(filler + polymer) weight ratio was kept constant (90/10) for all MMMs. MMMs were prepared with a MOF loading of 25 wt.%. Then, membranes were covered with a top-drilled box, and dried overnight under THF-saturated atmosphere. Finally, they were peeled off and heat treated at 433 K for 24 h under vacuum.

	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 tetrahydrofuran (THF). MIL-96(Al) crystals (NP2
	and NP3)

). Aluminum nitrate nonahydrate (4.5 g, 12 mmol) and trimesic acid (2.52 g, 12 mmol) were dissolved in 300 mL of a

Table 3 -

 3 1: Vibrational bands of the hydroxyl groups of MIL-96(Al).

	Type of OH group	Notation (OH) (OD) (OH) (+)(OH)
	Terminal	T1	3695 2724	962	4640
	Terminal	T2	3681 2714	997	-
	Bridging	B1	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	-

  Al MAS NMR spectra. In italic are given the DFT-calculated values.

	Site	δiso (± 0.1)	CQ (± 0.1)	ηQ (± 0.1)	Relative Intensity
			Hydrated MIL-96(Al)	
	Al1	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)	
	Al1	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

Table S3 .

 S3 Atomic partial charges for the MIL-96(Al) structure derived at the DFT/PBE Level.

	Atomic types Al1	Al2	Al3	C1	C2	C3	C4	C5
	Charge (e)	1.582	1.394 1.825	0.006	-0.197 0.098	-0.327 0.644
	Atomic types H1	H2	H3	H4	H5	H6	O1	O2
	Charge (e)	0.176	0.441 0.433	0.445	0.444	0.421	-0.545 -1.173
	Atomic types O3	O4	O5	O6	O7	O8	O9
		-0.581 -0.606 -0.782 -1.063 -0.964 -0.870 -0.841
	2.2 Force fields							

Table S4 .

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

	Atomic	UFF	
	type	 (Å)	 /kB (K)
	Al	4.399	0.000
	C	3.431	52.841
	H	2.571	22.143
	O	3.118	30.195

Table S6 .

 S6 Permeation

	properties of 25 wt.% of MIL-96(Al)-NP3 as filler and 6FDA-DAM as polymer
	matrix under different CO2 concentration of feed at 298 K and 2 bars feed pressure.
	Feed Composition CO2/N2 P CO2 (Barrer) PN2 (Barrer)	α
	15/85	1122 ± 4	43 ± 0	26.4 ± 0.0
	50/50	922 ± 1	36 ± 0	25.6 ± 0.1
	85/15	810 ± 1	31 ± 0	26.1 ± 0.2

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 CO2/N2 mixture at 2 bar feed pressure and 298 K. The permeation performance of the neat 6FDA-DAM membrane is also given for comparison.

 S7 

	Membranes	PCO2 (Barrer)	PN2 (Barrer)	αCO2/N2
	Initial MIL-96(Al)-NP3/6FDA-DAM dried at 298 K	811 ± 4	31± 0.0	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	37± 0	26 ± 0
	MIL-96(Al)-NP3/6FDA-DAM exposed to air humidity (2 nd cycle)	851 ± 3	31 ± 0	27 ± 0
	Neat 6FDA-DAM membrane dried at 298 K	790 ± 7	29± 0	27± 1
	Neat 6FDA-DAM membrane exposed to air humidity (RH~100 %)	794 ± 9	29 ± 0	28 ± 1
	Heat-treated neat 6FDA-DAM membrane	734 ± 2	27± 0	

  Introduction and Contribution ........................................................................................................... Article .................................................................................................................................................. Supporting Information ...................................................................................................................... This work is described in the format of a research article which has been published in ACS Applied Materials and Interfaces on the 7 th of September 2016. The article has the following title: 'Toward an Understanding of the Microstructure and Interfacial Properties of

	Introduction and contribution
	PIMs/ZIF-8 Mixed Matrix Membranes' and is registered under the Digital Object Identifier:
	10.1021/acsami.6b08954.
	Despite their potential interests, MOF-based MMMs still pose challenges and
	limitations, which are mainly related to the low MOF loading for numerous MMMs (< 30 wt%).

Table 1 .

 1 Characteristic parameters of the different components. d and ρ stand for mass density and SAXS' scattering length density respectively.

	Name	Formula	d (g.cm -3 )	ρ (x 10 -6 Å -2 )
	ZIF-THF	[Zn(C4H6N2)2]• 2 C4H8O	1.19	10.7
	THF	C4H8O	0.89	8.4
	PIM-1	C29H20N2O4	0.90	8.0
	III-			

Molecular Modeling of ZIF-8/PIMs interfacial structure. PIM-EA-TB model

  

Table 2 .

 2 Atom types, charges and LJ parameters for the PIM-EA-TB model.

	Atom

type Number (see Fig S1) εii (kcal/mol) σii (Å) qi (e)

  

	Me (CH3) 17,18	0.1947	3.750 -0.1725
	CH0	7,10	0.010	6.400 +0.3985
	NA3	20,22	0.0238	3.780 -0.3545
	CHN	21	0.0914	3.950 +0.090
	NA1	Terminal	0.2206	3.340 -0.6844
	HA1	Terminal	-	-	+0.3422
	CAA	3,6,11,14	0.1003	3.700 -01403
	CAB	1,2,12,13	0.0417	3.880 +0.2013
		4,5,8,9			-0.0390
	CH2	15,16	0.0914	3.950 -0.0505
		19,23			+0.0900
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  Such previous studies have clearly shown the impact of the surface chemistry of MOF on the compatibility with the polymer and the solvent, and thus on the interfacial properties of the materials. An excellent affinity between the polymer and the MOF NPs favors significantly the dispersion of MOFs NP in the polymer matrix while avoiding the presence of interfacial defects and voids that have a detrimental effect on the membrane performance for gas separation (decrease of selectivity). Moreover, a good compatibility allows a higher filler content prone to boost the membrane performances.In the present work, we propose to analyze how one could enhance the quality of a MMM based on ZIF-8 through the preparation of Core-shell ZIF-8@PEG nanoparticles, through ZIF-8 nanoparticles were synthesized as previously reported by Tsai and Langner28 . A solution of Zn(NO3)3•6H2O (2.933 g, 9.87 mmol) in 200 mL of MeOH is heated at 60 °C and then poured into a solution of Hmim (6.489 g, 79.04 mmol) in 200 mL of MeOH at 60 °C under stirring. After 1h, the milky solution is centrifuged at 14500 rpm for 15 min to recover ZIF-8 nanoparticles which are then redispersed in 30 mL of methanol and centrifuged again twice to remove the excess of unreacted Hmim and zinc nitrate. The ZIF-8

	Due to their outstanding properties for CO2
	capture, a series of microporous MOFs including ZIF-8, a microporous zeolitic imidazolate
	framework with a cavity diameter of 11.6 Å accessible through flexible microporous
	windows of 3.4 Å, were combined with polymers for the preparation of MMMs for CO2/CH4 nanoparticles were washed once again with 30 mL of H2O. After final centrifugation, ZIF-8
	nanoparticles are redispersed and then stored in H2O. ZIF-8 nanoparticles are dried overnight at 100°C for further characterization by X-ray powder diffraction (XRPD), thermogravimetric analyses (TGA) and FT-IR spectroscopy. Synthesis of ZIF-8@PEG. A 10 g/L aqueous solution of ZIF-8 is prepared by dispersing 300 mg of ZIF-8 (on dry basis) in 30 mL of deionized H2O. ZIF-8 solution is then sonicated using a US probe (2 min, 20 %) to obtain a good dispersion (solution A). A second solution is prepared by and CO2/N2 separations. , N2 dissolving 360 mg of 4-nitrobenzenediazonium tetrafluoroborate in 30 mL of deionized H2O.
	porosimetry, Dynamic Light Scattering (DLS), Microscopy (TEM)). It reveals that the crystalline
	structure of ZIF-8 is preserved while these particles present an enhanced colloidal stability in
	water. Then, ZIF-8/polyvinyl alcohol colloidal suspensions with the PEG coating (ZIF-
	8@PEG/PVOH), or without any coating (ZIF-8/PVOH), were finally compared in terms of
	colloidal stability and chemical compatibility between ZIF-8 and the polymer. By coupling DLS,
	SAXS and TEM, it was shown that solutions of pure ZIF-8 and ZIF-8/ PEG (480 Da) consist mainly
	of aggregates composed of a core with densely packed ZIF-8 NPs and a polymer shell. In
	contrast, ZIF-8@PEG5000/PVOH colloidal solutions exhibit a very high stability over time and
	contain well dispersed ZIF-8 NP coated by a homogeneous polymer layer. The high affinity
	between the three components (ZIF-8, PEG and PVOH) in play are supported by molecular
	modelling.
	EXPERIMENTAL SECTION
	Chemicals. Zn(NO3)3•6H2O (99%), 4-Nitrobenzenediazonium tetrafluoroborate (97%), and
	Poly(ethylene glycol) methyl ether acrylate (noted Acryl-PEG480Da and Acryl-PEG5kDa) were
	purchased from Sigma Aldrich and 2-methylimidazole (Hmim) (97 %) from Alfa Aesar.

the GraftFast method with ~ 10 wt% of two different chain lengths (480 Da and 5000 Da), and polyvinylalcohol (PVOH). The complete characterization of the composite was achieved by coupling multiple characterization tools (X-Ray diffraction (PXRD), Thermal analysis (TGA)Poly(vinyl alcohol) (PVOH) is referenced as Mowiol® 20-98 with Mw ≈ 125 000 g/mol and with 98-98.8 mol% hydrolysis. All chemicals were used as received without further purification.

Synthesis of ZIF-8 nanoparticles.

  filler suspension before incorporating the total amount of polymer. First, 2 g of the 2 wt% solution of PVOH (10 vol%) was added to 6.6 mL (ZIF-8/PVOH = 20 wt%) or 13.3 mL ZIF-8/PVOH = 33 wt%) of the stock ZIF-8 (and ZIF-8@PEG) solution and the suspension was stirred for 2h and sonicated using an US bath. The remaining volume of the PVOH solution, (i.e. 18 g) was finally added to the MOF-polymer suspension. Prior to casting, ZIF-8/PVOH and ZIF-8@PEG/PVOH solutions are evacuated at room temperature for degassing. Solutions were then casted on a clean plastic Petri dish and evaporation of the solvent occurs at ambient conditions. Once dried, membranes are peeled off and heated at 40°C for 16h. MMMs are prepared with a ZIF-8 content close to 20 and 33 wt%.Solutions were analyzed in a glass cuvette with a 4 mW HeNe LASER operating at λ = 632.8 nm and a detection angle of 173°. The colloidal stability of ZIF-8/PVOH solutions was evaluated by measuring the evolution of their diameter and polydispersity index (PDI) with time up to a total time of 9 minutes. The integration time per measurement point was 10 seconds. HRTEM images were recorded on a JEOL 2100F microscope operating at 200 kV, equipped with a Schottky emission gun, a high resolution UHR pole piece and a Gatan US4000 CCD camera.

	Characterization of ZIF-8/PIMs colloidal dispersions. Dynamic light scattering (DLS)
	measurements were performed on a Zetasizer from Malvern Instruments. ZIF-8 and ZIF-
	8/PVOH solution with [ZIF-8] = 0.1 to 1 g/L were sonicated before DLS measurements.
	Preparation of ZIF-8/PVOH and ZIF-8@PEG/PVOH membranes. ZIF-8 and ZIF-8@PEG

solutions at concentration of 15 g.L -1 in H2O were sonicated using a US horn (20%, 1 min). In parallel, a 2 wt% solution of PVOH in H2O in water is prepared by dissolving the PVOH in water at 80°C for 2h. A priming step was performed which consists to add a low amount of polymer to the

  By assuming ZIF-8 NPs as perfect spheres with smooth surfaces, one can calculate the surface PEG density ([]), the number of PEG chains per 100 nm2 . This value is close to 53 and 5.2 PEG chains per 100 nm² for 480 Da and 5 kDa PEG lengths, respectively (detailed calculations are available in SI). The lower PEG density with 5 kDa chains may be imparted by the steric hindrance of longer chains at the surface of the particles. This surface PEG density was compared to the theoretical value ([*]) required for full surface PEG coverage, assuming that PEG chains are in the mushroom configuration regime.
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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 Membranes (MMMs) for CO2/N2 post combustion separation. First, the structural model of MIL-96(Al) initially reported was revisited using a combination of synchrotron-based single crystal X-ray diffraction (XRD), solid state Nuclear Magnetic Resonance (NMR) spectroscopy and Density
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CHAPTER 3

Revisiting the case of the aluminum trimesate MIL-96(Al): from the synthesis of nanoparticles to the preparation of Mixed-Matrix Membranes for CO 2 /N 2 separation

AUTHOR INFORMATION

Corresponding author *Tel.: 33 1 39 25 43 73. E-mail: nathalie.steunou@uvsq.fr. The chemicals in this work were obtained commercially and used without further purification.

The chemicals in this work were Al(NO3)3.9H2O (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/H2O 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 (θ-2θ) with Cu radiation (λKα1 = 1.54059 Å). Surface area of the materials was determined by N2 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 -1 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. The projector augmented waves (PAW) 29 and gauge included projector augmented waves (GIPAW) 30 algorithms were used for the EFGs and NMR chemical shifts, respectively. S3, Figure 4(a)). These calculations were also based on the PBE functional and the double numerical basis set containing polarization functions (DNP). 31 The color code is the same as the one reported in Figure 4. 

GCMC Simulations

Grand Canonical Monte Carlo (GCMC) simulations were carried out at 303 K to predict the single component adsorption of CO2 and N2, and the co-adsorption of CO2/N2 by employing the Complex Adsorption and Diffusion Simulation Suite (CADSS) code. 36 The simulation box was made of 4 (2×2×1) unit cells of MIL-96(Al) and the short-range dispersion forces described by LJ potentials were truncated at a cut-off radius of 12 Å 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). 37 For each state point, 5×10 

ABSTRACT

The selective grafting of polyethylene glycol (PEG) at the surface of metal organic framework (MOF) nanoparticles is described based on the so-called Graftfast one-step reaction in water and room temperature. As previously developed for numerous nanoparticles and surfaces of different nature (metals, polymers, nanoparticles…), 1,2 this is an efficient technique to impart strong anchoring of polymer at the surface of particles by inducing the redox activation of aryl diazonium salts. In the present work, this method was applied to the microporous zeolitic imidazolate framework ZIF-8 to prepare core-shell ZIF-8@PEG nanoparticles using PEG of different chain length (480 Da and 5 kDa). The combination of advanced characterization tools (powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), N2 sorption, dynamic light scattering (DLS), transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS)) has clearly shown that the crystalline structure and porosity of ZIF-8 are preserved upon the PEG modification. Noteworthy, the presence of the PEG corona significantly enhances the colloidal stability of ZIF-8 NPs in water and in the presence of polyvinylalcohol (PVOH). Finally, a series of colloidal suspensions by mixing ZIF-8 and ZIF-8@PEG particles with different amounts of PVOH was thoroughly characterized by combining DLS, SAXS and TEM demonstrating the excellent affinity between ZIF-8@PEG and

SUPPORTING INFORMATION

External surface modification of ZIF-8 nanoparticles towards defect-free MMMs. The surface area occupied by one PEG molecule can be calculated by  (/2) 2 . Thus, PEG5000 and PEG480 have an unconstrained molecule sphere with diameter of 5.4 and 1.7 nm respectively and occupy a surface area of 22.7 and 2.2 nm 2 respectively. The first three gases (i.e. CO2, CH4 and N2O) have been released in the atmosphere without the intervention of Humans and participated in keeping the planet warm. The other greenhouse gases are mainly from anthropogenic sources and possess a high Global Warming Potential (GWP), CO2 is set as the reference. GWP is an indicator that evaluates the potentiality of a gas to increase the amount of radiation that is sent back to Earth over a certain period of time. Chlorinated and fluorinated gases are very stable and so they have a very long lifetime in the atmosphere, e.g. 50,000 years for CF4; therefore, their GWP is extremely high, especially over a long period of time. In addition to global warming effect, these substances deplete the Ozone layer resulting in a giant ozone 'hole' over Antarctic China is the world's most populated country with around 1.4 billion people which represents 20% of the planet inhabitants. To face energy needs, China uses mainly coal (66%) and oil (20%) which release enormous quantity of CO2. 10 Even if the situation is changing with the first drop in coal consumption (-3 % in 2014) and the investment in the development of renewable energies, fossil energies will represent an important part of the energy mix at mid-term. CO2 capture is therefore crucial to reduce emissions of GHGs before renewable and clean energies can supply world needs at an appropriate cost.

Appendix 3: Adsorption principles

Adsorption is a phenomenon that involves a molecule (adsorbate), in the gas or liquid state, close to a solid surface (adsorbent). On the contrary, absorption phenomenon previously described implies the penetration of the fluid in the solid mass. In the case of some materials, like porous adsorbents, it can be difficult to distinguish those two phenomena and the word sorption can therefore be used.

Interactions between the adsorbent and the fluid's molecules can be of different nature.

When adsorption is driven by Van der Waals forces, one refers to physical adsorption or physisorption. On the other hand, chemical reactions or dissociation of a molecule can occur at the surface of the adsorbent and we talk about chemical adsorption, or chemisorption.

Energies of interaction vary greatly depending on the type of adsorption. Chemisorption involves energies close to those of chemical reactions (< -40 kJ/mol). 1 On the contrary, energies of physisorption are typically in the same range as for the condensation of the gas even if stronger energies can be found in confined environment or with specific adsorption sites. Consequently, physisorbed molecules desorb quite easily by lowering the pressure or increasing the temperature whereas chemisorption is generally irreversible. Finally, upon chemisorption, a "monomolecular layer", monolayer, is formed whereas multilayers can form in the case of physisorption.

Adsorption isotherms can be measured with various adsorbates such as N2, CO2, water vapor, alkanes, VOCs (Volatile Organic Chemicals) or CWAs (Chemical Warfare Agents) at different conditions of temperature and pressure. Adsorption isotherms are represented using the amount of adsorbate per gram of adsorbent versus the pressure. Pressure indicated can be absolute (in Pa) or relative (p/p 0 ) which is the ratio between the equilibrium pressure of the adsorbate and its saturated vapor pressure at the given temperature.

Appendix 4: Characterizations techniques

Thermogravimetric Analyses (TGA)

The thermogravimetric analyses were performed on a Mettler Toledo TGA/DSC Star®System under O2 with a heat ramp of 2 °C/min between 25 and 800 °C.

Infrared (IR)

Most IR spectra, excepting those obtained by BAS team, were collected with a ThermoScientific

Nicolet 6700 FT-IR between 4000 cm -1 and 400 cm -1 equipped with an ATR module.

Powder X-Ray Diffraction (PXRD)

Routine PXRD were collected using a Siemens D5000 diffractometer (θ-2θ) with Cu radiation (Kα1 and Kα2).

Temperature Dependent PXRD were collected on a Bruker-D8 Advance diffractometer equipped with a HTK-1200N (Anton Parr) high-temperature chamber furnace and a LYNXEYE XE detector (Cu-Kα radiation). PXRD patterns were collected every 25 °C from room temperature to 500 °C.

Structureless pattern matching were done using x-ray powder diffraction patterns collected on a Bruker D8 diffractometer mounted with a rotating capillary (θ-2θ) with Cu radiation (λKα1 = 1.54059 Å).

N2 porosimetry

Nitrogen adsorption experiments performed at 77K were obtained on a BELSORPMax instrument equipped with a Turbo Molecular Pump (TMP) and a 0.1 Torr pressure transducer allowing accurate measures at low pressure (bellow 6.0 x 10 -7 Pa). Prior to gas adsorption, samples are activated under reduced pressure at various temperatures and durations. For better accuracy, dead volume measurements (performed with He) is done after N2 adsorption to prevent any disturbance of the system due to He adsorption.

SEM/TEM images

The Scanning Electron Microscopy (SEM) images were taken from a field-emission SEM (JEOL JSM-6700F) using SEI mode. Acceleration voltage was tuned according to the sample analyzed, varying from 2kV to 15kV with a working distance of 10 mm. All samples observed by SEM were first coated with thin gold film via evaporation to minimize surface charge effects. EDX measurements were collected with a X-ray energy-dispersive spectrometry (XEDS) detector with a X-Max SDD (Silicon Drift Detector) by Oxford.

HRTEM images were recorded on a JEOL 2100F microscope operating at 200 kV, equipped with a Schottky emission gun, a high resolution UHR pole piece and a Gatan US4000 CCD camera. Samples were prepared by deposition of one droplet of colloidal suspensions (in various solvents and concentrations) onto a carbon-coated copper grid and left to dry in air. High angle annular dark field in the scanning transmission electron microscopy mode (STEM-HAADF) experiments were recorded using an JEOL annular detector. In the same way, chemical maps were recorded using a JEOL X-ray energy dispersive spectrometer coupled with the STEM mode (STEM-XEDS).

Dynamic Light Scattering (DLS)

Dynamic light scattering measurements were performed on a Zetasizer from Malvern

Instruments. Unless noted elsewise, solutions were sonicated before DLS measurements. Solutions were analyzed in a glass cuvette with a 4 mW HeNe LASER operating at λ = 632.8 nm and a detection angle of 173°. The colloidal stability of MOF and MOF/polymer solutions was evaluated by measuring the evolution of their diameter and polydispersity index (PDI) with time up to a total time of 9 minutes.

The integration time per measurement point was 10 seconds.

Appendix 5: Selective esterification of BTeC ligand

We have seen that the main difference in the formation of MIL-61(Fe) is the -meta connection mode between carboxylate groups and Fe nodes. In order to favor the -para connection, two carboxylate groups positioned in -para of H4BTeC ligand were esterified to lower their reactivity. This esterification was reported by Bell and Jewell 1 and consists in reacting 54.5 g of pyromellitic dianhydride with MeOH (also used as solvent) at reflux conditions (see reaction in Figure 5) until it has completely dissolved. Half of the MeOH is then evaporated under reduced pressure and the mixture is allowed to stand for 24h which results in the formation of a white precipitate. This white powder is recovered by filtration and the mono esterified compound is removed by two successive recrystallizations in MeOH. A white powder is obtained (m = 25 g) and product was dissolved in d6-DMSO and analyzed by 1 H and 13 C NMR. Figure 6 shows the 1 H NMR spectrum which is consistent with the -para esterification since 1) 6 protons are detected at a chemical shift of 3.8 ppm corresponding to COOCH3 and 2) aromatic protons are equivalent whereas it should not be the case for a -meta esterification. which permits visualizing the sample in the same orientation as the X-ray beam. By inserting a scintillator in place of the sample, users can precisely determine the position of the X-rays to with in less than a micron, which permits micro-crystals to be well-centered in the X-ray beam and allows users to check for any eventual drifts in X-ray beam position relative to the sample over time. The area detector used for recording diffraction images was an ADSC Q315 area detector (Area Detector Systems Corp., USA) until October 2015. This detector is a fiber-optic coupled CCD system, which can only readout images (300 ms) while unexposed to X-rays and thus can only operate in shuttered mode.

Data collection and data processing

All of the X-ray diffraction data were collected at λ = 0.73319 Å (16.91 keV) in order to collect the Bragg reflections up to and beyond 1.0 Å resolution. All data were collected from crystals mounted on nylon loops (Mitagen, USA; Molecular Dimensions, UK and Hampton, USA) and kept at 100 K with a CryoStream 700 (Oxford Cryosystems, UK). As the crystals can be difficult to center visually due to either their small size (few microns) or to optical effects induced by any surrounding mother liquor or oil, all of the samples were aligned with X-rays, whereby a series of diffraction images were collected while the sample was translated perpendicularly to both the X-ray beam and the rotation axis at four orthogonal values of the omega axis. Once centered, X-ray diffraction data were collected in rotation steps of 0.1° over a total range of 360° in omega-axis. The X-ray diffraction images were indexed, integrated and scaled using the XDS package ( Title: Synthesis of Metal-Organic Framework nanoparticles and mixed-matrix membrane preparation for gas separation and CO2 capture Keywords: MOF, Mixed-matrix membrane (MMM), nanoparticles, gas separation, MOF/polymer interface Abstract: CO2 capture and storage (CCS) is of high economical and societal interest. CO2/N2 and H2/CO2 separations are able to limit atmospheric CO2 emissions produced by industrial exhausts and membranes present numerous economical and practical advantages. Polymer membranes are easy to process and possess interesting mechanical properties. However, there is a trade-off to make between permeability and selectivity. Mixed-matrix membranes (MMM) based on MOFs (porous crystalline hybrid materials) have been proposed to boost the performances of polymer membranes for CO2 capture. In comparison to other inorganic porous materials, one may expect that the compatibility between MOFs and polymers is enhanced due to the hybrid character of MOFs. In this work, porous water stable polycarboxylate MOFs based on Fe 3+ and Al 3+ with promising properties for CO2 adsorption were synthesized for large-scale production using water as the main solvent. Two new porous polycarboxylate Fe 3+ MOF bearing free -COOH groups in the framework were obtained at room temperature as nanoparticles. The crystallographic structure of one of these materials was determined by single crystal X-ray diffraction. A second part of the thesis was devoted to the synthesis of MOFs nanoparticles with good yield. We focused our attention on the control of the diameter and morphology of MIL-96(Al) nanoparticles. This study led to the preparation of MMMs based on MIL-96(Al) with promising properties for CO2/N2 separation. Finally, the compatibility between MOF particles and polymers was studied for two systems (ZIF-8/PIM-1 and ZIF-8/PVOH), showing the influence of the surface chemistry of MOFs and the physico-chemical properties of polymer on the matching between MOFs and polymers.