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Abstract

:

Gas membrane-based separation is considered one of the most effective technologies to address energy efficiency and large footprint challenges. Various classes of advanced materials, including polymers, zeolites, porous carbons, and metal–organic frameworks (MOFs) have been investigated as potential suitable candidates for gas membrane-based separations. MOFs possess a uniquely tunable nature in which the pore size and environment can be controlled by connecting metal ions (or metal ion clusters) with organic linkers of various functionalities. This unique characteristic makes them attractive for the fabrication of thin membranes, as both the diffusion and solubility components of permeability can be altered. Numerous studies have been published on the synthesis and applications of MOFs, as well as the fabrication of MOF-based thin films. However, few studies have addressed their gas separation properties for potential applications in membrane-based separation technologies. Here, we present a synopsis of the different types of MOF-based membranes that have been fabricated over the past decade. In this review, we start with a short introduction touching on the gas separation membrane technology. We also shed light on the various techniques developed for the fabrication of MOF as membranes, and the key challenges that still need to be tackled before MOF-based membranes can successfully be used in gas separation and implemented in an industrial setting.
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1. Introduction


Various relevant technologies for gas separation applications have been developed in the petrochemical industries, such as distillation and condensation. Despite the maturity of these technologies, they suffer from heavy energy consumption and inefficiency [1]. Alternatively, membrane-based separation is proposed as a prospective replacement candidate, due to its lower energy consumption, facile operation, and smaller footmark [2]. Despite the advances in material science and the diversity of available materials, polymeric membranes have dominated more than 95% of the current industrial gas separation market. This is mainly due to the simplicity of polymers processing, their low cost, and the ease of their scalability [2]. Nevertheless, polymer-based membranes have well-documented disadvantages, including selectivity/productivity trade-off, low thermal and chemical stabilities, and a short operating lifetime [3,4,5]. Alternatively, microporous zeolites with their unique rigid structures with well-defined pores have also been extensively explored as potential candidates for membrane-based gas separations [6,7,8,9,10,11,12]. The unique structural features of zeolites offer the potential to explore their molecular sieving proprieties in the form of membranes for gas separation with high performance [8,9,10,11,12,13]. Markedly, their high thermal and chemical stabilities position them for deployment in separation processes requiring elevated temperatures and/or harsh chemical conditions that typical polymers cannot withstand. Despite advances in the zeolite membrane field offering excellent performances, the persisting high cost of the production of zeolite thin-films, supported membranes, limits their large-scale deployment over polymers. Hence, currently, zeolites are not used in industrial-scale gas separation. In addition, the zeolite chemistry is limited to only inorganic components, and it relies on topologically unpredictable synthetic routes for the synthesis of new compounds. Therefore, it remains challenging to control and design the material with targeted pore size and functionality. Prominently, the ability to design and construct microporous materials, with tunable structural features and functionality, offer great prospective for their industrial deployment in energy-intensive separations.



The metal–organic framework (MOF) has emerged as a promising class of functional porous solid-state materials within the last 20 years [14,15,16,17]. This unique class of porous materials has received extensive attention due to their unique properties arising from the diversity of organic linkers and metal ions that can be explored, especially since the resultant product of their assembly is a crystalline material that can be fully characterized with atomic precision. MOFs exhibit a wide range of porosity, uniformly tunable pore sizes, and distinct sorption/diffusivity features [14,15,16,17,18,19,20]. The MOF research field is expanding exponentially, covering all of the aspects of material science, including their discovery, property analysis, application, and implementation, as shown in Figure 1. Due to the modularity and the prospective fine-tuning of the pore system of this class of porous materials, the assessment of their performance in the field of separation and purification is gaining tremendous interest across the board, engaging researchers from different fields, including chemistry, materials sciences, industrial engineering, and chemical engineering. MOFs are very fascinating target porous materials for membrane fabrication and deployment in gas separation applications. In fact, their pores and functionality can be judiciously controlled by the deliberate adaptation of either or both inorganic and organic components, affording advance control of the gas diffusion/sorption in their associated pores. Notably, a myriad of functionalization approaches for the MOFs has been introduced, ranging from organic transformations to inorganic reactions, such as ligand or metal addition/exchange [15,18,21,22,23]. The ability to functionalize the MOF backbone offers the potential to access materials with engendered new properties that are relevant to gas sorption and diffusion, which are key features for optimizing the performance of a membrane [24,25,26].



Generally, gas-separation is governed by two types of separations mechanisms, namely diffusion-based controlled by the size and shape of the analyte moieties, and sorption-based regulated by the sorption affinity of the analyte to the pore system. In the case of microporous membranes, such as zeolites and MOFs, many aspects can contribute to their separation features, such as for instance molecular sieving (which is based on aperture size/shape selectivity), pore system functionalization, surface diffusion, and capillary condensation. In another case, favored sorption could play the dominant role in permeation. This can happen when the adsorption of a specific analyte in gas mixture is much stronger than the other components, resulting in blockage/hindering the path of the other components via the membrane [27,28,29].



The main focus of the present MOF research has been the discovery, design, synthesis, and characterization of new MOF structures, which is reflected in the fast increase in the number of publications. However, the number of studies about MOF films and membranes is still limited, but the field has been experiencing more growth in the last decades. Even though it is in its early development stage, the current progress that has been made in this field has proven that MOFs as membranes are promising candidates for gas separation applications [12,19,22,30]. In this review, we focus our discussion on determining the opportunities and challenges in the applicability of MOF thin films as membranes. The review starts with introducing the current methodologies for the MOF membranes’ fabrication, and it then discusses their performance in different important gas separation applications, such as hydrogen purification, CO2 capture, and the separation of hydrocarbons.




2. Basic Principles for the Application of MOFs for Membrane-Based Gas Separation


For membrane-based gas separations, there are two main factors that play a role in the membrane separation performance: solubility and the diffusivity of the analytes in single or multi-component mixtures. The solubility of the targeted gas is governed through its thermodynamic affinity/interactions with the membrane, while its diffusivity is directed by its relative size with respect to the apertures and the pore sizes of the framework.



In principle, molecules in the gas mixture that have relatively stronger affinity/interactions with the pore system of the membrane will adsorb strongly and diffuse faster through the membrane if the pore’s apertures and size are larger than the dimensions of the permeates [31,32]. This case can lead to good separation (i.e., solubility-based separations) if the interactions are mild enough to allow for optimal desorption downstream, resulting in a permselectivity in favor of the highly absorbable analyte. Accordingly, the solubility-based separation can be enhanced by tuning the pore system surface through ligand modification or chemical functionalization [28,33,34,35,36]. This modification can lead in turn to variations in the pore aperture’s size and shape, the pore volume, and the surface nature or functionality—i.e., polarity, hydrophilicity, or hydrophobicity—which can lead to either an improvement or a drop in the selectivity-permeability trade-off [28].



In the case of molecular sieving, i.e., size-selective separations, the kinetic diameters of the targeted analytes/molecules for separation dictate the selection of the MOF candidates with the suitable pore aperture for a given separation [37]. Here, it is to be noted that various studies reported that even gases that have a kinetic diameter larger than that of the pore aperture are still able to permeate through the MOF membrane, which is plausibly governed by the well-known framework flexibility in MOFs [38,39,40,41,42]. The widespread flexible nature of the MOFs make the selection of the MOF for membrane-based separation extremely challenging. In addition, MOF-based thin films development experience other serious challenges that should be considered in order to apply the MOFs as membranes, such as the facility of fabrication, the crystallinity of the films, the directionality of the growth, the activation condition, the controlled tunability, and the functionality and flexibility of the structure.




3. Methods for the Fabrication of MOFs as Membranes


The successful fabrication of MOF membranes of sufficient quality is the major challenge that needs to be addressed before applying them for gas separation. In the case of MOFs, there is no universal recipe that can be used to fabricate the MOFs as a membrane, and for each MOF, the fabrication methodology has to be explored/studied and optimized. It is to be noted that crystalline inorganic and MOF materials are generally characterized by high brittleness and fragility in the form of self-supported (free-standing) films [43]. Therefore, these materials must be attached to highly porous, mechanically strong, and rigid substrates in order to obtain membranes.



In terms of fabrication, there are several challenges that must be overcome in order to apply MOFs as membranes, such as (1) proper adhesion between the MOF thin film and the membrane support, (2) stability of the MOF thin film, (3) enhancement of intergrowth of the MOF crystals, and (4) preventing the formation of macroscopic crack defects during fabrication or upon activation [12,19,22,30,44,45,46]. Similar to zeolites, in light of its crystalline nature, a wide selection of synthesis approaches to fabricate MOF thin film membranes were explored and developed; these include (i) in situ growth solvothermal or (ii) secondary growth seeded-assisted methods [11,13]. Delightfully, the advantage of MOFs to be made under milder conditions than zeolites has afforded a relatively larger spectrum of fabrication methodologies to grow MOFs membranes, such as the layer-by-layer method [44,47,48,49,50,51,52,53,54,55].



The MOF membrane fabrication involves the growth of the targeted MOF with the desired properties as a thin layer on top of different supports. In 2009, Lai and Jeong et al. reported the first MOF membrane that was based on MOF-5, which was grown solvothermally on a porous alumina substrate that has been tested for gas separation [56]. Later on, many other MOF membranes have been reported using a solvothermal, secondary growth method [12], and a microwave-assisted solvothermal method [57]. These early reports were encouraging and have proven the prospect to prepare MOF membranes and paved the way to test them in the lab for gas separation applications.



In the following section, we briefly describe the diverse approaches that have been applied for the fabrication of MOFs as thin film membranes: (a) the direct growth solvothermal method, which also includes (b) secondary growth, (c) counter diffusion, and (d) the gel vapor method; and finally (e) the vapor-assisted conversion method, and (f) the layer-by-layer growth method (Figure 2).



3.1. In Situ Solvothermal Growth Method


This approach refers to the direct growth of the MOF thin film on the substrate, where the nucleation of MOF crystal, and later on their growth and intergrowth, happen on the support immersed in the solution during the synthesis step. The substrate could have been used in some cases without any functionalization/modification, or it could be chemically functionalized/modified prior to MOF growth. This approach is built on the dipping of the support in the mother solution of the targeted MOF, and then sealing and heating it to the targeted preset temperature [58,59,60,61]. Instead of conventional oven heating, the microwave irradiation can be used [57,62,63,64,65,66]. In their first work, Lai and Jeong et al. used this method to grow MOF-5 as a thin film on a non-modified porous alumina support, which is considered to be the first reported continuous and well-intergrown membrane in the MOF field (Figure 3) [56]. In this study, they could vary the thickness of the thin film membrane by varying the immersion times during its synthesis.



Subsequently, using modified synthetic conditions, different MOFs membranes, such as HKUST-1, ZIF-8, ZIF-69, UiO-66, and MOF-74, among others, were fabricated using the in situ solvothermal method on different porous supports, such as titania, alumina, copper net, etc. without the support modification [67,68,69,70,71,72,73,74,75,76,77,78].



Alternatively, the in situ solvothermal method was also used to prepare Ni2(L-asp)2(bipy) MOF by Qiu et al. on an Ni-based net support, which was used as the sole source for nickel and as a support at the same time (Figure 4). The Ni-based net was the sole Ni source in the synthesis; therefore, it was the limiting factor for membrane growth, where the growth stops once the membrane layer is formed and the nickel net is not becoming accessible [79]. A similar approach was used to fabricate the zeolitic imidazolate frameworks ZIF-8 membrane, in which a zinc oxide thin film that was sputtered on the polymer support served as the metal source [80].



In some other cases, the quality of the fabricated membranes was inadequate and unsuitable (i.e., in terms of continuity or homogeneity). Plausibly, due to insufficient bonding/adhesion with the support and/or weak crystals intergrowth. To overcome this downfall, the supports were first functionalized to increase the number of functional groups (i.e., nucleation sites) on the support surface, and therefore promote the bonding and growth of the MOF layer [39,77,78,79,80,81,82,83,84].



The preparation of a continuous pure ZIF-67 tubular membrane was achieved by Zhang et al. by direct transformation of carbonate hydroxide nanowire arrays (Co-NWAs) in a 2-methylimidazole (Hmim) aqueous solution, (Figure 5) [81]. This strategy included the growth of Co-NWAs on a porous ceramic tube as a first step, and then their conversion to a continuous ZIF-67 membrane by reaction in the Hmim aqueous solution, as shown in Figure 5.



A covalent functionalization methodology was reported by Caro et al. for fabricating ZIF-90 and ZIF-22 membranes by means of APTES (3-aminopropyltriethoxysilane), which acts as a covalent linker between the MOF layer and the support (Figure 6) [82,83]. In this case, the APTES ethoxy functional groups reacted with the Al2O3 support surface–OH groups, and subsequently on the resulting exposed NH2 groups on the support surface, providing nucleation sites for the MOF growth through reaction with the MOF exposed aldehyde groups from the organic linker, and through an imine condensation reaction [82].



In 2010, Jeong et al. fabricated both ZIF-8 and ZIF-7 membranes via the direct functionalization of the support with the organic ligand [69]. The principle is simply based on the reaction of the imidazole linkers with the preheated support to generate an Al–N bond. Accordingly, the Al2O3 supports were heated at first to ~200 °C, and were then directly exposed to the solution of the ligand, which led to the fast evaporation of the solvent in the organic solution. This leaves the organic linkers that were covalently bonded to the Al2O3 support. Later, growth on the modified supports was performed while using the in situ solvothermal growth approach.



The functionalization of the support with a polymer layer is another approach that has been applied by Caro et al. via the immersion of the Al2O3 supports in an aqueous-buffered solution of dopamine at room temperature. At pH 8.5, the dopamine spontaneously polymerizes into polydopamine (PDA) and it forms a thin layer on the Al2O3 surface [84,85]. Subsequently, the ZIF-8 membrane was grown by the in situ solvothermal method onto the PDA-modified macroporous stainless steel nets [85]. Post-synthetic membrane modification with graphene oxide (GO) has proven to be able to seal intercrystalline defects, and in a later study, Caro et al. obtained a better performing ZIF-8 membrane supported on a polydopamine-functionalized support (Figure 7) [86].



Qiu et al. pursued an alternative way to functionalize the support by using a spin-coated poly(methyl methacrylate) (PMMA) on a substrate surface, such as silicon wafer, in this case, as the support [87]. The PMMA surface was then hydrolyzed by concentrated H2SO4 to converted to poly(methacrylic acid) (PMAA). Finally, the in situ solvothermal method was applied for the growth of the MOF membrane on the PMMA–PMAA coated substrate.




3.2. The Seed-Assisted Growth Method


The seed-assisted growth method is another approach that has been adapted from zeolites to grow MOF membrane [88,89]. This approach has some benefits, including the ability to grow a compact and continuous MOF membrane, providing a better control on the MOF thin film orientation in some cases. Many seeding techniques have been developed and applied for membrane fabrication, including support rubbing with MOF crystals, dip coating in crystals solution, spin coating, layer-by-layer, and heating, which we address them briefly in this section.



Tsapatsis et al. used the seed-assisted growth method via a manual rubbing approach of the MOF seed crystals onto polyethyleneimine (PEI)-functionalized alumina support, and then applying the in situ solvothermal method of MOF membrane growth (Figure 8) [90]. While using the seed-assisted growth method through dropwise coating with the colloidal seed suspension of NH2-MIL-53(Al) MOF on a macroporous glass frit disc, a seed layer was formed after drying it under ambient conditions overnight. A continuous NH2-MIL-53(Al) membrane was fabricated later by placing the seeded support in a Teflon-lined vessel and then using the in situ solvothermal growth, which resulted in the formation of a dense and closed MOF membrane.



Alternatively, this seeding step can be made by performing an in situ growth process using the solvothermal synthesis method, which involves producing a seeding layer by first reacting the support with the organic linker with no metal precursor by Lee et al. (Figure 9). This approach was proven to be effective for the fabrication of a homogenous, closed thin film MIL-53 MOF membrane [91].



The layer-by-layer (LBL) process was also applied by Jin et al. as another technique to coat a homogeneous seeding layer on an alumina support. The targeted HKUST-1 membrane was grown on the seeded support again, at a later stage, using an in situ solvothermal method [73].




3.3. Counter Diffusion Method


The counter-diffusion method for the synthesis of MOFs implies the slow diffusion of the reagents from different sides of the porous substrate (usually metal and ligand precursor solutions of MOFs are separated) into the substrate pores. In this case, the growth appears on one side of the substrates, which can be, in general, controlled by means of varying the targeted reagents concentrations [92,93,94].



A simple method to functionalize the support was reported by Jeong et al., in 2013. This method is based on soaking the support initially in the first component solution (like metal precursor in this case) for few hours, then subjecting it to solvothermal growth conditions in the solution containing the ligand (Figure 10) [69]. Upon support contact with the component solution, either metal ions or ligand molecules, as a result of concentration, can diffuse to the solution from the support or vice versa. The metal ions and ligand solutions were retained in high concentrations in the area of the support throughout the solvothermal handling. The MOF thin film growth was completed after nearly 30 min of reaction and its thickness was about 1.5 μm, which did not vary after longer growth times.



Pienemann et al. have demonstrated, that an enhancement in the fabrication of the ZIF-8 MOF membrane, can be achieved via the polymer support modification prior to MOF growth [11,15]. They have used a polymer that can bind zinc ions, which could provide a favorable surface for ZIF-8 growth. In this study, they have used Poly-thiosemicarbazide (PTSC) polymer (Figure 11) to form the group of thiosemicarbazide materials, known for their ability to chelate with various metals. In this work, they have coated PAN support with PTSC and further explore its affinity for zinc ions for ZIF-8 membrane fabrication [95]. Upon surface modification with PTSC, ultrathin and compact ZIF-8 thin films were grown via a counter diffusion method. In this method, each of the two solutions of the zinc ions and the 2-methylimidazole (HMIM) organic ligand that was made from the same solvent are introduced to the cell from opposite sides of the support. Upon their introduction, solution diffuse in opposite directions, leading to the ZIF-8 thin film growth on one side of the support surface. The gaps in the thin film allow for further diffusion of the reactant components, leading to the filling of these gaps and the formation of a dense membrane layer. Figure 12 shows the effect of reactant concentrations on the structure of the ZIF-8 layer, in case of membrane M1 (c(HMIM) = 65 g L−1, c(zinc salt) = 15 g L−1). The ZIF-8 layer obtained was not a well- intergrown 7 μm thick film. Reducing the concentration of both reactants by five times (membrane M2), led to the formation of a more compact layer. Further decrease of the reactants concentration by a ten-fold from the concentration of M1, showed, surprisingly, the formation of a very well-intergrown ZIF-8 layer with superior performance (membrane M3). A further decrease by 20 folds in reactant concentrations formed a thin film of ZIF-8 with large crystals (membrane M4).




3.4. Gel Vapor Deposition Method


A gel–vapor deposition (GVD) method was introduced by Zeng et al. for MOF membranes fabrication. The method is based on combining a free sol–gel coating with a solvent-free vapor deposition [96]. Through this method, a better control over the thickness of MOF membranes can be achieved and, in some cases, a 20 nanometer-thick MOF membrane can be fabricated via the variation of sol concentrations and coating techniques. This method proved to bring several advantages like; the no need for pretreatment of supports prior to growth, compatibility between MOF and supports, low cost via the possibility to reuse MOF precursors, the facile handling of MOF layers locations, and shortening the time of fabrication. The GVD approach was applied to grow ultrathin ZIF-8 membranes by using a sol precursor, which is Zn-based, prepared via the mixing of zinc acetate dihydrate precursor and ethanolamine base in ethanol solvent. This support was then coated with sol precursor of 1 U concentration (in this study 1/3 g mL−1 of zinc acetate dihydrate/ethanol sol was defined as one concentration unit (U)) and thermally treated to form the Zn-based gel. Later on, this gel thin film was converted to the MOF membrane by the deposition of the ligand vapor by heating (Figure 13a). In this process, the produced ligand vapor reacts with the sensitive Zn-based gel thin film that leads to the crystallization of the MOF (Figure 13).




3.5. Vapor-Assisted Conversion Method


The vapor-assisted conversion (VAC) method was based on the modification of the dry-gel conversion and steam-assisted conversion approaches, developed previously, for the synthesis of bulk and thin films of zeolites and related compounds like ZIFs by Medina et al. [97]. This method is largely built on exposing a casted solution layer of one precursor to a vapor of another precursor of specific composition, at specific temperature, to convert it into a continuous and porous crystalline thin film of the targeted material (Figure 14). The VAC approach was proven to be an effective approach for the fabrication of MOF thin films, using different types of supports for different applications (e.g., Zr-based MOFs that were grown on-surface as thin films, in a highly oriented fashion [98,99]). Lately, VAC has been presented as a new efficient and gentle approach to fabricate covalent-organic frameworks (COFs) thin films [100].




3.6. Layer-by-Layer Method


The layer-by-layer (LBL) growth method, developed by Shekhah et al. in 2007, was successfully applied for fabricating thin films of HKUST-1 MOF [47,50,51,101,102,103]. The LBL growth method for growing MOFs is based on exposing of the support surface to the reaction precursors in an alternating approach involving rinsing the excess/unreacted precursors after each their exposure to the surface. Using this approach makes it possible to grow different types of surface-mounted MOFs (SURMOFs) on organic and oxide surfaces.



The LBL method was always used to fabricate MOF films on different substrates, but not as membranes [30,44,47,48,49,50,51,52,53,54,55,101,102,103,104,105,106]. In a recent work, the LBL was successfully introduced to fabricate homogenous ZIF-8 thin film on various supports, like porous silica and gold [51]. Consequently, the ability to control the film thickness and continuity has offered the possibility to apply the LBL technique for the fabrication MOF membranes on porous supports. Indeed, Shekhah et al. reported the implementation of the LBL method using a computer controlled dipping system (Figure 15) for growing a closed ZIF-8 membrane on alumina support Figure 16 [52].



Subsequently, an advanced LBL method for the construction of MOF membranes was introduced, based on the unique features of the traditional LBL method and the spin coating approach, for MOF membrane fabrication in a high-throughput manner Figure 17 [54]. In this work, a defect-free ZIF-8 membrane was grown using the LBL- spin coating approach and a porous alumina support, as shown in Figure 18.





4. MOF Membranes for Gas Separation Application


MOF-based membranes have recently attracted the attention of different research groups worldwide, as a promising candidate for many important gas separation applications [19,30,37,107]. The MOF membrane materials are based on their fabrication as thin films on porous supports, like alumina. This review emphases mainly on polycrystalline, pure and continuous grown MOFs membrane, which have been tested for the different gas separation applications. In the succeeding sections, we present many successful reported examples of MOF membranes used for different gas separations systems and discuss for each application the basic background and requirements.



4.1. Hydrogen Purification and Recycling


Nowadays, hydrogen (H2) is one of the trustworthy, viable, and environmental friendly energy sources, which could fulfill the world’s increasing energy requirements through its application as a highly dense energy source [108]. However, it co-occurs with other light gases such as N2, CH4, CO2, etc., in the course of production in many industrial processes. Consequently, there is a necessity for the development/improvement of advanced separation techniques to separate it from the above-mentioned impurities and get it as pure H2, which is the highly valuable fuel product. Provided optimal membranes are available, membranes-based separation offer a promising energy-efficient alternative to surpass the commercially applied highly energy intensive cryogenic separation [109]. Among other materials, zeolite-based membranes that are characteristic of its well-defined pore structures were fabricated by various techniques and investigated for H2 refining from exhausted gas streams [110,111]. Recently, MOF-based membranes were explored for this important gas separation; specifically, H2 recovery [112]. Here, we highlight some of the reported MOF membranes properties that are used for H2 purification and recycling.



The first MOF-based membrane was reported in 2009 by Liu et al. It consisted of a MOF-5 membrane fabricated using an in situ solvothermal method on top of an alumina support [56]. The single gas permeation properties were investigated, and the results demonstrated that they follow Knudsen diffusion behavior, where the gases with lighter molecular weight permeates faster than other gases, suggesting that the pore-aperture size of MOF-5 is larger than all of the tested molecules in this case. H2, which has the lightest molecular weight permeates faster than the heavier studied gases, like CH4, N2, CO2, and SF6. Later on, the orientation of the MOF-5 membrane was controlled by using a seeding approach and the subsequent solvothermal secondary growth on various porous substrates was achieved [62]. The associated single gas permeation results of the preferentially oriented MOF-5 membrane was found to have the same behavior that is consistent with the prior report.



HKUST-1 MOF (also known as Cu3(btc)2 or MOF-199) was fabricated as a membrane and it was grown using the ‘twin copper source’ solvothermal method [113]. HKUST-1 MOF has a structure with small cages having diameters of ca. 13 and 10 Å, accessible through windows of ca. 11 and 9.3 Å, respectively. The single-gas permeation of HKUST-1 membrane exhibited a high permeation flux, which is expected due to the wider pore-aperture size of HKUST-1 than the kinetic diameter of common studied gas. The permeation results also showed a permeation selectivity in favor of H2 with respect to other gases, such as H2/N2 = 7, H2/CO2 = 6.8, and H2/CH4 = 5.9.



Another HKUST-1 membrane prepared was grown through applying the LBL approach as a seeding layer at first and then followed by the in situ solvothermal method [73]. The single gas separation performances for this membrane were also evaluated and the ideal selectivities for H2 of this membrane were 2.9, 3.7, and 5.1 for H2/CH4, H2/N2, and H2/CO2, respectively. These ideal- selectivities clearly indicates that the permeation behavior of this membrane follows the Knudsen diffusion.



In another work, the HKUST-1 membrane was fabricated on a polymer functionalized stainless steel net-support using in situ solovothermal method by Zhu et al. [87]. This HKUST-1 membrane showed an enhanced ideal selectivities in favor of H2 for H2/CO2 = 9.24, H2/N2 = 8.91, and H2/CH4 = 11.2, in contrast to earlier studies. Later on the same group has successfully fabricated a continuous HKUST-1 membrane on pre-seeded, chitosan functionalized α-Al2O3 hollow ceramic fibers, through a secondary growth approach [114]. The fabricated membrane exhibited a slightly higher H2 selectivity of 8.66, 13.56, and 6.19 for the H2/N2, H2/CO2, and H2/CH4 gas mixtures, respectively (Figure 19).



The unique properties of ZIFs, in terms of permanent porosity, pore-aperture sizes uniformity, and good chemical and high thermal stability made them a good candidate for their application as molecular sieve membranes [115,116,117,118]. ZIF-8, is one of the most studied ZIF, has a sodalite underlying topology with a~3.4 Å aperture size for the six-membered-ring as the sole entrance to the associated pores, which would be theoretically, able to separate H2 from the other larger components [38,67,115,119]. Caro et al. fabricated the first ZIF-8 membrane via applying the in situ solvothermal method [120]. The membrane single-gas permeation results of this ZIF-8 membrane showed a higher H2/CH4 selectivity of 11.2, relative to earlier reported MOF membranes. Besides, Jeong et al. successfully fabricated a 1 μm thick ZIF-8 membrane exhibiting enhanced a higher ideal selectivities for H2/N2 and H2/CH4 of 11.6 and 13, respectively [71]. Later on, Caro et al. established a bicontinuous ZIF-8@GO membrane by applying the LBL method using a graphene oxide (GO) suspension on a ZIF-8 membrane to close the gaps between the ZIF-8 crystals in the thin film [86]. These ZIF-8@GO membranes exhibited a higher selectivity in favor of H2, at 250 °C and 1 bar, which were 14.9, 90.5, 139.1, and 3816.6 for H2/CO2, H2/N2, H2/CH4, and H2/C3H8, respectively, with a high H2 permeance of about 1.3 × 10−7 mol·m−2·s−1·Pa−1. Other groups fabricated other ZIF-8 membrane using the seeding method, LBL method and counter diffusion method, and the permeation results are in good agreement with the H2 selectivities reported earlier.



In a recent study, Caro et al. established a simple synthesis strategy for ZIF-8 membranes fabrication that was built on improving the support hydrophobicity by functionalization with a highly hydrophobic polymer, namely 1H,1H,2H,2H-perfluoroalkyltriethoxysilanes (POTS) (Figure 20) [121]. A high quality 20 µm thick ZIF-8 membrane was grown on the POTS-modified α-Al2O3 support, which exhibited a higher H2 selectivity and thermal stability. The mixture separation factors of different gases, like H2/CO2, H2/N2, H2/CH4, and H2/C3H8 were measured and were found to be 15.8, 22.6, 40.6, and 549.3, respectively, at 200 °C and feed pressure of 1 bar. The effect of temperature on the H2 permeance was investigated and showed that an increase in the temperature from 25° to 200 °C under same feed pressure of 1 bar, led to an increase in the H2 permeance accordingly from 1.4 × 10−7 to 2.3 × 10−7 mol·m−2·s−1·Pa−1, and an increase in the H2/CH4 mixture selectivity from 23.5 to 40.6. This is due to the fact that CH4 dominates the sorption at low temperature in the ZIF-8 pores, consequently hindering the H2 diffusion. However, at higher temperature, less CH4 can adsorb, and, consequently, more H2 permeates.



A counter-diffusion method to fabricate a ZIF-8 membrane as a composite on hollow fiber support membranes that was first functionalized with reduced graphene oxide (rGO) membranes via hydrothermal treatment was reported in [122]. Using this approach, 150 nm thin membranes were grown at the interfaces; gas permeation studies on these ultrathin ZIF-8/rGO membranes by Huang et al., showed an exceptional performance in H2 separation, as indicated by a high permeance of over 60 × 10−8 mol m−2 s−1 Pa−1 and selectivities for H2/CO2, H2/N2, and H2/CH4 of 25.3, 70.4, and 90.7, respectively (Figure 21).



In 2010, another ZIF membrane, ZIF-7, was reported by Caro et al. This membrane was grown using a microwave-assisted secondary growth approach; it has the same sodalite topology, like ZIF-8, but a small pore aperture [123]. ZIF-7 is a hydrophobic MOF with high thermal stability and a pore dimension that is smaller than ZIF-8 and almost similar to the size of H2, which is expected to achieve a higher H2 selectivity via molecular sieving. The single and mixed-gas permeation results for the fabricated ZIF-7 membrane were tested at 200 °C and 1 bar using the Wicke–Kallenbach technique and they are shown in Figure 22. The selectivities of the binary mixtures examined in this study for H2/N2, H2/CO2, and H2/CH4, were higher than Knudsen and found to be 7.7, 6.5, and 5.9, respectively.



The results indicated that the ZIF-7 sodalite structure with narrow pore aperture is accountable for this molecular sieving behavior. The non-zero permeance of gases larger than H2 was attributed to the imperfect sealing or presence of some defects. Later on, the 220 °C activated ZIF-7 membrane single gas and binary mixtures permeations tests revealed improved H2 selectivities with slightly change in permeances. The ideal selectivity and separation factor for H2/CO2 and other binary mixtures, like H2/N2 and H2/CH4, were higher than Knudsen.



ZIF-22, another ZIF isostructure with similar pore-aperture size like ZIF-7 (0.3 nm) was fabricated by Caro et al. as a membrane on alumina support functionalized with APTES to facilitate the MOF growth [83]. The ZIF-22 membranes gas permeation properties were evaluated and the separation factors of different mixtures, like H2/CO2, H2/O2, H2/N2, and H2/CH4 were tested at 323 K and found to be 7.2, 6.4, 6.4, and 5.2, respectively, with a H2 permeance of over 1.6 × 10−7 mol m−2 s−1 Pa−1.



ZIF-90, which has a structure like ZIF-8 and ZIF-7, which has a similar pore-aperture size of almost 0.35 nm, exhibit also high thermal and hydrothermal stability, was fabricated as a membrane on alumina support by Caro group [82]. The ZIF-90 membrane gas transport properties were evaluated and exhibited molecular sieve performance with a H2/CH4 and H2/CO2 selectivities of 15 and 7.2, respectively. The performance of this membrane was improved, via post-functionalization the membrane via imine condensation, which helped in enhancing the ZIF-90 H2/CO2 permselectivity from 7.2 to 62.5 by increasing the framework interaction with CO2.



ZIF-95 is another candidate from the ZIF family that has a poz topology, which has a 2.4 nm huge cavities, constricted aperture size (~0.37 nm) and excellent thermal stability up to 500 °C [124]. The sorption studies on pristine ZIF-95 showed that it has an extraordinary affinity and capacity for CO2 that can strongly adsorb CO2 and immobilized it in its big cavities. The H2/CO2 mixed gas selectivity was measured at 1 bar and it was found to increase from 8.5 to 25.7 with temperature increase from 25 °C up to 325 °C. This is explained by means of the higher affinity of the framework for CO2 at lower temperatures that lead to the blockage of the highly mobile gas since mainly CO2 was adsorbed as reported by Caro et al. (Figure 23). At higher temperature less CO2 will be adsorbed and thus H2 could diffuse more easily [125].



A continuous pure ZIF-67 tubular membrane fabricated by direct transformation of carbonate hydroxide nanowire arrays (Co-NWAs) in a 2-methylimidazole (Hmim) aqueous solution was reported [81]. The obtained ZIF-67 membrane exhibits a high H2 permeance of 5.59 × 10−7 mol m−2 s−1 Pa−1, and ideal selectivities for H2/CH4 and H2/N2 of 15.3 and 14.7, respectively. Figure 24 shows the gas permeation and separation values for pure Co-ZIF-67 tubular membrane for H2, CO2, N2, and CH4. The ideal selectivities for this membrane were found higher than Knudsen values for (H2/N2 = 14.7) and (H2/CH4 = 15.3). The separation factors through the pure Co-ZIF-67 tubular membrane for the mixed gas permeation of H2/N2 and H2/CH4 were 11.2 and 13.7, respectively. The gas permeances and separation factors in the mixed gas measurements slightly decreased when compared to those from single gases, which could be due to the adsorption competition of gases. The ZIF-67 membrane revealed a high H2 permeance of about 55.87 × 10−8 mol m−2 s−1 Pa−1, which is considered the highest with respect to the reported ZIF-8 membranes having the same isostructural sodalite topology. This was attributed to the good adhesion between the membrane and the support by using the Co-NWA layer as the Co2+ ions source, leading to the fabrication of a uniform and well-intergrown thin layer (1.7 μm) of ZIF-67. The influence of temperature was also investigated and showed that mainly the ideal selectivity to H2/CO2 has increased visibly with the increased temperature. This increase was attributed to the fact that the kinetic diameter of CO2 (ca. 0.33 nm) is much closer to the aperture of ZIF-67 (ca. 0.34 nm) than those of N2 and CH4, which are larger. The as-prepared ZIF-67 separation properties were tested by Lai et al. under different temperatures for the equimolar H2/CH4 mixture, as in Figure 24. Increasing the temperature from 30 to 150 °C, led to a slight enhancement in H2/CH4 separation factor from 13.7 to 15.4 and a decrease in H2 permeance from 45.32 × 10−8 to 32.47 × 10−8 mol m−2 s−1 Pa−1. This was explained by the difference in the adsorption and diffusion behaviors of H2 and CH4 in the ZIF-67 membrane.



ZIF-100 was also fabricated as a membrane on polydopamine-modified alumina support and was tested for its H2 separation properties. ZIF-100 has a composition of Zn20(cbIM)39(OH) (cbIM = 5-chlorobenzimidazole) and a moz topology with a pore-aperture size of 3.35 Å. The sorption studies on ZIF-100 showed that it exhibits an enhanced affinity and capacity to CO2 that led to an exceptional CO2 uptake [126]. The H2/CO2, H2/N2, and H2/CH4 mixture separation performance of this ZIF-100 membrane were evaluated at room temperature and 1 bar and their separation factors were found to be 72, 22, and 41, respectively, by Caro et al. (Figure 25). The high H2/CO2 selectivity is attributed to the extraordinary CO2 uptake behavior of ZIF-100 and its small 3.35 Å pore-aperture.



A composite membrane of ZIF-8-on-ZIF-67 and the neat ZIF-67 membrane were grown on ceramic α-Al2O3 discs by Caro et al., using the LBL approach [127]. Gas permeation of binary mixture experiments were conducted on pure ZIF-67 and ZIF-8-on-ZIF-67 membranes (Figure 26). The permeation test was performed from both sides, i.e., via either the ZIF-8 to ZIF-67 side or vice versa, in order to show that there was no difference in the membrane performance from both directions. Permeation results for different H2 gas mixtures with CO2, CH4, N2, ethane, ethylene, propane, and propylene were comparable (c.f. Figure 26b–h). The permeation results were measured for smaller gases, like H2/CO2, H2/CH4 and H2/N2, and H2/N2 the performance of the ZIF-67 membrane was similar to reported results for ZIF-8 membranes (Figure 26c). In case of H2/CH4 separation the ZIF-67 membrane performance is lower that ZIF-8, but still higher than Knudsen and in case of the ZIF-8-on-ZIF-67 membrane an improved separation performance was observed (Figure 26b). Finally, the ZIF-8-on-ZIF-67 separation performance for H2/CO2 separation (Figure 26b) was found better than the neat ZIF-67 and ZIF-8, and almost double the best reported values in literature. In the case of H2 separation from hydrocarbons, such as ethane, ethylene, propane, and propylene, the membrane separation performance was found to be higher than Knudsen but lower than the reported values in the literature (Figure 26e–h).



In another report, MIL-53, one of the highly stable related MIL MOFs was fabricated as a membrane. Jin et al. reported a densely-packed uniform MIL-53(Al) membrane grown using a seeding and solovothermal method (Figure 27, left) [91]. The permeabilities of the small gases revealed a permeation behavior that was similar to Knudsen. This was expected since the MIL-53 channel size is about 7.3 × 7.7 Å, and bigger than the kinetic diameters of tested gas (Figure 27, right).



A NH2-MIL-53(Al) membrane was fabricated on a glass frit macroporous support, using seeding method [128]. The adsorption results for this pristine material showed that the preferred functionalization of the MIL with the NH2 groups enhanced the adsorption affinity of particular gases and altered the gas interactions with the framework. Encouraged by these results, Zhu et al. also fabricated a NH2-MIL-53(Al) membrane. Permeation measurements, as shown in Figure 28, reveal a high selectivity of the membrane (over 20) for H2 over CO2.



MIL-96(Al) MOF possesses unique structural and hydrothermal stability features, up to 300 °C [129]. As a result, MIL-96 is a good candidate for H2 separation, like precombustion CO2, capture technologies. MIL-96(Al) was fabricated by Caro et al. as a membrane on ceramic alumina supports and tested for H2/CO2 mixed gas separation. Figure 29 shows the permeation performance for MIL-96(Al) membrane, which showed that the 2 μm thick membrane has a lower permeance than the 8 μm one. This finding attest to the impact of growth orientation of the MIL-96(Al) crystals in the membrane layer on the separation properties.



The MIL-96(Al) membrane fabricated from the toluene/water seeding, form (0k0)-equivalent facets that allow a faster diffusion. The higher permeance of this thicker membrane (toluene/water seeded), 100% higher than the thinner one from DMF/water seeded, is the result from the variation in ratio of the crystals orientation in the membrane. In the case of a DMF/water-seeded MIL-96 membrane, the pathway of the gas through the outer lattice planes, are blocked, since this MOF is virtually a two-dimensional (2D)-network. A MIL-96(Al) structure allows an easier diffusion in the a-direction (i.e., perpendicular to b–c planes) and b-direction (i.e., perpendicular to a–c planes); however, in the case of the c-direction (i.e., perpendicular to a–b planes), it is slower (Figure 29b).



Later on, in 2016, Friebe et al. fabricated a thin NH2-MIL-125 MOF membrane and tested its separation performance for a H2/CO2 gas mixture with equimolar ratios, at different temperatures [130]. They also performed permeation tests by varying feed pressures (3, 4, and 5 bar) at 150 °C, in order to simulate the pre-combustion process for the capture of CO2. The presence of free amine groups in the NH2-MIL-125 MOF is expected to enhance the framework’s affinity for CO2, and, as a result, improve the separation of H2 and CO2. Indeed, the NH2-MIL-125 membrane that was fabricated by Caro et al. showed a H2 permeability almost eight times higher than that of CO2, at room temperature (Figure 30).



The H2 permeability, in single gas permeation measurements, is slightly higher than the mixed gas measurements, indicating the absence of strong adsorptive interactions between H2 and the framework. However, in the case of CO2, single gas permeation results are almost double the mixed gas one, which is attributed to the stronger affinity of CO2 molecules with the restricted number of NH2 functional groups in the framework.



Li et al. used the MOF transformation for bulk and applied it to membranes [131]. In this case, the CuBTC membrane, fabricated on a hollow fiber polymeric support, was applied as a sacrificial layer for the transformation to MIL-100 membrane. Figure 31a–c shows the SEM images of the original CuBTC membrane and the CuBTC/MIL-100, as-synthesized, and after purification. After post-transformation, the CuBTC/MIL-100 membrane (as-synthesized) became denser due to the presence of a FeCl3 residue. However, after the removal of the residue, and with a transformation period extended to 48 h, a complete transformation to MIL-100 was achieved. The gas separation performance of transformed MOF membranes, for H2, CO2, etc., was investigated. Figure 31d,e shows the permeance and selectivities of the different gas mixtures with H2 for the neat CuBTC and transformed CuBTC/MIL-100 membranes. Results revealed smaller permeances values of all gases for the transformed CuBTC/MIL-100 membranes than for the neat CuBTC membrane, and H2 had the highest permeance of 8.8 × 10−8 mol m−2 s−1 Pa−1. In case of selectivities, they showed a good improvement in case of H2/CO2, H2/O2, H2/N2, and H2/CH4 that were found to be 77.6, 170.6, 217.0, and 335.7, respectively. The effect of temperature on the selectivities was investigated and was found to increase and has reached 89.0 for H2/CO2 and 240.5 for H2/N2, with temperature increase to 85 °C. Additionally, the H2 permeance increased to 10.5 × 10−8 mol  m−2  s−1  Pa−1 with the temperature increase (Figure 31f). The performance of the transformed MIL-100 membrane was found to be better than most reported membranes for separation systems, like H2/CO2, H2/N2, and H2/CH4.



An aluminum- based MOF, namely CAU-10-H (CAU stands for Christian-Albrechts-University, Kiel, Germany), was fabricated by Yang et al. as a membrane, using an in situ solvothermal method [132]. The gas separation performance of this membrane was studied for ternary mixture of H2/CO2/H2O under different feed pressures and temperatures. The gas permeance with respect to gas molecular size reveal a permeance cut-off edge for gases larger than H2, which is due to the size-exclusive molecular sieving of the membrane. The selectivities for the mixed gas measurements for H2/CO2 was 10.5 and for H2/CH4 was found 74.7, which are higher than Knudsen. The H2 permeance in case of H2/CO2 binary mixture was found to be lower than the H2/CH4 one, due to the blocking effects that are caused by the strongly adsorbed CO2. The increase in temperature or feed pressure led to an enhancement in the H2 and CO2 permeances and a reduction in the selectivities Figure 32.



A dense and continuous membrane of Mg-MOF-74 was fabricated by Caro et al., using a seeding method of magnesium oxide, and tested for hydrogen separation Figure 33 [77]. The measured single gas permeances of this membrane showed a H2 permeance of 1.2 × 10−7 mol m−2 s−1 Pa−1 Figure 34. The H2/CO2 mixture separation factor was the highest, as compared to other mixtures, such as H2/CH4 and H2/N2 (inset in Figure 34).



The mixed gas selectivities of the H2/CO2 mixtures were improved by ethylenediamine post-modification of the Mg-MOF-74, due to the increased adsorption affinity for acidic CO2 molecules as a result of the introduction of an amine group. After post-functionalization, the H2/CO2 selectivity increased from 10.5 to 28 (Figure 35).



Using the LBL seeding approach and a solvothermal secondary growth method, a continuous Ni-MOF-74 membrane was fabricated on a α-alumina support [78]. The gas permeation of the fabricated membranes was tested for gases, like H2, N2, CH4, and CO2. The CO2 permeation was found to be the lowest, due to the stronger adsorption affinity for CO2, resulting in a high ideal selectivity for H2/CO2 for this membrane.



Layer-pillar based MOFs structures can also be tuned to create isoreticular structures with different pore sizes via tuning the length of the pillars, like, for example, the Cu(bipy)2(SiF6) MOF, which showed an extraordinary CO2 sorption selectivity over other gases, like N2, H2, and CH4, even under humid conditions [133]. This Cu(bipy)2(SiF6) MOF was successfully fabricated by Zhu et al., as a membrane, using an in situ solvothermal synthesis method. The fluoridation of the support by (NH4)2SiF6, using SiF62− as a source, promoted the growth by promoting the connection between the membrane and support. The H2 permeation tests with respect to other gases showed separation factors of 8.0, 7.5, and 6.8 for H2/CO2, H2/CH4, and H2/N2, respectively. The membrane showed a high H2 permeance of 2.7 × 10−7 mol m−2 s−1 Pa−1 and an excellent thermal stability (Figure 36).



Takamizawa et al. [135] reported the fabrication of an oriented membrane, obtained from a single-crystal of [Cu2(bza)4(pyz)]n MOF, with a high permeance one-dimensional (1D) channels. This membrane displayed an anisotropic gas permeation via the 1D channels, and a high permselectivity for H2 and CO2. Although the channels are contracted with a narrower pore-aperture size, smaller than the kinetic diameters of the gases previously tested-, many of them were able to pass via these 1D channels (Figure 37). Permeability values that were measured along the channels were found to be 7–60 times more than those measured perpendicular to the channels. The permeability measured perpendicularly to the channels, for several gases at 293 K and a differential pressure of 50 KPa, were undetectable. Results showed that He, H2, and CO2 gases permeated slightly faster when they are in the orientation perpendicular to the channels, which could be related to a minimum number of crystal defects in this route. This clearly indicates the possibility for the gases to permeate through the membrane channels, even though the channel aperture size is smaller than the kinetic diameters of the tested gases (Figure 38).



The [Ni2(L-asp)2(bipy)] MOF (L-asp = L-aspartic acid, and bipy = 4,4′-bipyridine), a chiral MOF was investigated by Qui et al. where the pores in this parent MOF were altered by employing a shorter pillar like pyrazine (pz). As expected, this isostructural MOF with the same framework topology [Ni2(L-asp)2(pz)] (named JUC-150, JUC=Jilin University China) was successfully synthesized and structurally characterized Figure 39 [136]. This ultra-microporous JUC-150 membrane exhibited a favored permeation of H2 against other tested due to its excellent size sieving properties, which enhanced its selectivity performance from 26.3, 17.1, and 38.7 for the case of H2/CH4, H2/N2, and H2/CO2, respectively. These values are among the best separation selectivity values obtained with MOF membranes. In addition, the JUC-150 membrane showed an outstanding thermal stability separation performance at higher temperatures (e.g., 200 °C) (Figure 40 and Figure 41).



Covalent organic frameworks (COFs), represent a subclass of the porous materials that consist of strong covalent bonds between light elements, like C, B, N, etc. These porous materials are credited with excellent structural tunability and stability and low density. Recently, COF-MOF composite membranes were fabricated by Qiu et al. and tested for the H2 separation from CO2 [137] (Figure 42 and Figure 43). Their excellent performance, in terms of very high selectivity when compared to the neat COF and MOF membranes, has surpassed the Robeson upper bound for other materials, like polymer-based membranes for this separation. The separation factors for the H2/CO2 (1:1) binary mixture for two composite membranes form [COF-300]-[Zn2(bdc)2(dabco)] and [COF-300]-[ZIF-8] were found to be around 12.6 and 13.5, respectively (Figure 44). This noteworthy performance is attributed probably to the fabrication method, which implicates the strong chemical bonding induced between the support, COF, and MOF, since the COF material can cooperate via imine groups with polyaniline, while in case of the ZIF, the HN-Zn-imidazole bonds could help in sealing the interface with the COF.



There has been an increasing interest in two dimensional (2D) MOF nanosheets,, due to their unique properties, such as large surface areas, nanometer-sized cavities, uniform channels, stability, and chemical tunability, which make them potential candidates for applications in membrane gas separations [138,139]. Zhang et al. fabricated a highly oriented tubular membrane of Zn2(bIm)4 (bIm = benzimidazole) ZIF nanosheet was fabricated by using the self-conversion of ZnO nanoparticles (NPs), and following a graphene oxide (GO) guided method (Figure 45) [122].



An oriented nanosheet tubular membrane that was fabricated by solvothermal growth over a 9 h period (denoted as M-9) was tested for its single and binary mixtures gas permeation performances. Figure 46, which displays the permeances of H2, N2, CO2, and CH4, shows that H2 has the highest one and Ideal selectivities were 106, 126, and 256 for H2/CO2, H2/N2, and H2/CH4, respectively, all higher than Knudsen’s selectivity. Binary mixtures through the M-9 membrane confirmed the very good molecular sieve performance of this M-9 membrane; separation selectivities for H2/CO2, H2/N2, and H2/CH4 were found to be 89, 103, and 221, respectively.



In their experiments, they found that changing the feed partial pressure for H2 from 0.5 to 1.5 bar did not affect the gas permeances or the H2/CO2 separation selectivity, thus proving an excellent mechanical stability (Figure 46). The increase in the testing temperature from 30 to 150 °C did not affect significantly the permeation, neither for H2 nor for CO2. However, the H2 permeance and separation selectivity of H2/CO2 increased slightly (Figure 46b). This is could be due to some structural flexibility of the nanosheets, resulting in a slight increase in their effective pore size. This small change of pore-aperture size slightly affected the permeance of H2 (small kinetic diameter) and barely influenced the permeance of CO2 (larger kinetic diameter), resulting in a very small improvement of the separation selectivity of H2/CO2.




4.2. MOF Membranes for CO2 Separation


Carbon dioxide (CO2) is considered as the main contributor for greenhouse gas emissions, and its continuous concentration buildup in our atmosphere is expected to produce severe global warming. CO2 is known to be one of the main impurities in natural gas and needs to be separated before the gas is pumped to the pipeline, in order to prevent major corrosion issues. Thus, it is of great importance to develop processes that effectively separate and recycle CO2 from these different natural gas sources [140]. Membrane-based separation technology is considered as a promising alternative to the conventional separation processes, since it is more energy-effective route and highly reliable. Therefore, many materials, such as polymers and zeolites, have been developed as membranes for the separation of CO2. However plasticization decreases the performance of polymers while zeolites suffer from low permeability [2,13,141,142,143].



Rationally, various MOFs have been explored as membranes and applied to separate CO2 from other common gases such as CH4 and N2. Among these MOFs are ZIFs, which possess a porous framework with accessible pore systems and wide-ranging pore-aperture sizes [115,144]. The pore-aperture size of different ZIFs, as an example in ZIF-8, lies within the kinetic diameter range of common gas molecules. Moreover, ZIF-8 is a chemically stable material, even in the presence of water and some aromatic hydrocarbons, like benzene, the classic impurities in natural gas refining, making this MOF a potential candidate for separating CO2 from CH4 [67,117,119,145].



Carreon et al. fabricated ZIF-8 membranes via the in situ solvothermal method on tubular alumina supports that were functionalized via hydrothermal seeding [67]. In their study, all of the fabricated membranes displayed a high CO2 permeance of ~2.4 × 10−5 mol m−2 s−1 Pa−1 and a selectivity for CO2/CH4 of ~4–7. The density functional theory simulation data on ZIF-8 suggested that the ZIF-8 smaller pores were the favored adsorption spots for CO2, over CH4.



Achieving the molecular separation of CH4 and CO2 is complex, due to the similarities in their molecular sizes in a membrane-based process. Advantageously, the tunable composition of MOFs, based on a wide-range of metal ions and organic ligands, made it possible to selectively adsorb these two gases, offering the prospect to a CO2 separation from CH4 through a sorption-based separation mechanism.



Continuous membranes of Co3(HCOO)6 MOF were fabricated on a macroporous glass support by Mintova et al. (Figure 47) [146]. The overall framework of the Co3(HCOO)6 MOF has a 1D zigzag channels with an aperture size of 5.5 Å. This channel structure was found to favor CO2 separation from CH4 via preferential adsorption. As shown in Figure 48, the microporous Co3(HCOO)6 membrane showed a high permeation flux of 2.09 × 10−6 mol m−2 s−1 Pa−1 and an outstanding permeation selectivity for CO2 over CH4 of 10.37–15.95 at 0–60 °C. This is because CO2 molecules permeate faster through the 1D zigzag channels as compared to CH4. This faster permeation of CO2 was a result of the preferential adsorption of CO2 in the micropores and external surfaces of the MOF membrane, which suppressed CH4 sorption from the mixture. These results revealed that the suitable pore size, combined with the right pore shape, in the case of the Co3(HCOO)6 MOF, can prevent the two molecules to permeate through it simultaneously, i.e., once CO2 permeates through the pores, the permeation of CH4 molecules is hindered.



The orientation of fabricated membranes has shown to influence their separation performance. Highly oriented MOF membrane of ZIF-69 was reported for gas separation by Lai et al. [147]. The ZIF-69 possessed a zeolite gme topology with 12 and 8 membered ring (MR) channels along the c-axis and the a- and b-axes, respectively. The pore-aperture size along the c-axis is about 0.78 nm, which means that, in order to achieve an outstanding gas permeation performance, it is required to fabricate a c-oriented ZIF-69 membrane, which will have the straight channels line up perpendicular, with respect to the support surface. The ZIF-69 membranes were fabricated by using oriented seeds at first and then a secondary growth step (Figure 49). The single-gas permeation results of N2, CO2, and CH4 showed that they possess a Knudsen behavior, whereas in the case of the CO2 permeation, it was dominated by surface diffusion as a result of the high adsorption affinity of ZIF-69. The separation of equimolar gas mixture of CO2 and N2, CO, and CH4 were measured and found to be 6.3, 5.0, and 4.6, respectively, with a permeance of ~1.0 × 10−7 mol m−2 s−1 Pa−1 for CO2 (Figure 50 and Figure 51). A comparison of the non-oriented grown ZIF-69 with the c-oriented ZIF-69 membrane showed that the oriented one had a better selectivity and higher permeance.



Recently, the LBL method was used by Caro et al. for the fabrication of membranes of [Cu2(ndc)2(dabco)] or [Cu2(BME-bdc)2 (dabco)] [148]. The [Cu2(ndc)2(dabco)] is a MOF with a large-pore where no affinity exists between the gases and the framework. As expected with such systems, they were found to follow the Knudsen behavior. However, in case of the BME-bdc, which is composed of a benzene ring functionalized with two ether side groups (O(CH2)2OCH3), which are expected to enhance the framework affinity toward CO2 in [Zn2(BME-bdc)2 (dabco)] MOF. The fabricated membrane of [Cu2(BME-bdc)2-(dabco)] has shown a higher selectivity toward CO2, as compared with CH4. The gas mixtures tests of equimolar CO2/CH4, exhibited a 4.5 selectivity factor that is higher than the corresponding Knudsen coefficient. The separation cannot be credited only to the molecular sieving effect, since the flexibility of the ether groups makes it difficult to estimate the effective pore size. The enhanced affinity of the framework for CO2 is also a contributing factor (Figure 52).



Bio-MOF-1 membranes were prepared using a secondary seeded growth method and tested for gas mixture separation, by Carreon et al. [149]. These Bio-MOF-1 membranes exhibited high CO2 permeances and separation selectivities over CH4. The measured CO2/CH4 separation selectivities were higher than one, therefore higher than the Knudsen selectivity. The CO2 preferential adsorption in this MOF, driving separation mechanism, was credited to the existence of organic ligand amino basic sites in the Bio-MOF-1 structure. The Robson plot showed that the Bio-MOF-1 membrane exhibited the same performance as most conventional polymeric membranes, however less than most zeolite membranes (Figure 53).



Later on, the same group reported the fabrication of cobalt–adeninate MOF (bio-MOF-13 (I) and bio-MOF-14 (II)) membranes [150]. The fabricated membranes exhibited high CO2 permeabilities and low CO2 separation selectivities over CH4. These observed high CO2/CH4 selectivities were credited to the favored CO2 adsorption in the case of the bio-MOF-13 framework. These membranes displayed CO2 permeances as high as 4 × 10−6 mol m−2 s−1 Pa−1 with CO2/CH4 separation selectivities in the 3–4 range at 295 K (Figure 54). The enhanced CO2 adsorption in these frameworks was again attributed to the presence of basic linkers, although the type of this specific nature between the CO2 and framework is unclear.



Recently, Jeon et al. also used a rapid one-pot solvothermal microwave growth approach to fabricate a mixed-linker ZIF membranes [66]. The mixed-linker ZIF consisted of the ZIF-8 linker the 2-methylimidazolate (mIm) and the ZIF-7 linker the benzimidazolate (bIm), and these were termed as the ZIF-7-8 membranes (Figure 55). Using this rapid synthesis approach, they were able to alter the ZIF-7-8 membranes separation properties by varying the ratios of bIm to mIm linkers in the mixed linker frameworks. The permeances of H2, CO2, N2, and CH4 were reduced, and the ideal selectivities increased with increasing the bIm/mIm ratios. The mixture gas permeation study for H2/CH4 and CO2/CH4 on ZIF-7-8 membranes showed an enhancement in selectivity, when increasing the bIm linker ratio, suggesting the change in the separation behavior of the membrane with the variation of the linkers ratios (Figure 56).



Upon comparison with the mono linker neat ZIF membranes, like ZIF-7 and ZIF-8, the mixed linker ZIF-7-8 membranes still shows a reasonable performance for both H2/CH4 and CO2/CH4 gas separations, which indicates the good quality of ZIF-7-8 membranes (Figure 57).



The post- and precombustion carbon capture and natural gas upgrading applications are very important separation applications. However, few studies on the application of MOF membranes for the CO2 gas separations from N2, CH4, and H2 have been reported to this day. An efficient membrane for the capture of CO2 from N2, CH4, and H2 gas feeds, should provide an excellent separation for CO2 over other gases, in order to concentrate these valuable gases, such as CH4, O2, and H2 more efficiently. According to the literature, the separation selectivity that favor CO2 permeation was first reported using [Cu2(bza)4(pyz)]n as a single crystal MOF membrane [135].



Later on, Lin et al. reported thin MOF-5 membranes that were fabricated by a secondary growth method [151]. They investigated the permeation and separation features of this membrane towards mixtures of CO2/H2 and CO2/N2. The MOF-5 membranes were tested with CO2/H2 or CO2/N2 mixture feed, showed a more permeability to CO2 over H2 or N2. The CO2/H2 separation factors were more than 1, i.e., CO2 was more permeable not H2. This is related to the fact that MOF-5 has a favored adsorption of CO2 over H2, as derived from a saturated sorption capacity of 2 mmol/g for CO2 and 0.1 mmol/g for H2 at 298 K and 1 atm). In their experiments, Lin et al. used a post CO2 annealing means and successfully increased both the permeance and separation factor of MOF-5 membranes for the CO2 separation over H2 [152]. The post-treatment of the membrane (PMOF-5) was performed by annealing the MOF-5 under a high pressure CO2 stream at 100 °C, which led to a decrease of the H2 permeance and an increase of the CO2 permeance, and resulting in an improvement of both CO2 and H2 separation factors from 721 to 5781 and an improved CO2 permeance from 5.67 × 10−7 up to 9.38 × 10−7 mol m−2 s−1 Pa−1 under CO2 molar fraction of 98%, feed pressure of 5 atm and 298 K Figure 58. The uncommon separation performance is again related to the enhanced CO2 adsorption selectivity over H2 and the formation of surface carbonate anions caused by the CO2 treatment. The separation factor of CO2/H2 for the no post-treated membrane (PMOF-5) increases drastically from ~2 at a below 0.94 sharply to about 721 at an of 0.985 and CO2 permeance of 5.67 × 10−7 mol m−2 s−1 Pa−1, and then deceases with a further increase in CO2 mole fraction.



Recently, the first zeolite-like MOF (ZMOF) membrane with a sodalite topology was prepared via a solvothermal crystallization approach on porous alumina support [153]. ZMOFs were pioneered by Eddaoudi et al. and they represent a subclass of MOFs, which are topologically related to pure zeolites. ZMOFs exhibit unique properties, like extra-large cavities, chemical stability, and anionic character amenable to cation exchange. Their anionic character allows the tuning of the pore system via extra-framework cations exchange, which, in turn, tunes their host–guest interactions. The sod-ZMOF-1 is made from the reaction of In3+ cations and imidazoledicarboxylate (ImDC2–) linkers with the help of a structure directing agents (SDAs).



The sod-ZMOF-1 incorporates large β-cavities, which are only accessible via 6MR windows having a 4.1 Å diameter pore-aperture size, whereas the 4MR window are not accessible. The sod-ZMOF-1 6MR narrow size is expected to provide some selective diffusion and thus to allow for the separation of small molecules, versus larger ones. Furthermore, the sod-ZMOF-1 anionic character will affect the adsorption/diffusion of some gases molecules, which, in turn, will alter its permeation and separation properties. The single gas permeation results show a high CO2 permeability and higher ideal selectivities in favor of CO2 over other gases above Knudsen (Figure 59 and Figure 60). The calculated values of separation factors were 8.7 for CO2/N2, 5.1 for CO2/O2, and 3.6 for CO2/CH4. The gas mixture permeation experiments confirmed the preferential CO2 selective permeation for CO2/CH4), and CO2/N2 of 4 and 10.5 (at 3.4 bar), respectively. In the case of the CO2/H2 mixture, the CO2 permeability was faster than H2 and the ideal permeation selectivity for CO2/H2 was 2.6. The CO2/H2:30/70 mixture permeation confirmed that the CO2/H2 observed reverse-selectivity and showed a 5.2 CO2/H2 selectivity. This enhancement in the mixed-gas permeation selectivity, was attributed to the favored CO2 adsorption over H2. Supplementary permeation tests at different temperatures confirmed these results, where the selectivity of CO2/H2 decreased with increasing the temperature, and vice versa.




4.3. Hydrocarbons Separation


The hydrocarbon gas mixtures separation is considered as one of the most energy-intensive process in different industrial sections, like petroleum refining, petrochemical, and natural gas production. Nowadays, petrochemical refineries need to separate hydrocarbon mixtures on a huge scale to produce fuels and chemicals for the market. For example, the cryogenic distillation process for paraffin/olefin separation is considered as the most energy and cost demanding practices [154]. In the production of propylene, the cost comes from the difficulty of separating it from propane due to their similar boiling points. The course of industrial distillation demands about 200 separation trays, which makes it one of the most energetically costly processes in the petrochemical industry [155]. The same applies to C4 isomers, such as butane and isobutane, for which the physical properties are also similar. Thus, the separation of such compounds by distillation is extremely costly. Alternatively, energy efficient membrane-based separation offers the possibility to reduce the cost of separation. Thus far, different types of membranes were tested for these types of separations, including polymers, zeolites, carbon molecular sieves, and mixed matrix materials. However, most of them have drawbacks that limit their performance [156,157]. In the case of polymeric membranes, they suffer from plasticization. This process refers to a change of polymer structure, and thus, a loss in its separation performance that is caused by the swelling of the space between polymer chains, as a result of the adsorption of CO2 and other hydrocarbons, which decrease the durability of polymer membranes. Additionally, Zeolites, carbon molecular sieve and mixed matrix membranes although have shown better performance in terms of selectivity/permeability as compared to the polymers, but they still require optimization of their preparation procedures and new membrane-modules designs [158]. Notably, advanced performing materials should be discovered in order to justify the investments into the changes of well-established distillation industry. Additionally, carbon based membranes are extremely fragile, which makes their scale-up even more challenging than other prospect materials [159].



Great diversity of pore environments and geometries in MOFs affords various types of adsorption-based separations. In an excellent recent review, Adil et al. have highlighted major achievements made in the field of adsorption-based separation, highlighting the advances that have been made with MOFs in the area of hydrocarbon separation [37,160]. Prominently, MOFs have been also examined in a form of membranes.



Recently Caro et al. fabricated a 25 μm thick ZIF-8 layer on asymmetric titania support (Figure 61) and used the measured permeation selectivity for ethane/ethylene separation for a correlation study with the grand canonical Monte Carlo simulations and infrared microscopy, diffusion and adsorption data [145]. The ethylene/ethane separation factor α dependency on pressure were investigated. By increasing the gas feed pressure, a slight decrease in separation factor from 2.8 to 2.4 was observed, as in Figure 62. The single gas permeation without applying a sweep gas showed an ideal separation factor of 4.2. The dissimilarity in separation efficiency observed between the single gas and the mixed gas measurements were attributed to the difference in experimental conditions. Later on, the transport properties of ethane/ethylene separation in the same (ZIF-8) membrane were studied by James et al. at different temperatures ranging from 25 to 100 °C and different pressures [161].



In the case of propane/propylene separation system, a propylene permeability of 1 Barrer and a selectivity of 35 are the minimum requirement for the deployment of a membrane for commercial application. Accordingly, the innovative material development are vital to effectively fulfill the requirements for this highly energy-intensive important separation [2]. The separation of propylene and propane using ZIF-8 membranes was first reported by Li et al. and it was based on the kinetic separation revealed from adsorption studies on ZIF-8 powder [157]. Although the size difference is around 0.02 nm between these two gases, the reported selectivity was 150.



Jeong et al. reported a one-step in situ synthesis procedure for the fabrication of high-quality ZIF-8 membranes using counter diffusion method [69]. The fabricated membranes were tested for the separation of a propylene/propane (50/50) mixture and they revealed a high separation selectivity of ~55. Figure 63 shows these ZIF-8 membranes propylene/propane separation performance that were fabricated at room-temperature with variable growth times. The increase in the membranes growth time increased the separation factor, however reached a plateau after 1 h. The separation factor and the propylene permeability of these ZIF-8 membranes outperformed the values that were reported for polymeric and zeolite membranes (Figure 64).



In another study high-quality ZIF-8 membranes were fabricated using rapid thermal deposition method by Jeong et al. [162]. The separation of propylene/propane tests for these membranes were found to exhibit a selectivity of ~30. Later on, using a rapid and simple microwave-assisted seeding technique, they managed to synthesis high-quality ZIF-8 membranes that showed an enhancement in the propylene/propane selectivity of ~40.



Hara et al. used the counter diffusion approach to fabricate an 80 μm-thick ZIF-8 layer on a alumina capillary support [163]. They have managed to isolate the contribution of the diffusive separation for propylene/propane from the permeation features of these membranes. The single- gas permeation for C3H6 and C3H8 were measured at temperatures from 298 to 363 K. The ideal separation factors for C3H6/C3H8 at 298 K were found to be 59. The analysis of the permeation results show that the diffusion separation factor increases to 23 by reducing the temperature, whereas the solubility separation factor of 2.7 does not change, indicating that the separation of propylene/propane is mainly driven by diffusive separation.



In another study by Lin et al., ZIF-8 membranes were fabricated using a secondary growth method in water, and were tested for the separation of C3H6/C3H8 [164]. Measurements of the single gas permeance for C3H6 and C3H8 showed a decline when pressure was increased, suggesting the pressure reliance on the adsorption isotherms for individual gas. The ZIF-8 membranes showed a high C3H6/C3H8 selectivity of 30 and a high C3H6 permeance of 1.1 × 10−8 mol m−2 s−1 Pa−1 when an equal-molar binary feed was used (Figure 65). The C3H6/C3H8 selectivity decreased with increasing feed pressure and temperature, while permeance also decreased when the feed pressure was increased. The stability and durability tests on these membranes for over a month showed a stable performance.



Additionally, Nair et al. reported the fabrication of ZIF-8 membranes using an interfacial microfluidic membrane- processing technique in engineered polymeric hollow fibers (Figure 66) [165]. Under optimized synthetic conditions, these hollow fiber membranes exhibited a separation factor of approximately 180. Such an excellent separation even remained high (separation factor of 60), at 120 °C. These membranes were tested under high-pressure operation conditions; results showed a four-times enhancement in the flux and an excellent C3H6/C3H8 separation factor of 90, at 9.5 bar. These membranes also exhibited a long-term stability in permeance and selectivity, under testing operations over a month-period (Figure 67).



In another study, Nair et al. fabricated ZIFs membranes on carbon hollow fibers using the fluidic processing technique [166]. The resultant ZIF-8 membranes were tested for dehydration of ethanol and furfural, while the ZIF-90 was tested for the butane isomer separation. The measured permeability of butane in ZIF-90 was comparable to the predicted data (192 vs. 206 Barrer), while the selectivity was significantly lower, indicating the presence of defects (7000 vs. 12). Nevertheless, the described membrane, to the best of our knowledge, is the only pure MOF membrane study reporting the separation of butane isomer mixtures.



The separation of condensable hydrocarbons (e.g., C2H6, C3H8, and n-C4H10) from supercritical CH4 is an important industrial process in the upgrading of natural gas. Recently, Shekhah et al. showed that n-C4H10 exhibit an extremely slow adsorption kinetics in ZIF-8 in comparison to other hydrocarbons, like C3H8 and C2H6 [53]. The study showed that there is a real adsorption kinetic cut-off at 4.8–4.9 Å, which is the Lennard-Jones diameter of n-C4H10. Accordingly, for the first time the CH4/n-C4H10 mixture separation properties on ZIF-8 membrane were explored. The ZIF-8 membrane exhibited a high selectivity (ca. 250) for CH4 using a 75/25 CH4/nC4H10 feed, in the first 2–4 h of the experiments, which showed then a rapid decrease with time and exhibited a selectivity of 4 at the steady state after 30 h (Figure 68). The analysis of the permeation results showed that the permeability of n-C4H10 increased from 0.01 Barrer at 6 h to 0.35 Barrer after 30 h, leading to a partial blocking of the CH4 transport in the membrane, as revealed form the 40% drop in its permeability. A noticeable enhancement (from 4 to 16) in the selectivity of CH4 in the mixture separation was achieved by increasing the temperature up to 323 K, at a constant feed pressure.



The exciting separation features of the soc-MOF platform has motivated Belmabkhout et al. to fabricate them as membranes and evaluate their gas transport separation properties in particular for refinery-off gases [167].



The in situ solvothermal approach was used for the growth of highly crystalline and closed Fe(III) and Al(III) soc-MOF analogues as membranes, as proven by XRD and SEM in Figure 69. The single gas permeation properties for the Fe-soc-MOF membrane were studied and evaluated using the time-lag method. The single gas permeation results for diverse gases, like H2, O2, N2, CH4, CO2, C2H4, C2H6, C3H6, C3H8, and C4H10 were measured and the Fe-soc-MOF membranes was found to exhibit a decrease in permeability as the Lennard-Jones diameter of the gases increased from H2 to CH4 (Figure 70 (left)). However, in the case of hydrocarbons the permeability was found to increase with increasing the boiling point of the gas increased, (Figure 70 (right)). The derived solubility and diffusivity coefficients from the permeability and the time lag measurements revealed a rise in the permeability of C2+ hydrocarbon, suggesting a predominance of the solubility factor. The permeation of the ROG constituents followed the Knudsen behavior, though a high n-C4H10/CH4 adsorption selectivity was observed for the pristine Fe-soc-MOF-1b, however, the selectivity of the Fe-soc-MOF-1b membrane was only 2.2. This behavior is due to the somewhat large aperture size of the 1D channels in the soc-MOF.





5. Discussion


As the foremost limitation for preventing the usage of polymers in the area of carbon dioxide and hydrocarbon separation is plasticization, the rigid membranes with uniform pore structures, such as made from MOFs, are expected to be more effective than polymers [168]. The robustness of these microporous materials affords the unremitting permeability of the gases, while the uniformity of the pore windows controls the passage of certain gases over others. Depending on the size and environment of the MOF structure toward the targeted gas, the diffusion- or sorption-controlled selectivity can be achieved, as evidenced by the analysis of the reported research articles concerning H2/CO2 separation (Figure 71).



The majority of MOF-based membranes are reported to act as molecular sieves that possess higher permeabilities for the relatively smaller hydrogen molecules, as compared to the larger ones, like carbon dioxide, due to the dominant diffusion component of H2 (Figure 71a). The selectivity of such membranes often does not undergo significant changes, upon increasing the temperature or by varying the composition of mixed gases (versus single gases). It should be noted that the performance of MOF-hydrogen selective membranes is significantly higher than the performance of reported polymers in the open literature, suggesting their great prospects for hydrogen purification.



The CO2 gas separations from N2, CH4, and H2 using MOF membranes were also investigated and only few examples have been reported. An efficient membrane for application should reveal an excellent separation selectivity for CO2 over other gases, in order to be able to concentrate these valuable gases such as H2 more efficiently. According to open literature, the performance of some MOF membranes, especially for the mixed gases is better than most of polymers in terms of selectivity Figure 71b). In the case of CO2 separation from N2 and CH4, still the performance of most of the reported MOF membranes is still similar or below the performance of polymers and under the Robeson upper bound for both gas separations Figure 72a,b.



Hydrocarbon separation using MOFs-based membranes is still in its infancy; it has not been explored intensively as the limited number of studies mentioned in Section 4.3 has demonstrated Figure 73. ZIFs membranes are one of the very few examples of MOF-based membranes that are exceptionally stable; they were investigated for the separation of ethane and ethylene (Figure 73a), as well as propylene and propane (Figure 73b), under various conditions. The excellent stability separation performances that were displayed made the ZIF-8 membrane a very good candidate for the propylene/propane separation, despite the very significant discrepancies between the experimental and simulated values. In the case of the butane/isobutane separation, there is only one example reported (Figure 73c), which shows a moderate performance.



Although the trade-off concept is originally conveyed for polymer-based membranes, via comparing both permeability and selectivity data for a specific gas pair on upper bound plots [4,169], it remains a popular way to estimate different membrane material performance. It is important to highlight the difference between permeance and permeability. The permeance is used in industry and academia to compare the performance of the membranes as the end-products and it does not depend on their thickness. Thus, membranes with smaller thickness outperform the thicker membranes that were made from the same material in terms of the rate of gas transport.



Separation systems currently in use often involve complex mixtures, making it challenging to create simulated operating conditions that adequately mimic real-life situations. Yet, test experiments that simulate such real complex conditions are needed. Recently, Liu et al. simulated the effects that are associated with the presence of H2O vapor and other typical gas impurities (such as SO2 and O2) in flue gas and tested the performance of the adsorption of CO2 on the ZIF-68 material [148]. Results revealed that O2 had an almost a negligible effect; however, H2O seemed to affect the CO2 adsorption on ZIF-68 in two opposite ways, by reducing the CO2 adsorption ability, while increasing the CO2/N2 separation factor. Nevertheless, the presence of SO2 inhibits both the CO2 adsorption and the CO2/N2 separation abilities of ZIF-68.




6. Current Research Gap and Future Perspectives of MOF-Based Membranes


The current literature on MOF-based membranes identifies a number of limitations for their practical deployment such as: (a) Scale-up, (b) Challenging fabrication methods, (c) Poor hydrothermal stability, chemical stability, and durability, and (d) final product cost. As such, some of the drawbacks of MOFs may slow their prompt deployment/implementation. However, the scope of their chemical and structural tuning is unique and highly beneficial toward improved performances for various critical separations. Markedly, the hybrid character of the pore systems in MOFs offer great potential to derive novel separation approaches via post-synthetic modifications. Presently, the fabrication of MOFs membranes and their composites for practical use in separation remains challenging; as such, these materials have yet to be adopted in industry.



Future research should be devoted to the construction, development, and implementation of innovative, made-to-order MOFs with superior properties as adsorbents and the subsequent development of easy fabrication methods that will allow for their use in industrial settings, for example, as pure membranes or as fillers for mixed matrix membranes for key separations. Prominently, further detailed investigations pertaining to the fundamental understanding of MOF structures and their associated separation properties are critical to the production of prospect membranes with high permeability, selectivity, stability, and at a low cost.



As the growth of this new MOF-based membranes field emerges, the development of MOFs that are highly stable and have excellent separation properties as membranes is an important research topic for practical separation applications. Particularly, for hydrocarbons separations, in which polymer membranes are seemingly impractical, microporous membranes offer the potential to completely or partially substitute the energy-intensive distillation processes.



Equally, the development of new healing methods for different defects in membrane fabrication is as critical and it requires full attention and research exploration.




7. Conclusions


The distinctive properties of MOFs in terms of surface area, chemical and structure design, modularity, and tunability, position them as suitable candidates for key membrane separation applications. More and more progress is being made in the fabrication and use of MOFs, specifically as membranes in particular, with an increasing number of studies reported in the literature. New methods, such as gel-vapor deposition and LBL, make it now possible to prepare defect-free MOF membranes. In the case of H2 purification, an important separation for energy and the environment, the performance of MOF-based membranes has been considerably improved through the design of MOFs with suitable structures, or via subsequent post-functionalization methods. Recently, the fabrication of CO2-selective MOF-based membranes represents a significant step forward, but more development is still required to improve their selectivity and permeability. The application of MOF-based membranes for the purification of H2 is not limited to the separation of small gas molecules, such as CO2; it can also be successfully applied to the separation of hydrocarbons, especially propane and propylene, and methane and butane.



Despite the tremendous progress that has been achieved over the last decade, some significant challenges remain with respect to the implementation of MOF- membranes separation techniques in industrial settings. One of those key challenges is the development of easy, low-cost methods to fabricate MOFs, on a large-scale, and on inexpensive supports.
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Figure 1. Landscape for metal–organic framework (MOF) research areas, from discovery and design to applications. 
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Figure 2. Schematic representation of the MOF membrane preparation methods, like solvothermal growth method and seeding (a,b), counter diffusion (c), gel-vapor deposition (d), and layer-by-layer (e). 
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Figure 3. SEM images of the MOF-5 membrane: (a) top view; and, (b) cross-section (adapted with permission from ref. [56]). 
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Figure 4. Top view SEM pictures of Ni2(L-asp)2(bipy) membranes grown for (a) 1 h, (b) 2 h, (c) 3 h, and (d) 4 h at 150 °C (adapted with permission from ref. [79]). 
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Figure 5. Schematic illustration of the preparation of a pure ZIF-67 membrane by the self-conversion of carbonate hydroxide nanowire arrays (Co-NWAs) (adapted with permission from ref. [81]). 
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Figure 6. Scheme for preparing ZIF-90 membranes using 3-aminopropyltriethoxysilane (APTES) as a covalent linker between a ZIF-90 membrane and an Al2O3 support via an imine condensation reaction (adapted with permission from ref. [82]). 
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Figure 7. Scheme of the preparation of bicontinuous ZIF-8@GOmembranes through the layer-by-layer deposition of graphene oxide on the semicontinuous ZIF-8 layer, which was synthesized on a polydopamine-modified alumina disk (adapted with permission from ref. [86]). 
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Figure 8. SEM images at different stages of MOF membrane growth: (a) α-alumina support, (b) seed layer, (c) membrane (top view), and (d) membrane (cross-section view) (adapted with permission from ref. [90]). 
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Figure 9. Schematic diagram of preparing the MIL-53 membrane on an alumina support via the reactive seeding method (adapted with permission from ref. [91]). 
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Figure 10. Schematic illustration of membrane synthesis using the counter-diffusion-based in situ method (adapted with permission from ref. [69]). 
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Figure 11. Structure of poly-thiosemicarbazide (adapted with permission from ref. [95]). 
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Figure 12. SEM surface images of ZIF-8/PTSC membranes prepared with different reactant concentrations: (a) M1, (b) M2, (c) M3, and (d) M4. Scale bar: 10 mm (adapted with permission from ref. [95]). 
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Figure 13. Gel–vapor deposition (GVD) fabrication of ultrathin ZIF-8 membrane. (a) Schematic of MOF membrane formation process. (b) Schematic illustration and chemical structure of Zn-based gel and crystalline structure of ZIF-8. Zn, O, C and N atoms are depicted in yellow, red, grey, and blue, respectively. H atoms are not presented for clarity. Top view SEM images of (c) the PVDF hollow fiber and (d) the Zn-based gel layer. SEM images of (e) top and (f) cross-sectional view of the ZIF-8 membrane prepared with sol concentration of 1 U and coating time of 2 s. The images are colored for clarity. Scale bar, 200 nm (adapted with permission from ref. [92]). 
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Figure 14. Schematic representation of the vapor-assisted conversion process for the fabrication of oriented MOF films (adapted with permission from ref [97]. 
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Figure 15. Schematic diagram for the automated layer-by-layer (LBL) growth of MOFs thin films on substrates functionalized with self-assembled monolayers (SAMs). The preparation is done by repeated immersion cycles first in a solution of the metal precursor and subsequently in the organic ligand solution, with solvent rinsing in-between (adapted with permission from ref. [53]). 
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Figure 16. Representative examples of SEM micrographs of the top view (left) and cross-section (right) of the ZIF-8 membrane grown using 300 cycles of the LPE method on an alumina substrate (adapted with permission from ref. [52]). 
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Figure 17. Schematic Representation of the Setup employed for the Fabrication of MOF Thin Films Using the LPE Approach Adapted to the Spin Coating Method (adapted with permission from ref. [54]). 






Figure 17. Schematic Representation of the Setup employed for the Fabrication of MOF Thin Films Using the LPE Approach Adapted to the Spin Coating Method (adapted with permission from ref. [54]).



[image: Crystals 08 00412 g017]







[image: Crystals 08 00412 g018 550] 





Figure 18. (a) Top view and (b) cross-section SEM image of ZIF-8 membrane grown on alumina support using the spin coating approach (adapted with permission from ref. [54]). 
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Figure 19. H2 permeance and separation factors in the volume ratio binary gas mixture H2–CO2, H2–N2, and H2–CH4 systems of HKUST-1 membrane as a function of time at 40 °C with a pressure drop of 1 atm (adapted with permission from ref. [114]). 
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Figure 20. Scheme of the preparation of ZIF-8 membranes on hydrophobic α-Al2O3 supports through 1H,1H,2H,2H-perfluoroalkyltriethoxysilanes (POTS) modification (adapted with permission from ref. [121]). 
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Figure 21. (a) The permeation properties of various gases through the ZIF-8/rGO membrane. (b) The separation performance of the ZIF-8/rGO membrane for H2/CO2, H2/N2, and H2/CH4 mixtures. The comparison of the GO, rGO, and ZIF-8/rGO membranes for (c) H2/N2 and (d) H2/CH4 separations. (adapted with permission from ref. [122]). 
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Figure 22. (a) H2 (solid triangles) and N2 (triangles) permeance from the mixture through the ZIF-7 membrane during the on-stream activation process with increasing temperature. (b) permeance of single gases (circles) and from mixtures (squares: H2–CO2 mixture, rhombuses: H2–N2 mixture, triangles: H2–CH4 mixture) of the ZIF-7 membrane at 200 °C as a function of molecular kinetic diameters (adapted with permission from ref. [123]). 
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Figure 23. H2/CO2 selectivity versus H2 permeability for polymeric and MOF membranes (adapted with permission from ref. [125]). 
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Figure 24. (a) Single gas permeabilities through the prepared ZIF-67 membrane measured at 30 °C and 0.1 MPa. The inset shows the separation factors of H2 relative to the other gases in both the single gas and equimolar mixed gas permeation tests. (b) Single gas permeances at elevated temperature. (c) Ideal separation factors of H2 over CO2 (gray), N2 (red) and CH4 (black) at different temperatures. (d) H2/CH4 mixture separation as a function of temperature. (adapted with permission from ref. [81]). 
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Figure 25. Single gas permeances through the ZIF-100 membrane prepared by PDA-modification at 25 °C and 1 bar as a function of the kinetic diameter of permeated gases. The inset shows the mixture separation factors for H2 over other gases from equimolar mixtures. (adapted with permission from ref. [126]). 
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Figure 26. (a) Schematically measuring principle to clarify the permeation data in both directions of the neat, supported ZIF-67, ZIF-67-on-ZIF-8, and ZIF-67-on-ZIF-8 layers (b) Permeation data for H2/CO2, (c) for H2/CH4, (d) for H2/N2, (e) for H2/ethane, (f) for H2/ethylene, (g) for H2/propane, and (h) for H2/propylene. All membranes show clearly a separation factor α above Knudsen (purple, dotted line). The orange dashed line shows the performance of conventionally prepared neat ZIF-8 membrane taken from comparable literature data. (adapted with permission from ref. [127]). 
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Figure 27. (Left). SEM images of the MIL-53 seed layer (a), MIL-53 powders (b), MIL-53 membrane surface (c), and cross-section (d). (right) Permeances of small gas molecules through an MIL-53 membrane at different trans-membrane pressure drops, and the single-component gas permeation (SCGP) results through the MIL-53 membrane under 0.8 MPa (adapted with permission from ref. [91]). 
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Figure 28. (a): plot of H2/CO2 permeance and separation factors for the NH2-MIL-53(Al) membrane versus test time. (b): hydrogen separation power of the NH2-MIL-53(Al) membrane as a function of the permeation temperature (adapted with permission from ref. [128]). 






Figure 28. (a): plot of H2/CO2 permeance and separation factors for the NH2-MIL-53(Al) membrane versus test time. (b): hydrogen separation power of the NH2-MIL-53(Al) membrane as a function of the permeation temperature (adapted with permission from ref. [128]).



[image: Crystals 08 00412 g028]







[image: Crystals 08 00412 g029 550] 





Figure 29. (a) H2/CO2 mixture separation factor α (columns) and H2 (□) and CO2 (▽) permeances for the two neat supported MIL-96(Al) membranes (left, toluene/water seeding; right, DMF/water seeding) at room temperature. Measurements carried out directly after synthesis (as synth.) and after 24 h activation at 150 °C in a nitrogen flow (act.). (b) Schematic connectivity between the three different cavities (A), (B), and (C), showing that the three-dimensional (3D) pore structure is a virtual 2D pore structure since the gas transport is limited to a “zigzag” pathway (arrows) between the two cavities (B) and (C) (adapted with permission from ref. [129]). 
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Figure 30. Mixed (a) and single gas permeabilities (b) for H2 (∇) and CO2 (⎕) and ideal/real separation factors (columns) for an equimolar mixture of H2/CO2 at different temperatures for the neat supported NH2-MIL-125 membrane. (adapted with permission from ref. [130]). 
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Figure 31. (a–c) SEM images of original CuBTC membrane, transformed CuBTC/MIL-100 membrane and transformed CuBTC/MIL-100 membrane after purification, respectively. Scale bar, 20 μm. (d,e) Gas permeance and selectivities of the CuBTC and CuBTC/MIL-100 membranes. All the average permeation results with standard deviation were calculated from three measurement data. (f) Effect of temperature on H2 permeance and H2/CO2 and H2/N2 selectivities for CuBTC/MIL-100 membrane. (g) Comparison of CuBTC/MIL-100 membrane with polymeric, silica, zeolite, other MOF, and graphene oxide membranes for H2/N2 system. 1 barrer = 3.348 × 10−16 mol m−2 s−1 Pa−1, the red dotted line is the Robeson’s upper-bound reported in 2008. (adapted with permission from ref. [131].). 
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Figure 32. H2 and CO2 permeances from equimolar binary mixtures and H2/CO2 mixed gas separation factor of the CAU-10-H membrane as a function of the feed pressure at 200 °C. (adapted with permission from ref. [132]). 
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Figure 33. Scheme of the synthesis of Mg-MOF-74 membrane on MgO-seeded Al2O3 supports and amine-modification of the as-prepared Mg-MOF-74 membrane. (adapted with permission from ref. [77]). 
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Figure 34. Single gas permeances on the as-prepared and amine-modified Mg-MOF-74 membranes at 25 °C and 1 bar as a function of the kinetic diameter. The inset shows the mixture separation factors for H2 over other gases from equimolar mixtures (for the temperature dependence of the H2/CO2 mixed gas selectivities) (adapted with permission from ref. [77]). 






Figure 34. Single gas permeances on the as-prepared and amine-modified Mg-MOF-74 membranes at 25 °C and 1 bar as a function of the kinetic diameter. The inset shows the mixture separation factors for H2 over other gases from equimolar mixtures (for the temperature dependence of the H2/CO2 mixed gas selectivities) (adapted with permission from ref. [77]).



[image: Crystals 08 00412 g034]







[image: Crystals 08 00412 g035 550] 





Figure 35. Mixture separation factors for H2/CO2 from equimolar mixture (left) and single gas permeances of H2 and CO2 (right) on the as-prepared and amine-modified Mg-MOF-74 membranes at 1 bar as a function of temperature. (adapted with permission from ref. [77]). 
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Figure 36. (a) Single- (□) and binary- (○) gas permeances of different gases on the Cu(bipy)2(SiF6) membrane at 293 K as a function of the kinetic diameter (inset: the separation factor for H2 over other gases by binary gases tests). (b) Plot of H2–CO2, H2–CH4 and H2–N2 separation factors of the Cu(bipy)2(SiF6) membranes (average values of five different membranes) at different test times. Permeation temperature = 293 K, feed pressure = 1 × 105 Pa (adapted with permission from ref. [134]). 
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Figure 37. (a) Chemical structure and (b) crystal structure of [Cu2(bza)4(pyz)]n (1) showing the determined numbers of the crystal planes and the channel direction. (c,d) Photographs of single-crystal membranes of 1: (c) exposed (100) crystal surface (channel membrane); and, (d) (001) crystal surface (nonchannel membrane) (adapted with permission from ref. [135]). 
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Figure 38. (a) Comparison of the permeabilities of crystal membrane 1 for various gases: (red) along the channels (channel membrane); (light-blue) perpendicular to the channels (nonchannel membrane). The inset plot (○) is the calculated permeability based on the Knudsen model. (b) Comparison of the permeation fluxes of H2 and CO2 along the channels of gas mixtures for various mixing ratios (H2, purple; CO2, green) (adapted with permission from ref. [135]). 
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Figure 39. (a) Schematic diagram of the preparation of Ni2(L-asp)2P (P = bipy or pz) membranes on nickel screens. (b) Schematic description of compound 1 and JUC-150 structure. Ni cyan, C gray, N blue, and O red; the H atoms are omitted for clarity (adapted with permission from ref. [136]). 
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Figure 40. (a) The permeances of single gases through the 1 membrane at 298 K as a function of the molecular weight. (b) The permeances of single gases through the JUC-150 membrane at 298 K as a function of the kinetic diameters. (adapted with permission from ref. [136]). 
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Figure 41. H2/CH4, H2/N2, and H2/CO2 separation factors of the 1 membrane (solid) and the JUC-150 membrane (hollow) over time (adapted with permission from ref. [136]). 
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Figure 42. Schematic representation of the fabrication of covalent-organic frameworks-metal–organic framework (COF-MOF) composite membranes. (adapted with permission from ref. [137]). 
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Figure 43. COF-300 membrane: (A) SEM top view, (B) elemental mapping image (carbon), (C) SEM cross-sectional view, and (D) elemental mapping image (silicon). Zn2(bdc)2(dabco) membrane: (E) SEM top view, (F) elemental mapping image (zinc), (G) SEM cross-sectional view, and (H) elemental mapping image (silicon). ZIF-8 membrane: (I) SEM top view, (J) elemental mapping image (zinc), (K) SEM cross-sectional view, and (L) elemental mapping image (silicon). [COF-300]-[Zn2(bdc)2(dabco)] composite membrane: (M) elemental mapping image (zinc), (N) SEM cross-sectional view, (O) elemental mapping image (silicon), and (P) photo image. [COF-300]-[ZIF-8] composite membrane: (Q) elemental mapping image (zinc), (R) SEM cross-sectional view, (S) elemental mapping image (silicon), and (T) photo image. (adapted with permission from ref. [137]). 
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Figure 44. (left) Single gas permeability of various gases through the COF-300 membrane, Zn2(bdc)2(dabco) membrane, and [COF-300]-[Zn2(bdc)2(dabco)] composite membrane at room temperature and 1 bar as a function of their kinetic diameters. (right) Single gas permeability of various gases through the COF-300 membrane, ZIF-8 membrane, and [COF-300]-[ZIF-8] composite membrane at room temperature and 1 bar as a function of their kinetic diameters. (adapted with permission from ref. [137]). 
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Figure 45. Scheme depicting the preparation procedure of highly oriented Zn2(bIm)4 nanosheet membranes by ZnO self-conversion growth in a GO confined space (adapted with permission from ref. [122]). 
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Figure 46. (a) Single gas permeances of the M-9 membrane (inset: ideal separation factors for single gases and separation selectivities for binary gas mixtures for H2 over CO2, N2, and CH4); (b) permeances of binary gas mixtures as a function of temperature difference; (c) long-term operating stability of the M-9 membrane for the separation of an equimolar H2/CO2 mixture in the range of temperatures from 30 to 150 °C at 0.1 MPa; and, (d) comparison of our M-9 membrane with the reported molecular sieve membranes for the separation of H2/CO2 mixtures. The black solid line represents the 2008 upper bound of polymeric membranes for H2/CO2. The black dashed line represents the 2010 upper bound of microporous inorganic membranes for the separation of H2/CO2 mixtures. (adapted with permission from ref. [122]). 
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Figure 47. (a) Optical image of a CO3(HCOO)6 membrane grown on a glass frit. (b) Top and (c) side view SEM images of the intergrown layer (adapted with permission from ref. [146]). 
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Figure 48. (a) CO2/CH4 permeance and separation factor (SF) of the Co3(HCOO)6 membrane versus permeation temperature. (b) Plot of the CO2/CH4 separation factor of the Co3(HCOO)6 membrane as a function of test time (adapted with permission from ref. [146]). 
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Figure 49. (a) Top view of ZIF-69 membrane by secondary growth. (b) Cross section view of ZIF-69 membrane by secondary growth. (c) XRD patterns for (i) ZIF-69 seeded α-alumina substrate, (ii) ZIF-69 powder by simulation from Mercury Software (Cambridge Crystallographic Data Centre), (iii) Highly oriented ZIF-69 membrane by secondary growth in this study. * are peaks from α-alumina substrate (adapted with permission from ref. [147]). 
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Figure 50. (a) Single gas permeances of CO2, N2, CH4, and CO through a ZIF-69 membrane as a function of transmembrane pressure drop at 298 K. (b) The ideal selectivities of CO2/CO, CO2/CH4, and CO2/N2 for a ZIF-69 membrane as a function of transmembrane pressure drop at 298 K (adapted with permission from ref. [147]). 
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Figure 51. Separation factors for the CO2–CO, CO2–CH4, and CO2–N2 gas mixtures (50% molar each) as a function of test time for the ZIF-69 membrane at 298 K (adapted with permission from ref. [147]). 
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Figure 52. (Left) permeance of pure and equimolar mixed CO2 and CH4 measured for the [Cu2(ndc)2(dabco)]n (1) membrane at room temperature (T = 298 K) as a function of pressures at the feed side (total pressures for pure gases, partial pressures for the gas mixture). The ideal and mixed gas separation factors αi and αr were calculated from the corresponding ratio of the CO2/CH4 permeance. (Right) permeance of pure and equimolar mixed CO2 and CH4 measured for the [Cu2(BME-bdc)2(dabco)]n (2) membrane at room temperature (T = 298 K) as a function of pressures at the feed side (total pressures for pure gases, partial pressures for the gas mixture). The ideal and mixed gas separation factors αi and αr were calculated from the corresponding ratio of the CO2/CH4 permeance (adapted with permission from ref. [148]. 
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Figure 53. Robeson plot for CO2/CH4 mixtures. For comparison, data point for a Bio-MOF-1 membrane is shown (adapted with permission from ref. [149]). 
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Figure 54. Revisited Robeson plot for CO2/CH4 mixtures. The separation performance for I and II membranes is included in the plot (adapted with permission from ref. [150]). 
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Figure 55. (a) Schematic illustration for the rapid microwave-assisted in situ synthesis of mixed linker ZIF-7-8 membranes and (b) comparison of effective pore aperture of ZIF-8, ZIF-7, and mixed linker ZIF-7-8. de = effective aperture size. (adapted with permission from ref. [66]). 






Figure 55. (a) Schematic illustration for the rapid microwave-assisted in situ synthesis of mixed linker ZIF-7-8 membranes and (b) comparison of effective pore aperture of ZIF-8, ZIF-7, and mixed linker ZIF-7-8. de = effective aperture size. (adapted with permission from ref. [66]).



[image: Crystals 08 00412 g055]







[image: Crystals 08 00412 g056 550] 





Figure 56. Binary testing of (a) H2/CH4 and (b) CO2/CH4 for ZIF-7-8 membranes with varying bIm incorporation (adapted with permission from ref. [66]). 
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Figure 57. Comparison of (a) H2/CH4 and (b) CO2/CH4 separation performance for mixed-ligand ZIF-7-8 membranes with the parent ZIF membranes (ZIF-7 and ZIF-8). 1 Barrer = 3.348 × 10–16 mol m m–2 s–1 Pa–1 (adapted with permission from ref. [66]). 
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Figure 58. Performance comparison of MOF-5 and PMOF-5 membranes for CO2/H2 gas mixture separation at 298 K and a feed pressure of 5 atm: (a) permeance and (b) separation factor (adapted with permission from ref. [151]). 
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Figure 59. (Left) SEM images of sod-ZMOF-1 membrane supported on alumina substrate, top view (A), and cross-section (B). (Right) Single gas permeability vs. Lennard-Jones diameter of relevant gases (at 308 K) on sod-ZMOF-1 membranes (adapted with permission from ref. [153]). 
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Figure 60. (a) Diffusion coefficients (D) vs. Lennard-Jones diameter. (b) Solubility coefficients (S) (from sorption data) vs. normal boiling point as determined from CV/VP permeation technique at 2 bar (adapted with permission from ref. [153]). 
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Figure 61. Cross-section of the supported ZIF-8 membrane (adapted with permission from ref. [145]). 
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Figure 62. Permeances and separation factors at T = 298 K of the ZIF-8 membrane as shown in Figure 1 for ethene and ethane as pure component as well as in equimolar mixture for different feed pressures. The mixture measurements were carried out using the Wicke–Kallenbach technique (partial pressure of the C2 component ≈ 0 at the permeate side) while for the single gas measurement no sweep gas was used (partial pressure of the C2 component ≈ 1 bar at the permeate side). For gas mixtures, the permeances were calculated at T = 293.15 K and p = 1.013 bar from the applied partial pressure difference (for equimolar composition this is 1/2 feed pressure) and for pure component from the total pressure difference (p = 5 bar) (adapted with permission from ref. [145]). 
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Figure 63. Propylene/propane separation performance of ZIF-8 membranes as a function of growth time at room temperature. ZIF-8 membranes show excellent propylene/propane separation factors (~50) even after growing for 30 min (adapted with permission from ref. [69]). 
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Figure 64. Comparison of the propylene/propane separation performance of our ZIF-8 membranes with those of other membranes reported in the literature. Half- and full-filled symbols indicate separation data from single and binary gas permeation measurements, respectively. The shaded area in the graph implies the performance requirement of a membrane (a minimum permeability of 1 bar and a selectivity of 35) for commercial application. The solid lines are the so-called Robson upper bound, the triangle is the carbon membrane, the circle is a zeolite membrane, the rectangle is a polymer membrane, the pentagon is a ZIF-8 membrane, the hexagon is a ZIF-8 mixed matrix membrane, and the star is the ZIF-8 membrane in this work (adapted with permission from ref. [69]). 
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Figure 65. Off-stream stability and on stream stability test of C3H6–C3H8 mixture gas permeances on the ZIF-8 membrane at 35 °C (adapted with permission from ref. [164]). 
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Figure 66. Cross-sectional SEM images of (a) Case 2 ZIF-8 hollow fiber membrane showing crystal overgrowths inside the fiber bore; (b,c) Case 3 ZIF-8/hollow fiber membrane; and, (d) XRD patterns of bare PAI membrane and Case 3 ZIF-8 membrane, with a simulated XRD pattern of ZIF-8 shown for comparison (adapted with permission from ref. [165]). 
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Figure 67. Permeance and separation factor of a ZIF-8 hollow fiber membrane operated continuously for 30 days under an equimolar C3H6/C3H8 mixture feed at 25 °C and 1 bar feed pressure (adapted with permission from ref. [165]). 






Figure 67. Permeance and separation factor of a ZIF-8 hollow fiber membrane operated continuously for 30 days under an equimolar C3H6/C3H8 mixture feed at 25 °C and 1 bar feed pressure (adapted with permission from ref. [165]).
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Figure 68. Permeability and selectivity for a 75/25 CH4/n-C4H10 mixture over time, measured using the time-lag method on ZIF-8 membrane at 308 K (adapted with permission from ref. [53]). 






Figure 68. Permeability and selectivity for a 75/25 CH4/n-C4H10 mixture over time, measured using the time-lag method on ZIF-8 membrane at 308 K (adapted with permission from ref. [53]).
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Figure 69. (Left) Fe-soc-MOF-1b membrane grown on alumina support and its PXRD pattern compared to the bulk material. (Right) Top-view (a–c,d) cross-sectional SEM images of the Fe-soc-MOF membrane grown on the alumina support (adapted with permission from ref. [167]). 






Figure 69. (Left) Fe-soc-MOF-1b membrane grown on alumina support and its PXRD pattern compared to the bulk material. (Right) Top-view (a–c,d) cross-sectional SEM images of the Fe-soc-MOF membrane grown on the alumina support (adapted with permission from ref. [167]).
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Figure 70. Permeation properties of Fe-soc-MOF-1b as a function of the kinetic diameters of H2, O2, N2, CH4, CO2 (left) and CH4, CO2, C2H4, C2H6, C3H6, C3H8, and n-C4H10 (right) (adapted with permission from ref. [167]). 
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Figure 71. Comparison of permeation properties of MOFs to the performance of polymeric materials reported in the literature for membrane-based: (a) diffusion-driven H2/CO2 separation (b) sorption-driven reverse selective CO2/H2 separation. All the data points are listed in the supporting information (Tables S1 and S2). 
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Figure 72. Comparison of permeation properties of MOFs to the performance of polymeric materials reported in the literature for membrane-based: (a) CO2/CH4 separation (b) CO2/N2 separation. All the data points are listed in the supporting information (Tables S3 and S4). 
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Figure 73. Comparison of permeation properties of MOFs to the performance of polymeric materials reported in the literature for membrane-based: (a) C2H4/C2H6 separation (b) C3H6/C3H8 separation, (c) C4H10/i-C4H10 separation. All the data points are listed in the supporting information (Tables S5–S7). 






Figure 73. Comparison of permeation properties of MOFs to the performance of polymeric materials reported in the literature for membrane-based: (a) C2H4/C2H6 separation (b) C3H6/C3H8 separation, (c) C4H10/i-C4H10 separation. All the data points are listed in the supporting information (Tables S5–S7).
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