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Abstract 
 

The present thesis is dedicated to the preparation and characterization of a series of supported 

nanoporous membranes, featuring various materials (metal-organic frameworks (MOFs), zeolites and 

polymers) and designs (single-component, multilayer and mixed matrix membranes (MMMs)), as well 

as the subsequent evaluation of their gas separation capabilities (Wicke-Kallenbach), using the binary 

gas mixtures propylene/propane and H2/CO2 as model systems.  

In the case of MOF-74, the right orientation of its 1D channels (perpendicular to the corundum 

support surface in the best case) inside the dense layers is of utter importance and was eventually 

achieved to some extent, for the first time ever, by further developing known synthesis procedures. 

Unfortunately, all resulting Mg-MOF-74 membranes were only able to separate H2 and CO2 due to a 

previously unknown adsorption-founded blockage/self-hindrance in the case of propylene/propane. 

Neat zeolite type X (NaX) membranes, on the other hand, oftentimes suffer from severe structural 

issues which could be avoided by pre-synthetically modifying the supports with either PDA 

(polydopamine) or APTES (3-amino-propyltriethoxysilane), thus simultaneously improving their 

separation efficiency for both gas mixtures.  

In order to investigate the possible benefits of using multilayered instead of monolayered systems 

for separating hydrogen from carbon dioxide, some of the PDA/NaX membranes were 

subsequently coated with a Matrimid top layer to create a novel kind of sandwich membrane. The 

same polyimide was also used to fabricate MMMs with good H2/CO2 separation capabilities, where 

it serves as flexible and protective matrix for the embedded separation-active zeolite X particles 

(inorganic filler phase).  

Furthermore, it could be shown that using post-synthetic pore optimizations like ion-exchanged 

faujasite particles (PbX, CuX, NiX and CoX) instead of NaX in the Matrimid-based MMMs as well as 

modifying the open Mg sites inside MOF-74’s 1D channels with amine groups results in remarkably 

enhanced hydrogen selectivity due to stronger internal CO2-ion/amine interactions. By studying large 

Co-MOF-74 crystals and their gas uptake behavior before and after the contact with humid air (via 

infrared microscopy) it was eventually found that even a very short exposure to humidity causes a 

surface pore blockage (phase transition), completely preventing the adsorption of even small guest 

molecules, which could be subsequently annealed in a methanol atmosphere. 

The thesis includes six publications (three with me as lead author), published in subject-specific, 

nationally and internationally renowned journals, which are reprinted and arranged in logical, rather 

than a chronological order.     

 

Keywords: Gas Separation, H2/CO2, Olefin/Paraffin, Porous Membranes, MOF-74, Zeolite X, Mixed 

Matrix Membranes, Matrimid, Amine-Functionalization, Ion-Exchange, Pore Blockade   
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Zusammenfassung 
 

Die vorliegende Dissertation befasst sich mit der Präparation und Charakterisierung einer Serie von 

geträgerten nanoporösen Membranen in diversen Material- (metallorganische Gerüststrukturen 

(MOFs), Zeolithe und Polymere) und Designvarianten (Einkomponenten-, Mehrlagen- und Mischphasen-

Membranen (MMMs)) sowie der anschließenden Evaluierung ihrer Gastrennungsvermögen am 

Beispiel der binären Modellsysteme Propen/Propan und H2/CO2. 

Im Falle von MOF-74 spielt dabei die Ausrichtung der 1D Kanäle (bestenfalls senkrecht zur 

Trägeroberfläche)  innerhalb der dichten Schichten eine entscheidende Rolle, welche hier erstmalig 

durch eine Weiterentwicklung der Syntheseprozedur annähernd erzielt werden konnte. Dennoch 

zeigten die MOF Membranen aufgrund von bis dato unbekannten adsorptionbedingten Blockierungen 

bzw. Verengungen nicht das vorausgegangene Olefin/Paraffin-Trennvermögen, sondern waren nur in 

der Lage, H2 und CO2 zu separieren. Andererseits leiden reine Zeolith-Typ X- (NaX) Membranen     

oft unter schwerwiegenden strukturellen Problemen, welche durch Modifizierungen der 

Trägeroberflächen mittels PDA (Polydopamin) oder APTES (3-Aminopropyltriethoxysilan) vermieden 

werden konnten, was gleichzeitig deren Trenneffizienz für beide Gasgemische erheblich verbesserte. 

Des Weiteren wurden, um die etwaigen Vorzüge von mehrlagigen Systemen hinsichtlich der 

Aufreinigung von Wasserstoff untersuchen zu können, neuartige Sandwichmembranen durch das 

nachträgliche Beschichten der angefertigten PDA/NaX-Membranen mit einer Matrimid-Deckschicht 

kreiert. Ebenjenes Polyimid wurde anschließend außerdem noch zur Herstellung neuartiger MMMs 

mit gutem H2/CO2 Trennvermögen benutzt, wo es als flexible und schützende Matrix für die 

eingebetteten trennungsaktiven Zeolith X-Partikel (anorganische Füllphase) fungiert.  

In weiteren Experimenten konnte gezeigt werden, dass postsynthetische Porenoptimierungen wie die 

Benutzung von ionenausgetauschten FAU-Partikeln (PbX, CuX, NiX und CoX) anstelle von NaX als 

Füller in Matrimid-basierten MMMs oder die Modifizierung der offenen Mg-Zentren innerhalb der 1D 

Kanäle von Mg-MOF-74 mit Aminogruppen in deutlich verbesserten Wasserstoffselektivitäten 

resultieren. Untersuchungen des Gasaufnahmeverhaltens großer Co-MOF-74 Kristalle vor und nach 

dem Kontakt mit feuchter Luft (via Infrarotmikroskopie) führten letztendlich zu der Erkenntnis, dass 

selbst ein sehr kurzer Kontakt mit Luftfeuchtigkeit zu einer Blockierung der Oberflächenporen durch 

Phasenumwandlung führt, welche die Adsorption selbst kleiner Gastmoleküle vollständig verhindert. 

Diese Doktorarbeit enthält sechs Artikel (drei davon mit mir als Erstautor), welche in national und 

international renommierten Fachzeitschriften veröffentlicht und hier in logischer statt 

chronologischer Reihenfolge aufgeführt sind. 

 

Schlagworte: Gastrennung, H2/CO2, Olefin/Paraffin, Poröse Membranen, MOF-74, Zeolith X, 

Mischmatrixmembranen, Matrimid, Aminofunktionalisierung, Ionenaustausch, Porenblockierung 
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I. Setting the Scene  

 

“iWith the colloid septum properly supported, as by a stucco 

iiplate in the diffusiometer covered by a thin film of rubber, a 

iconsiderable separation of mixed gases can be effected” [1] 

- SIR THOMAS GRAHAM                                                                                     

1866 

 

Over one hundred and fifty years have passed since GRAHAM conducted his seminal systematic 

study on the permeation and separation of various gases (H2, CO2, CH4, O2, N2, CO ...) through 

membranes (mostly caoutchouc) [1], which was inspired by the previous works of MITCHELL about the 

penetrativeness of gases [2] and is considered the very first of its kind [3, 4], but, at a first glance, 

surprisingly little seems to have changed regarding the basic means of separation since then. The 

layered (asymmetric) design mentioned in the quote above, featuring an as thin as possible 

separation-active/selective layer in combination with a stabilizing/protective porous support, is      

still today one of the most commonly used and researched on ones for gas separation          

membranes [e.g. 5, 6] (and mine are no exemption). 

However, not only did GRAHAM play a substantial role in laying the sound technical and scientific 

foundation for the relatively new field of membrane-based gas separation, e.g. by discovering 

GRAHAM’s law of gas effusion or performing the first quantitative measurements of the rate of gas 

permeation [4], he also started [1] what has been occupying and haunting generations of scientists 

(including me) ever since, namely the systematic search for the most suitable/selective membrane 

material for specific separation issues. But while back in the middle of the 19th century the high tech 

materials of choice were mostly processed “natural products” like India/Malay-rubber in varying 

thicknesses and shapes (vulcanized and untreated), rubberized silk, gelatin as well as membranes 

made out of platinum and palladium [1, 4], todays focus nearly completely lies on specially tailored and 

fabricated separation-active materials like functionalized metal-organic frameworks (MOFs) and 

advanced polymers (individually or as mixed matrix membranes (MMM)). And because the scientific, 

technological and therefore civilisatory progress always was, is and will be directly interwoven with 

the increasingly demanding need to separate, at first glance inseparable matter like water and salt 

for desalination, blood and toxins by dialysis (the basic principle was also invented by

1 
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GRAHAM 
[3]), uranium isotopes for enrichment or enantiomers for pharmaceutical applications, every 

new generation of separation materials/techniques has to meet even higher demands.  

The nonexistent shortage on either old/novel separation challenges and newly discovered/invented 

materials is what in turn perpetuates the already mentioned neverending systematic trial-and-error 

cycle of testing, evaluating and eventually finding the best possible material/method for one (or all?) 

of those issues. This quest usually tends to be rather resource-consuming and tedious but 

nevertheless worthwhile, because it could help with some of humanities existing or looming major 

problems like global warming, pollution and energy production/storage [7].     

And due to obvious reasons (i.a. their volatility and very good miscibility in combination with entropy) 

the separation of different gases, especially very similar ones (comparable weight, size, affinity as 

well as reactivity), is one of the most difficult tasks at hand and highly desired by chemical industry 

and therefor science alike. 

 

I.I Motivation 

But why exactly is our modern world’s potential or even well-being to some extent interwoven with 

and hinged on a few elusive gases? 

Ever since the Industrial Revolution, the chemical industry is hooked on fossil fuels as raw material 

for their efforts to create core basic chemicals (like synthesis gas (CO/H2), aromatics and olefins) 

which literally and figuratively drive our society since then and enable the progress and prosperity 

we are all accustomed to. While this revolution once started with coal, there has been a gradually 

shift in the past century to crude oil and natural gas as the main ingredients due to their lower 

prices, better availability, simpler logistics and the much more versatile spectrum of possible 

applications [8]. The primary cause for the latter one are the available conversion technologies which 

transform these raw materials into the first core elements of the chemical value-added chain. 

Amongst the most important conversion reactions is the so-called steam cracking, where the 

longer alkanes of Naphtha (a distillation fraction of crude oil) are broken down at high temperatures 

(around 850 °C) and with the dilution of steam into smaller, often unsaturated, hydrocarbons like 

ethylene and propylene as well as aromatics like toluene and benzene (Fig. 1). Syngas              

(CO/H2 + traces of CO2) on the other hand, the general-purpose building-block for the chemical 

industry, can essentially be created from nearly all carboniferous compounds but is mainly produced 

by steam reforming. Hidden behind this technical term is the high temperature (700°-°1100 °C) 

nickel-catalyzed reaction of natural gas (up to 98% methane [8]) with steam (H2O) (Fig. 1) which is 

responsible for most of today’s commercial bulk hydrogen. 
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Fig. 1 Important raw materials, conversion techniques and the resulting core basic chemicals of 
the petrochemical industry (data was derived from [8]).  

 

But as with all good things, they come at a price. Besides the pollution related with the initial mining 

and drilling and the enormous energy costs of the high temperature conversion reactions, there is 

one more thing that all fossil fuel based technologies have in common, namely the greenhouse gas 

CO2. Be it as a byproduct of the conversions or from using the final products (e.g. burning diesel in   

a VW), carbon dioxide is a constant companion of this technology and will be a threat for the world 

climate as long as we still use fossil fuels and most probably for some time afterwards. Unless, of 

course, we find new ways of storing or even harnessing this renewable carbon source. [9] 

The much more fundamental issue, however, stems directly from the fact that the majority of the 

important conversion products is gaseous in nature (see Fig. 1). This brings us right back to the topic 

of this thesis, because, as it is common for many chemical reactions, those products (wanted or 

not) are received as mixtures and anything but pure. However, their individual purity is exactly what 

is mandatory for many consecutive reactions, the risk-free use or an unproblematic storage of 

those conversion products. And considering the energy-intensive nature of the “production”-steps so 

far, a suitable separation approach should be both effective and energy/resource-saving at the 

same time.  

 

Separation Principles and Techniques 

Whether or not a separation attempt is successful in the first place, almost entirely depends on 

how clever the distinct properties of the individual mixture components are exploited by the chosen 

combination of technique and separation-active material. But no matter how simple or sophisticated 

the means to this end are right now or will become in the future (from ordinary pinholes via tailored 

nanoporous frameworks to matrix/compound materials), the underlying and usable fundamental 

principles are always either kinetic or thermodynamic in nature. [10] 
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A separation achieved by the former one, on the one hand, basically takes advantage of the particle 

motion and all related physical attributes of the molecules in question like their weight (e.g. effusion) 

or size (e.g. molecular sieving Fig. 2A). Especially the dimensions of the mixture components are, 

however, a double-edged sword in a way because they “suffer” from a certain intrinsic flexibility due 

to the chemical composition/bonding of the compounds, what is eventually taken into account by 

the so-called critical diameter. This crucial parameter is defined as the smallest possible diameter of 

a theoretical cylinder which can circumscribe the considered molecule in its most favorable 

equilibrium conformation [11]. It therefore not only simultaneously indicates the smallest pore size this 

molecule can fit through and by that greatly facilitates the selection of a suitable sieve but is also 

fundamental to the functioning of the desired separation due to the fact that even small differences 

in the critical diameter can eventually cause tremendously different diffusion rates of the individual 

mixture components (e.g. H2/propane [12]) through the pores of the chosen separation-active 

material [13]. And due to its simplicity, there is no need for extra heating or any electrically driven 

parts (like it’s the case with gas centrifuges), this size exclusion method is by far one the most 

energy efficient separation technique at hand. 

 

 

Fig. 2    Schematic representation of the fundamental principles behind molecular sieving     

(A), affinity sieving (B), the combination of both (C) and the arising similarity problem (D). 

 

Unfortunately, molecular sieving only brings you that far. As soon as the gases in question become 

too similar in their physical properties, and many of the most important mixtures components      

are, a separation based solely on kinetic effects is either nearly impossible (e.g. propylene/propane) 

or not effective enough to be profitable (e.g. H2/CO2). But even if two guest species with different 

chemical compositions happen to be nearly indistinguishable in those physical terms, they most 

probably still show diverging chemical behaviors like different reactivities, solubilities (e.g. scrubbing), 
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adsorptivities and/or affinities (e.g. chromatography), which can be exploited in thermodynamically 

driven approaches. The underlying key mechanism behind most of these is thereby that points of 

molecular interaction, like for example functional groups (i.a. amine, nitrate, carboxylate), free ions or 

coordinatively unsaturated metal centers within a porous stationary phase (usually membranes or 

packed powder), can cause equilibrium-based fractionations (affinity sieving Fig. 2B) due to the 

different mixed gas adsorption equilibria of the individual components. [10] As one might expect, the 

interaction points are boon and bane of this separation method because, while they enable the 

material to excel in one or a few very specific tasks, they in some cases simultaneously impair it in 

others, complicate the overall more expensive synthesis (glove-box, post functionalization etc.), pose 

a threat to the material’s stability and make the whole process less energy-efficient due to the 

necessary activation steps (mostly heat in combination with vacuum or an inert gas flow).  

In the end, it is the combination of both complementary fundamental principles mentioned above   

(Fig. 2C) which has bestowed us with some of the currently best-known and widely-used gas         

separation techniques like, first and foremost, the so-called pressure swing adsorption (PSA). This 

process in particular utilizes the sieve effect and large specific surface area inherent to highly porous 

materials (i.a. zeolites, molecular sieves, activated carbon) in conjunction with the increased 

adsorption at higher pressures to recover (e.g. H2, NH3) or remove (e.g. CO2) specific gases from 

industry-relevant mixtures. Naturally, it is impossible to solely adopt the benefits of both separation 

principles (kinetic and thermodynamic) without suffering from at least some of the known and 

mentioned drawbacks but, all members of this procedure family (PSA, TSA (temperature) and VSA 

(vacuum)) are commonly applied nowadays despite the necessary eponymous energy consuming 

pressure/heat/vacuum generation because of their nevertheless unrivaled cost efficiency, wide 

range of applications and, once again, the simple lack of alternatives. 

That finally leaves us with the worst-case scenario in form of a mixture composed of gases with 

very similar dimensions as well as affinities (Fig. 2D), like it’s the case with olefins and paraffins. Simply 

put, none of the countless efforts and ideas pursued so far has yielded a comparably reliable (easy 

scalability and maintenance, high capacity ...) but more reasonable/sustainable separation technique 

than cryogenic distillation (CD) to satisfactorily solve this kind of similarity problem. [14] As the name 

implies, this process, which was (in its basic form) invented [15] and pioneered by LINDE for the 

purpose of air separation in the late 1800s/early 1900s, basically uses subzero temperatures to at 

first liquefy the gaseous mixture components and subsequently separate them via distillation, utilizing 

their different boiling points. The hard-won separation achieved by this means, however, is, due to the 

inherent nature of the indispensable process itself (mainly the necessary cooling), yet again bought at 

the expanse of a tremendous parasitic resource, time and energy consumption. 

Summing up, it seems that most of the currently applied (“state of the art”) separation procedures 

are, quite frankly, nothing more than a compromise between satisfying the industry’s enormous



 Olefins and Paraffins 
 
 

 

 
[16] I. Amghizar, L. A. Vanderwalle, K. M. Van Geem, G. B. Marin, Engineering, 3, 2017, 171 - 178. 

 6 

hunger for pure basic chemicals and their resource inefficiency, which is, without much ado, readily 

tolerated for the sake of prosperity and progress. However, in the light of the facts that the 

demand for this kind of raw materials is not likely to decrease or even stay at the present level in 

the years to come and this world’s resources are dwindling at a disquieting pace, the need and 

consequential search for novel separation-active materials, usable in well-known as well as future 

separation processes, has become a major scientific concern. And because they represent/suffer 

from a multitude of the above-mentioned challenges, two of today’s most prominent and pressing 

separation issues are especially well-suited to serve as guinea pigs in this regard. 

 

Olefins and Paraffins 

As already mentioned in passing earlier, short chain (C2/C3) hydrocarbons are a by/main product of 

various petrochemical processes (e.g. steam cracking (see Fig. 1 and 3)) and a highly sought after 

core resource. [8] How fundamental especially the olefins have become to modern industry/society 

is evidenced by the fact that many complimentary processes, with the sole purpose of providing 

more and more ethylene and propylene, have been developed over the years like for example the 

catalytic conversion of MeOH (methanol-to-olefins process (MTO)) or dehydrogenation of alkanes, 

which in turn are mainly obtained from natural gas and coal liquefaction/hydrogenation via the 

Fischer-Tropsch process (see Fig. 3). The interplay between these manifold generation possibilities 

and the steady rise in demand for C2H4 and C3H6 has led to ever-growing annual production figures in 

the current range of roughly 1.5 x 108 t and 8 x 107 t, respectively (data from 2009 [16]). 

 

 

Fig. 3    Main sources, production routes, applications as well as derived products of/from C2 - C3 

olefins and paraffins. 
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Their popularity, however, is not mainly rooted in a direct usability, as it is the case with e.g. 

hydrogen, methane or solvents in general, but rather in the ability to form polyolefin polymers, which 

account for 62% (2013 [17]) of all plastic materials in use right now, by means of a catalyzed (ionic, 

radical or coordinative double-bond opening) chain polymerization reaction. [18] But like so many world-

shaking and -shaping scientific achievements, polyethylene (PE), and consequently many subsequent 

findings in the field of polymers, was discovered by pure chance and contaminated educts.  

What started as 0.4 g of an unknown “Waxy solid found in reaction tube” by FAWECETT and GIBSON 

(ICI Research in Winnington, Cheshire, England) after a high pressure reaction (1900 atmospheres, 

170 °C) of benzaldehyde and ethylene (with enough oxygen to initiate the free radical polymerization) 

in 1933 has actually sounded the bell for a “polymer age” and developed into a global industry 

producing over 80 million tons of PE per year (in 2013). [18] In the end, it took another 20 years after 

this first step before HOGAN and BANKS (Phillips Petroleum), after a neck-and-neck race with a hand 

full of other scientists like NATTA, BAXTER and VANDENBERG, were able to reliably synthesize crystalline 

polypropylene (PP) using a chromium catalyst (and another 32 years before the patent was issued), 

thereby helping to create the second polymeric pillar (86 million tons/year estimated for 2018) our 

modern world is built on. [18] Whereas the latter is mainly used for e.g. cable coatings, pipes, 

insulations, bicycle helmets, furniture and, in general, everything where sturdiness and/or a certain 

heat resistance comes in handy, PE shines when a high chemical resistance, good electrical 

conductivity or better pliability/flexibility (at the expanse of its mechanical properties) is needed, as is 

the case with chemical containers, anti-static protection as well as all “essentials” for a throwaway 

society such as bags (shopping, garbage etc.), bottles, foils and packaging. The feature, however, 

which all polymers, including other “products” of ethylene like PVC, PS or polyesters (Fig. 3), have in 

common and what makes this substance class so unique and ubiquitous, is their easy processability 

(e.g. injection molding, extrusion or melt spinning) in combination with a nearly limitless moldability. 

But no matter how pedestrian or elaborate the final product might be, it all starts, stands and falls 

with the one key requirement no chemical reaction or manufacturing process can work around and 

function without, namely the right quality/purity of the educts in question. As already shown in Fig. 1 

and the associated text passages, the raw products provided by the leading petrochemical 

conversion reactions like Naphtha cracking (thermal or catalytic) are far from pure (mixtures of C2 - 

C5 olefins and paraffins, hydrogen, aromatics etc. [8]) and therefor need to undergo a whole cascade 

of subsequent purification steps (distillations, fractioning or splitting) before they can be of any 

further use. In the case of olefins, this is done until everything but 6 - 10% of the corresponding 

paraffin is removed from the individual main product, the so-called chemical grade [19], which 

represents a negligible amount of impurity for many consecutive reactions and processes (e.g. the 
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production of acrylonitrile, oxo-alcohols or propylene oxide). The catch, however, is that polymerization 

is one of the few exception thereof, requiring even higher purities of about 99.5% (PP) and › 99.9% 

(PE) [19], as well as the fact that those “normal” purification procedures simply can’t provide such 

values when it comes to gases with this grade of similarity (see Table 1).  

 

Table 1   Separation-relevant parameters of ethane, ethylene, propane and propylene (data from [20]) 

Gas 

Normal 

boiling point 

/ °C 

Critical 

temperature 

/ °C 

Critical 

volume 

/cm3 mol-1 

Critical 

pressure 

/bar 

Kinetic 

diameter 

/Å 

Polarizability 

x1025 

/cm3 

Ethane -88.60 32.17 145.50 48.72 4.443 44.3 - 44.7 

Ethylene -103.73 9.19 131.10 50.41 4.163 42.52 

Propane -42.13 96.68 200 42.48 4.3 - 5.118 62.9 - 63.7 

Propylene -47.69 91.75 184.6 46 4.678 62.6 

 

 

The only feasible way to reliably conquer this similarity problem and, thereby, ensure a perpetual 

supply of polymer grade olefins at the moment is by cryogenic distillation whose very nature enables 

the separation but simultaneously makes it one of the most energy-intensive petrochemical 

processes in use, consuming (for example) up to 85% of the overall power required throughout the 

entire olefin generation process. [21] Because this number obviously represents a huge savings 

potential in terms of money, resources, time and plant space, as well as the perfect “adjusting 

screw” for greatly enhancing the environmental sustainability of the polymer production in its 

entirety, it comes as no surprise that there has been an ongoing effort/struggle by industry and 

science alike to replace CD with a more reasonable olefin/paraffin separation method. 

Amongst all the various approaches devised during this quest, including e.g. extractive distillation, 

chemisorption of the olefins by immobilized metal complexes/complexing solutions (sparged     

vessel) [22] as well as supported liquid membranes [23], the “simple” permeation through nanoporous 

materials (natural or tailored) with their inherent ability to thermodynamically (affinities) and/or 

kinetically (pore size) overcome said similarity problem seems to harbor the most potential in this 

regard. Recent research examples for this kind of separation-active substances in their most 

common form of deployment, as thin composite membranes, are polysulfone hollow fibers [24], 
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MgO nanosheets in a comb copolymeric matrix [25], boron embedded carbon [26], NaX zeolite 

(membranes [10] or beads [27]) and metal-organic frameworks like polycrystalline ZIF-8 (zeolitic 

imidazolate framework) [28], Cu-BTC (trimesic acid) [29] or MOF-74 [30]. What strikes the eye is that 

most of those porous materials (e.g. the latter two) as well as many of the alternatives exploit one 

and the same mechanism in order to gain their olefin/paraffin separation potential, namely the ability 

of the incorporated metal-ions/unsaturated metal centers to form weak chemical bonds with 

unsaturated hydrocarbons via π-complexation [31]. 

But despite all the extensive research done in the field of permeation-based olefin/paraffin 

separation over the last decades and the occasional “false” beacon of hope, which, for example, 

meets the commercial viability limit for the propene/propylene separation factor (SF) of about     

35 [32] but only by applying resource-intensive high sweep gas fluxes (e.g. ZIF-8, SFpropylene/propane › 150, 

100 cc/min argon sweep [28]) and utilizing the resulting counter-diffusion, no feasible replacement has 

been found for cryogenic distillation so far. Considering their nearly limitless customizability (pre- and 

post-synthetic), easy combinability with other materials (coatings, polymer matrices etc.) as well as 

increasingly well understood internal workings and possibilities (like breathing or switching), however, 

the potential of nanoporous separation-active substances like MOFs (still “relatively” new) and 

zeolites is far from being exhausted yet. 

 

Hydrogen and Carbon Dioxide 

Whereas the previously discussed olefins and paraffins only play a rather minor and indirect role 

regarding the (nowadays omnipresent) man-made climate change, mainly arising from their elaborate 

separation needs, two other gases are particularly associated with this very complex scientific, 

political and even social hot topic, namely hydrogen, with its promise of clean energy, and the 

greenhouse gas carbon dioxide. The latter is, despite all the “recent” fuss, no novelty or purely 

artificial phenomenon but has many natural sources like erupting volcanoes, geysers, aerobic 

respiration, decay as well as fermentation and remains essential for this planets capability to sustain 

life as we know it because plants require it to perform photosynthesis. As any chemist can 
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confirm, however, usefulness/harmlessness always depends on concentration (PARACELSUS) and the 

32.3 Gt/a of CO2 (2016) [33] which are emitted as by-product of many vital industrial/day-to-day 

processes (combustion of fossil fuels for transportation and energy generation (around 65% [34]), 

water-gas shift reaction, production of bioethanol or cement (see Fig. 4) are enough to noticeably 

change the climate and threaten the habitability (for humans) of this world in the long run, even if 

they are not toxic to animal life on their own yet. Hydrogen, on the other hand, is always a very 

welcome, versatile and “green” product/resource sought after by nature (e.g. the anaerobic 

hydrogen cycle or water splitting by photosynthetic bacteria/algae via hydrogenase [35]) and 

humanity alike, mostly (in our case) regardless of the effort and repercussions involved. Today, after 

nearly 350 years of artificial H2 generation (ROBERT BOYLE first described the reaction between iron 

and acid in 1671 [36]), the annual production amounts to over 65 million tons (55 Mt in 2013 with a 

6% increase per year) from various sources like oil/naphtha reforming (30%), coal gasification (18%) 

and water electrolysis (3.9%). [37] The dilemma with the remaining close to 50% is that they are  

procured solely by means of steam reforming (Fig. 1) and the subsequent so-called water-gas shift 

(WGS) (Fig. 4), a highly temperature (mostly a high- and low-T stage) and catalyst (stage-specific 

composition) dependent reaction of carbon monoxide and water vapor which indeed delivers the 

desired hydrogen at justifiable efforts but, unfortunately, always contaminated with a considerable 

amount of the aforementioned greenhouse gas CO2 (above 20% [38]). 

 

 

Fig. 4    Main sources, production routes, applications as well as derived products of/from hydrogen 

and carbon dioxide. 
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Seemingly foolish tradeoffs like this, considering the current debate surrounding carbon dioxide, are 

always justified by the plethora of indispensable applications of hydrogen in today’s industry and, 

above all else, its imminent future as a “green” energy carrier. The figurehead of the latter are the 

well discussed/researched fuel cells (FC), electrochemical devices which internally convert the 

chemical energy of a redox reaction between e.g. hydrogen (fuel) and oxygen (oxidizing agent) to 

usable electricity and are thereby perfectly suited to jumpstart the aspired “decarbonization” of 

economy, energy/heat generation and transportation (the global passenger vehicle fleet is expected 

to grow to 2.5 billion by 2050 [39]) alike. Once problems like durability, cost, range anxiety, storage 

and the lack of a hydrogen infrastructure are solved [39], FCs could power not only cars/busses, but 

also planes, ships, trains, power plants and even common buildings (combined heat and power units 

(CHP) [40]) with the only thing coming out of the exhaust pipes/chimneys being water. Ironically, this 

bright future is partially overshadowed by some of the other industrial applications of hydrogen like 

as a raw feedstock for the production of ammonia/fertilizer (the Haber-Bosch process consumes      

3 - 5% of the global natural gas, accounts for nearly 2% of the global energy output and releases 

1% of the global greenhouse gas [41]), methanol and polymers as well as the refinement of crude oil 

into gasoline/diesel, coolant for generators, and corrosion protection of pipelines (Fig. 4). One of the 

things many of these still prevalent hydrogen utilizations have in common are their not-so-green 

implications like the subsequent release of carbon dioxide.  

To the same extend the knowledge about the dangerous nature of atmospheric CO2 increases and 

spreads, more and more ways to either prevent/circumvent its generation and emission by e.g. 

replacing the conventional by renewable (wind, sun and water) and environment-friendly (H2) energy 

sources or render it harmless/useful by “Carbon Capture, Storage and Utilization” (CCSU, Fig. 4) are 

being discussed und evaluated. Although the first way seems to be the logical and most promising 

one for the future, sadly, it is no contemporary solution for the problems at hand. Besides high 

costs, lacking coverage and intermittency, one of the main reasons for this is the missing storage 

technology which can supply electricity on demand from fluctuating sources like wind and sun. [42, 43] 

CCSU, on the other hand, has its own problems like tremendous logistic and energy penalties for the 

CO2 capture and sequestration, because the most commonly used ad/absorbates like alkaline metal 

oxides or corrosive liquids like aqueous monoethanolamine solutions (MEA) need high temperature 

thermal swings for their regeneration. [42 - 45] Safely storing only a small amount of the annually 

produced (approx.) 33 billion tons of CO2 
[46] is no easy feat either, be it in salt water, sedimentary  
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layers on the seabed or by injection into geological formations like inaccessible coal deposits or 

depleted gas and oil reservoirs. The latter ones are generally summarized under the term EMR 

(enhanced material recovery) where the CO2 is simultaneously used to more effectively exploit oil 

(EOR), coal bed methane (ECBM) and shale gas (ESGR) reserves as well as permanently sequestered 

into the earth. [33] Especially in recent years, the focus of CO2-related science has shifted noticeably 

from “Out of sight, out of mind”-solutions towards seeing it as a potent feedstock for the chemical 

industry with possible applications as educt for the production of synthetic fuels via SNG (synthetic 

natural gas) and methanol [47, 48] or new materials like poly(propylene carbonate) (PPC), a copolymer 

catalytically derived from propylene oxide and CO2 
[49] (see Fig. 4).  

But as with the olefins and paraffins before, most of those applications demand very high educt 

purities, regardless of whether the final product is a high-grade polymer, a simple injection agent or 

clean energy from a fuel cell, and therefor raise the issue of how to effectively/energy-efficiently 

remove carbon dioxide from other gases like (primarily) hydrogen. The three main scenarios for CO2 

capture in the predominantly affected energy sector, which are considered technologically feasible 

right now, are post-combustion, pre-combustion and oxyfuel combustion. [50] While the latter refers 

to processes where pure oxygen instead of air is used in the energy conversion, resulting in flue gas 

comprised of high purity CO2, and pre-combustion transforms fossil fuels (oil, coal, natural gas) into 

synthesis gas (H2/CO2 mixture) via a sequence of partial oxidations and reforming steps, post-

combustion encompasses all efforts to separate carbon dioxide from the resulting flue gas after 

the actual power generation. [51] Unlike the already discussed short-chain hydrocarbons, carbon 

dioxide and hydrogen have very little in common regarding their fundamental physical and chemical 

properties (see Table 2), making a mixture of both, in theory, considerably more separation-friendly.  

Somewhat surprisingly, the slightest difference between the two gases when it comes to 

separation-relevant parameters happens to be their kinetic diameter, with CO2 only being about 

0.04 - 0.05 nm “bigger” than H2. Although this miniscule difference makes a size exclusion-based

 

Table 2   Separation-relevant parameters of hydrogen and carbon dioxide (data from [20]) 

Gas 

Normal 

boiling point 

/ °C 

Critical 

temperature 

/ °C 

Critical 

volume 

/cm3 mol-1 

Critical 

pressure 

/bar 

Kinetic 

diameter 

/Å 

Polarizability 

x1025 

/cm3 

Hydrogen - 252.88 - 240,17 64.20 12.93 2.83 - 2.89 8.024 

Carbon Dioxide - 56.6 30.97 94.07 73.74 3.3 29.11 
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separation very challenging, the number of publications concerning new experimental concepts for 

molecular sieves, some with very promising separation capabilities under laboratory conditions, has 

been steadily growing over the last few years. Recent examples for this trend include membranes 

made from electropolymerized polythiophene [52], 2D graphene oxide [53] or even lamellar stacked 

transition metal nitride, carbonitride or carbide nanosheets (so-called MXenes, e.g. Ti3C2Tx with      

Tx: =O, -OH and -F) with a H2/CO2 separation capability (selectivity > 160, H2 permeability > 2200 

Barrer) superior to other state of the art materials [54]. The latter two do not simply rely on the 

“classical” inherent and separation-relevant material properties like pore diameter, channel geometry 

and functional groups for an enhanced selectivity, but rather use the highly ordered and tailorable 

subnanometer spacings between the partially/completely impermeable layers (about 0.35 nm in the 

case of MXene) as the “mesh” through which the gases are separated. [54, 55] Although the huge 

potential of such highly effective but somewhat limited membrane concepts is evidenced by those 

first proof of principle result, they are still in their infancy, with all the practical issues new materials 

always suffer from like overcomplicated/expensive preparation processes and questionable stability, 

and only time will tell whether a purely size-based H2/CO2 separation method will ever reach market 

maturity or not. 

Fortunately, for climate and scientist alike, the two gases in question have other, and more 

importantly, easier exploitable idiosyncrasies to offer like carbon dioxides chemical reactivity or 

hydrogens ability to “travel within certain metals”, and both of them are utilized in some of today’s 

predominant industrial solutions for this specific contamination problem. With the first patent dating 

back as far as 1916 [56, 57], dense palladium-based (pure or as an alloy together with Ce, Cu Fe, Pt, Ru, 

Ag or Y) membranes are considered to be the most scrutinized and commercialized inorganic 

system for H2 purification due to their simplicity, high permeability and almost infinite selectivity (only 

H2 can pass, SF >> 1000) [57, 58] which is rooted in the diffusion of dissociated atomic hydrogen 

through the metal lattice (solution-diffusion mechanism) by hopping between tetrahedral interstitial 

sites [59]. This incredible advantage over every other separation-active material in combination with 

numerous successful applications in e.g. steam methane reforming (SMR) [60] or WGS reactions [61] 
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raise the logical question of why Pd (Ni or V and their alloys are promising candidates too [57]) isn’t 

used every time this separation issue arises and the simple but inconvenient answer is, again, 

because of severe industry-relevant handicaps like the metal’s price, availability and the consequential 

difficult scale up (e.g. more or less defect-free deposited on porous stainless-steel (PSS) by 

sputtering, CVD, PVD, ELP or spray pyrolysis [62]) as well as sulfur poisoning and hydrogen 

embrittlement (Pd lattice shrinkage caused by a phase shift in the presence of H2) 
[57, 63]. Nearly none 

of all the weaknesses mentioned so far in this chapter applies to the few existing non-membrane-

based approaches like, first and foremost, the highly effective chemisorption of CO2 (carbon capture) 

via alkaline metal oxides or aqueous amine-containing solutions (e.g. monoethanolamine (MEA)) 

primarily used on a large scale in power plants for the so-called scrubbing. [42 - 46, 64] This process, 

however, in which the flue gas from burning fossil fuels is simply passed through said scrubbing 

solutions where the CO2 (also used against SO2) is selectively bound while all the other components 

come out unhindered, suffers from two major drawbacks of its own in the form of corroding 

equipment/pipelines and the very expensive parasitic power consumption related to the thermal 

regeneration of the chemisorbents [64] (CO2 carbon capture cost is about 55 Euro/ton [65], 

integration of a MEA process to a power plant (coal) increases the cost of electricity by 86% [66]). 

Unfortunately, those flawed “solutions” and their continuing use will stay a necessary evil for the 

foreseeable future due to the already familiar lack of viable alternatives. 

So it should come as no surprise that the climatic impact of especially hydrogen and carbon dioxide 

along with the insufficient contemporary separation methods has become a huge driving force 

behind the hunt for new H2/CO2 separation-active materials recently, focusing almost exclusively on 

membrane-based approaches and their better cost-effectiveness, lower energy consumption and 

operational simplicity. Although the results of this endeavor include many promising proton 

conducting ceramics (100% H2-selective, ambipolar diffusion mechanism of protons and electrons 

through the membrane) like perovskites [67] (SrCeO3, BaCeO3 or SrZrO3), pyrochlores (e.g. La2Zr2O7) 
[68] or acceptor doped rare earth ortho-niobates/tantalates (LnNbO4/LnTaO4) 

[69] as well as 

modified polymers (e.g. electropolymerized polythiophene [52], polyimides with naphthalene          

groups [70] and polyvinylamine/poly(allylamine) [71]), a great deal of hope again seems to rest on old and 

 



 Hydrogen and Carbon Dioxide 
 
 

 

 
[72] N. W. Ockwig, T. M. Nenoff, Chem. Rev., 107 (10), 2007, 4078 - 4110. 

[73] A. F. Ismail, L. I. B. David, J. Membr. Sci., 193, 2001, 1 - 18. 

[74] W. Mi, Y. S. Lin, Y. Li, J. Membr. Sci., 304 (1 - 2), 2007, 1 - 7. 

[75] A. Mundstock, S. Friebe, J. Caro, Int. J. Hydrog. Energy, 42, 2017, 279 - 288. 

[76] M. Zhou, D. Korelskiy, P. Ye, M. Grahn, J. Hedlund, Angew. Chem. Int. Ed., 53, 2014, 3492 - 3495. 

[77] A. Huang, Q. Liu, N. Wang, J. Caro, J. Mater. Chem. A, 2, 2014, 8246 - 8251. 

[78] N. Wang, A. Mundstock, Yi. Liu, A. Huang, J. Caro, Chem. Eng. Sci., 124, 2015, 27 - 36. 

[79] A. Huang, W. Dou, J. Caro, J. Am. Chem. Soc., 132 (44), 2010, 15562 - 15564. 

[80] X. Kong, E. Scott, W. Ding, J. A. Mason, J. R. Long, J. A. Reimer, J. Am. Chem. Soc., 134 (35), 2012,  

14341 - 14344. 

[81] Z. Kang, M. Xue, L. Fan, L. Huang, G. Wei, B. Chen, S. Qiu, Energy Environ. Sci., 7, 2014, 4053 - 4060. 

[82] L. Fan, Z. Kang, Y. Shen, S. Wang, H. Zhao, H. Sun, X. Hu, H. Sun, R. Wang, D. Sun, Cryst. Growth Des., 

18 (8), 2018, 4365 - 4371. 

15  

new micro/nanoporous materials, ranging from amorphous silica [72] over carbon (CMSs (carbon 

molecular sieves from polymeric precursors) [73], CNTs (carbon nanotubes) [74] etc.) to Zeolites (e.g. 

NaX [75], MFI [76]) and metal-organic frameworks (ZIF-8 [77], Mg-MOF-74 [78] etc.). This group of 

substance classes is mainly characterized by their huge surface areas on the one hand, which 

provide various possibilities for the reversible (more energy-efficient) physisorption of guests like CO2 

with its high polarizability (see Table 2) and quadrupole moment, as well as their modular 

design/functionalizability on the other hand, making it very easy to provide/incorporate specific 

functional polar groups (-CHO [79], -NH2 
[78], etc.), open metal sites (e.g. ion exchanged NaX [75], Mg-

MOF-74 [80]) or tailor the pore sizes [81] to further enhance their intrinsic CO2 affinity/H2 selectivity. 

However, since membrane materials for industrial applications should also feature a high thermal, 

chemical (H2S, SO2, NH3 etc.), environmental (moisture) and mechanical/pressure (high pressure = 

larger driving force) stability as well as an easy upscalability/malleability, and many of these are not 

a particularly strong suit of said substances, the general idea of encapsulating separation-active 

nanoparticle inside of a protective but still permeable/selective polymeric matrix (e.g. Matrimid [75], 

PEBAX-1657 [82]) has gained more and more traction over the last decades. The challenge now, 

given the fact that even the most recent and effective representatives of these so-called mixed 

matrix membranes are still about 100 times less selective (for example: SFH2/CO2 = 32.9 with a CO2 

permeability of 120.2 Barrer [82]) than the mentioned Pd membranes, is “simply” to find/create the 

blend of materials best suited for the job. 
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I.II Separation-Active Materials 

After mainly focusing on WHAT needs to be separated, WHY and HOW it’s currently done in the 

previous chapters, the next section will take a closer look at promising experimental separation-

active materials which have the potential to revolutionize this energy-intensive branch of industry 

and what enables them to do so. The ever-expanding variety of such substances, as intimated by 

the long but not exhaustive list of examples given so far, is both a blessing and a curse, for it makes 

finding the haystack’s proverbial needle very cumbersome as well as worthwhile due to the 

promising idiosyncrasies all the candidates contribute to the “separation-toolbox” like modularity, pore 

size/geometry, stability, flexibility/stiffness, crosslinkability, interpenetration, post synthetic 

functionalizability or even switchability. However, since it would otherwise go beyond the scope of 

this thesis, only directly relevant material classes and their used representatives will make an 

appearance in this next part, starting with one of the best known/longest serving assets in the 

separation/purification business. 

 

Zeolites 

“Boiling stones”, or rather its greek equivalent zeolites (zeo meaning “to boil” and lithos translates to 

“stone”), was the term the Swedish mineralogist ALEX FREDRIK CRONSTEDT coined for the vast family 

of hydrated tectosilicates after discovering Stilbite in 1756 due to the fact that upon rapid heating, 

the characteristically adsorbed water is released from the highly porous material in the form of 

steam. [83] While the majority of natural zeolites are an indirect result of volcanic activity, born from 

reactions between hot lava and salt water over millennia [84], it only took scientists 106 years to 

obtain the first synthetic representative [85] and until 1948 for RICHARD MALING BARRER to synthesize 

a novel zeolitic material without natural counterpart (Barrerite) [86]. 

In general and regardless of whether they are naturally occurring or man-made, zeolites are 

hydrothermally created crystalline aluminosilicates composed of oxygen-bridged electro-neutral SiO4
4- 

and negatively charged AlO4
5- tetrahedra (see Fig. 5) whose ratio (Si/Al) fundamentally determines 

their structure (LOEWENSTEIN rule = no Al-O-Al linkages), type and properties (Table 3). [83, 85, 87] Those 

tetrahedral primary building units (PBUs), in turn, form so-called SBUs (secondary building units), a 

term recently rediscovered in connection with MOFs, in the shape of cycles or simple polyhedra like 

hexagonal prisms, octahedra and cubes which then ultimately assemble into a complex 3D 

framework (Fig. 5). Depending on zeolite type and composition, the actual structure features cage- 

or tube-like voids interconnected by 1D, 2D or 3D channel systems (Table 3) and occupied by water 
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Fig. 5    Schematic illustration of the basic building blocks, general synthesis process and structures 

of some well-known zeolite framework types. 

 

molecules as well as exchangeable mobile counterions (typically alkali and alkali earth metals) to 

balance the negative framework charge (see Fig. 5). According to their size, one of the most crucial 

qualities when it comes to separation capability, the zeolite channels/windows are categorized as 

either small (8-ring, 3.5 - 4.5 Å), medium (10-ring, 4.5 - 6.0 Å) or large (12-ring, 6.0 - 8.0 Å), enabling, 

in most cases, an unhindered and fully reversible dehydration, guest and ion exchangeability. [85, 88] 

Besides the latter one, which on its own is a powerful tool for adjusting a zeolite’s properties 

(molecular sieving, catalytic, sorption etc.) through the cations location, site occupancy, valency and 

radius (directly influences the pore size: e.g. zeolite A with Na/K = 4/3 Å [89]) [90], tectosilicates are 

characterized by their large inner surface (~100 m2 g-1 [83]) as well as a remarkable mechanical 

(including a high framework stiffness), chemical and thermal stability (e.g. zeolite A and X up to 

800 °C [91]) [85]. This is furthermore complimented by the tunable BRØNSTED acidity (generated by 
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hydroxyl groups between Al and Si), lattice oxygen basicity, hydrophilic/hydrophobic character, 

element interchangeability and the consequential framework polarity (a high Al amount (Si/Al around 

one) equals a high polarity, making the zeolite more selective (stronger adsorption) towards polar 

molecules and the other way around [85]) of those materials [92], opening up a wide field of possible 

applications. 

 

Table 3   Well-known zeolites and their structural properties (data from [87]) 

Zeolite 

(counter cation) 
Topology 

Crystal 

system 

Si/Al 

ratio 

Window 

size/Å 

Channel 

dimensionality 

Sodalite (Na) SOD cubic  ~ 1.0 2.5 0D 

X (Na) FAU cubic 1.0 - 1.4 7.4 3D 

Y (Na) FAU cubic 1.5 - 4.7 7.4 3D 

A (Na) LTA cubic 1.0 - 1.3 4.2 3D 

Chabazite (Ca) CHA trigonal 1.9 - infinity 3.7 x 4.2 3D 

ZSM-5 (Na) MFI orthorhombic 7.5 - infinity 5.1 x 5.5 3D 

DD3R DDR trigonal infinity 3.6 x 4.4 2D 

Mordenite (Na) MOR orthorhombic 5.0 - 13.5 6.7 x 7 2D 

 

 

Given such a versatile, stable and easily produced class of materials, it comes a no surprise that 

industrial commercialization started soon after BARRERs pioneering work (mainly synthesis and 

adsorption), with Union Carbide introducing their synthetic zeolites as drying agent for refrigerant 

and natural gas (1954) as well as isomerization catalyst (zeolite Y, 1959). [85] But despite their 

topological variety, 231 framework types are known today, only about 5% are industrially relevant 

(among them FAU, BEA, MFI, FER and LTA) [85] and implemented in the most frequent application 

fields of zeolites, namely water/soil/air purification/decontamination (e.g. ion exchange with heavy 

metals [93], sorption of ammonium-nitrogen [94] or cesium/strontium [95]), catalysis (cracking of 

hydrocarbons [96], pyrolysis of rubbers [97], conversion of syngas to light olefins [98] etc.) and gas 

separation (CO2 from flue gas with SAPO-34 [99], O2 from air with zeolite 4A@PDMS MMMs [100],
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xenon recovery with DDR3 [101], CH4/N2 with Ag+ exchanged clinoptilolite [102]). Furthermore, zeolites 

are tested as/used for less prominent purposes like heat harvesting, adsorption refrigeration, 

human detoxification, separation of biomolecules, biosensors, drug/gene delivery, biomaterial coating, 

batteries, data storage or simply as laundry detergent [83, 85, 92], proving again and again that they are 

more than just steam spewing stones. 

 

Type X 

As one of the most commercially significant artificial zeolites, created solely by and for industry 

(UNION CARBIDE), X was discovered/first synthesized by D. W. BRECK and coworkers as one of a 

group of 20 new crystalline minerals (including e.g. zeolites A, Y and the synthetic counterparts of 

chabazite) between 1949 and 1953 (patented in 1959 [103]) and introduced as early as 1962 by 

MOBILE OIL as a hydrocarbon cracking catalyst due to its beneficial chemical composition and 

faujasite-like structure. [104] Characteristically synthesized following a hydrothermal route under 

alkaline conditions using a low Si/Al ratio of 1.0 - 1.4 (see Table 3), this tectosilicate features a stiff 

framework constructed from two distinct SBUs in the form of sodalite cages (truncated 

octahedrons) and interconnecting hexagonal prisms (see Fig. 6) which encompasses a§uniform 3D 

pore system easily accessible through 12-membered oxygen rings with an aperture diameter               

of 7.4 Å. [10, 87]  

Inhabited are those channels by more than 64 mobile, charge-compensating extraframework cations 

per unit cell (normally Na+ and water molecules in the hydrated state), carefully distributed among 

ten different crystallographic sites (located on the prism faces (I), open hexagonal faces (II) or on the 

walls of the supercage (III) etc. [105], see Fig. 6) in order to achieve a minimal electrostatic ion-ion 

repulsion while maximizing their interaction with the oxygens of the surrounding framework.[106] 

Fortunately, said ion-framework interplay is still weak enough to allow for one of zeolite X’s most 

important and sought-after properties, namely the ability to post-synthetically exchange its inherent 

Na+ counterions against a variety of different alternatives like Cs+, K+, Rb+, Li+, Cu2+, Co2+, Ni2+, Pb2+ or 

Sr2+ [75, 106] and thereby tailor the zeolites intrinsic capabilities regarding catalysis, adsorption or 

separation. Other convenient features for industrial applications besides this “open door policy” of the 

3D pore system when it comes to ions or other molecular guests are a sound structural rigidity 

(fixed window size) in combination with high mechanical, chemical (acid is the biggest weakness) and  
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Fig. 6   Schematic depiction of the basic building blocks, pore sizes, extraframework cation 

distribution and exchangeability, as well as important application fields of Zeolite X. 

 

thermal stability (up to 800 °C [91]), a tunable acido-basicity (Lewis acidity of the Na+/framework 

Al3+, Brønsted acidity of the protonated form (see Fig. 6), basicity of certain oxygen atoms [107]) as 

well as the innate polarity/hydrophilicity (both due to the low Si/Al ratio) [10, 85], making zeolite X a 

very versatile material. 

Not surprisingly, this overall flexibility is directly reflected in the sheer amount of possible industrial 

and scientific applications which are being applied/pursued right now like as a support for iron oxide 

nanoparticles (simultaneous ammonia and phosphate removal from water bodies) [108], carrier for 

laccase immobilization [109], for the removal of antibiotics (CuX) [110], adsorption of aromatics (C6-C8, 

BaX) [111], as antimicrobial agent (Cu/ZnX) [112], part of an anticorrosion coating [113], catalyst for the 

isobutane/2-butene alkylation (Cu-modified rare earth X-type) [114], isomerization of 1-butene, 
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alkylation of toluene and cycloaddition of carbon dioxide to ethylene oxide [115] or as membrane for the 

alcohol dehydration by pervaporation [116]. Finally, and despite a relatively big pore size, zeolite X can be 

used to separate binary mixtures of small gases such as CH4/N2 (X/AC composite) [117], CO2/N2 
[118], N2/O2 (polyvalent cation form) [119], propylene/propane [10] and H2/CO2 (utilizing the higher ionic 

potentials of e.g. Co exchanged type X), relying solely on the its advanced adsorption behavior 

(affinity sieving) for this purpose unlike many of the zeolite’s modern wannabe successors. 

 

Metal-Organic Frameworks 

Multiple organ failure [120] was the most common meaning behind the acronym MOF before OMAR 

YAGHI started to coin it in 1995 [121] for his highly porous crystalline organic-inorganic hybrid materials, 

better known today as metal-organic frameworks (a term already used in the late 80’s by PALMER 

et al. for crystalline porphyrinic molecular metals [122]). This substance class in particular (occasionally 

also called porous coordination polymers (PCPs)/porous coordination networks (PCNs) [123]), as well 

as the special branch of reticular (netlike) chemistry it belongs to, emerged as the logical evolution 

from the historical field of metal-containing coordination compounds like Prussian Blue (Fe4[Fe(CN)6]3, 

the first modern artificial pigment), WERNER complexes (e.g. [Co(NH3)4Cl2]Cl) or HOFMANN clathrates 

(2D metal cyanide sheets), and nowadays contains more than 20.000 distinct materials [124]. Since 

all of these need a proper moniker (some have even more than one: MOF-74 = CPO-27 = M2dhtp or 

HKUST-1 = CuBTC) and share some of their structural DNA with zeolites, the same naming 

convention (three letters-one number) applies to MOFs in most cases, leading to abbreviations 

derived from, for example, their university of origin (CPO = coordination polymer of Oslo, HKUST = 

Hon-Kong University of Science and Technology, MIL = materiauxs de l’institut Lavoisier, DUT = 

Dresden University of Technology, CAU = Christian-Albrecht-University of Kiel etc.). 

What all metal-organic frameworks, no matter how “creatively” named, have in common is that 

they self-assemble from organic multidentate linker molecules (mainly acids and imidazoles, or rather 

their conjugate bases (see Table 4)) and inorganic nodes made of discrete metal-ions or metal-



 Metal-Organic Frameworks 
 
 

 

 
[125] G. Ferey, Chem. Soc. Rev., 37, 2008, 191 - 214.  

[126] P. Silva, S. M. F. Vilela, J. P. C. Tome, F. A. Almeida Paz, Chem. Soc. Rev., 44, 2015, 6774 - 6803. 

[127] H. Deng, S. Grunder, K. E. Cordova, C. Valente, H. Furukawa, M. Hmadeh, F. Gandara, A. C. Whalley, Z. Liu, 

S. Asahina, H. Kazumori, M. O’Keeffe, O. Terasaki, J. F. Stoddart, O. M. Yaghi, Science, 336, 2012, 1018 - 1023. 

[128] Z. Yin, S. Wan, J. Yang, M. Kurmoo, M.-H. Zeng, Coord. Chem. Rev., 378, 2019, 500 - 512. 

 22 

containing clusters/chains (aka. secondary building units (SBUs), see Fig. 7) [125] via a multitude of 

different synthesis methods, ranging from slow diffusion, solvothermal, electrochemical, 

mechanochemical, microwave assisted, ultrasonic to one-pot [126]. The wealth of functionalizability this 

modular design enables (e.g. by choosing specialized (with functional groups, Fig. 7) or elongated 

(principle of isoreticularity: “same” topology, bigger pores [127]) linkers and metal-ions with different 

radii/coordination spheres/states of saturation) is, however, far from being exhausted after the 

initial synthesis, because the resulting highly ordered frameworks (mono- or mixed-metal/linker) can 

be further tailored using post-synthetic modification technics like, for example, metal/ligand exchange 

(PSME/PSLE), elimination or installation, as well as polymerization, oxidation [128] and the infiltration 

fffff 

 

Fig. 7    Schematic overview of the basic building blocks and functionalization possibilities for MOFs, 

as well as the crystal structures of some well-known representatives. 
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with instrumental conductive (e.g. TTF = tetrathiafulvalene, TCNQ = tetra-cyanoquinodimethane [129]) 

or dye (4-nitroaniline [130], methylene blue, rose bengal [131] etc.) molecules (Fig. 7).  

With this degree of flexibility, it comes as no surprise that no MOF is like the other and their 

properties, be it hydrophobicity, magnetism, catalytic activity, sorption, luminescence, structure or 

overall stability etc., are somewhat all over the place, with the latter one, for example, being 

especially high in zeolitic imidazolate frameworks (e.g. ZIF-8, due to the zeolite-like topology/bridging    

angle [132]) and zirconium/titania-based materials like UiO-66/MIL-125 (built from 12-coordianted 

Zr6/Ti8-clusters [133]). Among the most inherent and important properties of nearly every MOF, 

however, are a consistent nanoporosity, responsible for the very high inner surface areas (as high as 

10400 m2/g (Langmuir) for MOF-210 [134]) and featuring a wide range of aperture/pore sizes [135]   

(see Table 4), but also a fundamental framework flexibility (MOFs are “soft matter” and subject to 

 

Table 4   Well-known MOFs and their structural properties (data adapted from [134 and 135]) 

MOF 
Metal 

ion 
Linker 

Window    

size in Å 

Pore system    

dimensionality 

Langmuir surface 

area in m2/g 

MOF-5 Zn2+ Terephthalate ~8.0 3D ~3800 

ZIF-8 
Zn2+             

(Co2+ = ZIF-67) 

2-Methyl-

imidazolate 
~3.4 3D ~1800 

HKUST-1 Cu2+ 
Benzene-1,3,5-

tricarboxylate 

~9.0, ~5 

and ~3.5 

(trimodal) 

3D ~2200 

MOF-74 
Co2+, Cu2+, Mg2+, 

Ni2+, Fe2+, Mn2+ 

2,5-Dioxido-

terephthalate 
~11.0 1D 

~1400 (Co) 

~1600 (Ni) 

~1900 (Mg) 

UiO-66 Zr4+ Terephthalate ~6.0 3D ~1100 

ZIF-90 Zn2+ 
Imidazolate-2-

carbaldehyde 
~3.5 3D ~1300 

ZIF-7 Zn2+ Benzimidazolate ~3.0 3D ~400 
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linker rotation and unit cell changes called “breathing” [136]) based in their chemical composition, 

allowing them (in most cases) to accommodate guest molecules which are, in theory, too large in 

critical diameter to traverse the entrance windows in question (e.g. ZIF-8 and benzene [137]).  

All these idiosyncrasies mentioned above in combination with seemingly simple production methods 

sparked the imagination of science and industry alike right from the start, predicting a brilliant future 

for MOFs as replacement for the “outdated” zeolites in contemporary as well as more traditional 

application fields, such as the hydrogen/methane storage, CO2 capture, removal of harmful/toxic 

chemicals (NOX, SOX, H2S, NH3, PH3, benzene, mustard gas, pharmaceuticals, nerve agents etc.), 

heterogeneous catalysis (e.g. aerobic oxidation of alcohols, C-C coupling, hydrogenation of aromatic 

ketones, ring-opening of epoxides), luminescence (mostly sensing: pH, explosives, bioimaging) or metal 

corrosion inhibition. [124, 126, 138] Unfortunately, this early praise was quite premature and even today, 

25 years after their discovery, only a few niche applications in the textile industry (protective 

clothing for chemical, biological, radiological and nuclear warfare impregnated with MOFs), for 

respiratory purposes (protection masks), food packaging (MOFs containing/releasing                    

1-methycyclopropene which retards the ripening of fruits and lengthens their shelf life), sub-

atmospheric toxic gas storage, water extraction or antimicrobial coatings for healthcare products 

has reached market maturity so far or could do so in the nearby future. [126, 139, 140, 141] 

The one obvious MOF application still missing from the enumerations is the separation of gases 

which turned out to be kind of a double-edged sword, inasmuch as, while scientific journals reported 

one new record separation factor for relevant mixtures after the other during the last years (e.g. 

ZIF-8: SFpropylene/propane › 150 [28], Zn2(bim)4 nanosheets: SFH2/CO2 › 200 [142], MOF-74-IM (functionalized 

with imidazole molecules): SFD2/H2 › 25 [143]), not one metal-organic framework-based process has 

even come close to replacing cryogenic distillation, scrubbing or countercurrent distillation under real-

life conditions so far. By stepping outside the “over”-controlled lab environment the reason for this 

becomes painfully apparent, because, among other things, without mitigating factors like sweep gas 

or vacuum on the permeate side of a membrane (both are simply too expensive for a profitable 

approach) most materials have a hard time meeting the commercial viability limit for the respective 

separation factor and all gas mixtures in the wild contain MOF-damaging (loss of crystallinity, 

obstructed channels etc.) impurities such as H2S, NO, SO2, or water [144].     
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MOF-74 

A perfect example for said kind of unfulfilled expectations (especially regarding olefin/paraffin 

separation) is MOF-74, a family of structures first synthesized/described in 2005 by either     

YAGHI [145] or DIETZEL [146] and therefore having more than one name (M-MOF-74 = Yaghi, CPO-27-M = 

Dietzel, M2(dhtp) = neutral [147]), which was prematurely hailed as the “next big thing” due to 

calculations and its idiosyncrasies. Most of those are of a structural nature and arise from the 

combination of divalent metal ions like Mg, Ni, Co, Fe, Cu, Mn or Zn (mixed metal MOF-74s containing 

Sr, Ba, Ca, Cd + all the others are also possible via one pot synthesis) [148] with an unsymmetrical 

hexavalent linker molecule (2,5-dihydroxotherephthalte) into a honeycomb-like framework with 1,1 nm 

wide 1D channels and an metal-dependent inner surface areas (Langmuir) of up to ~2000 m2/g [134] 

(see Fig. 8 and Table 4). The channel corners consist of threefold helical chains (SBU) made from cis-

edge-connected oxygen-metal square pyramids, where each ion is coordinated to two hydroxyl as 

well as three carboxyl groups from several linkers, and are lined with accessible (aimed into the 

cavities) coordinatively unsaturated metal centers (after activation/solvent or guest removal)      
[145, 148, 149], aka MOF-74’s most sought-after/versatile features. 

Among the biggest advantages of having such active sites all over your framework in a very high 

density is, on the one hand, the possibility for guest molecules (gases like NH3, H2S, CO2, N2 etc.) to 

undergo direct interactions ranging from strong acid-base, polarization or weak physisorption [150] up 

to π-complexations between the empty antibonding orbital of an olefin’s double bond and the metal’s 

outer d atomic orbital (Fig. 8) [151] as well as, on the other hand, providing new connection point for a 

post-synthetic functionalization (i.e. with ethylenediamine [78] or imidazole [143]). Unfortunately, structural 

anomalies like these come at the high price of a reduced stability against chemical and environmental 

influences which, for example, in the case of water will cause a complete pore blockage (phase 

transformation) after just a few seconds exposure to moist room air [147] and therefor necessitates 

a protective atmosphere (N2 or Ar) for the handling/storage of MOF-74 in order to maintain its 

integrity/activation. A second major problem has to do with the one-dimensionality of the 

framework’s hexagonal channels in combination with them running parallel to the long axis of the rod-

shaped crystals (see Fig. 8) [152], because for a gas separation to function properly, their openings      
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Fig. 8    SEM pictures (Co) as well as schematic visualization of the basic building blocks, crystal 

structure, idiosyncrasies and possible applications of MOF-74. 

 

need to face the feed gas stream head-on, but particles featuring this kind of morphology rather 

tend to grow more or less flat on a substrate or orient themselves parallel toward it inside a 

matrix. [153, 154]  

In addition to the already mentioned gas separation, which is still pursued regardless of said 

challenges (H2/CO2 
[78] with an amine modified Mg-MOF-74, propylene/propane [30, 153], imidazole 

functionalized MOF-74 for D2/H2 
[143] etc.), possible applications include gas storage (e.g. CO2 
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or acetylene [156]), electrochemistry (i.e. Mn-MOF-74 as cathode material for Li-O2 batteries [157]), 

catalysis (oxidation of cyclohexene [158], magnesium sulfite oxidation [159] etc.), sensors (e.g. resistive  
[129] or Raman-based [152] gas sensing) and drug delivery (i.e. anticancer drugs (computational study) 
[160] or ibuprofen anions in Fe-MOF-74 [161]). However, all of these are, once again, purely academic 

efforts without any real-world implementation so far, not least because of the MOF’s high sensitivity 

towards external factors against which there is, in the case of membrane-based processes, a 

“simple” (partial) solution. 

 

Mixed Matrix Membranes 

As evinced by the majority of application examples presented so far, the predominant form in which 

separation-active materials are harnessed today is as membranes [162], followed by packed powder 

beds for PSA/VSA [163] and liquids (i.e. ionic liquids in so-called “liquid membranes”) [164], or more 

precisely plane/spiral-wound flat-sheets and hollow-fibers (highest surface area per unit          

volume) [165] due to mostly economic advantages like their relatively easy workability, low 

cost/weight/energy/space/maintenance requirements as well as high potential for 

modularity/process flexibility [166]. Unfortunately, the crystalline nature of many highly selective 

starting materials (MOFs, zeolites, MCMs etc.) entails significant problems regarding a membrane-

based use, ranging from the fact that a considerable amount of those can’t be grown as a dense 

layer at all to start with, the very fastidious challenge to synthesize crack/defect-free, at best, 

nanometer-thick layers over large, curved areas (e.g. onto the inside of a tubular Al2O3 support) with 

the rest up to the overall lack of flexibility and mechanical stability in such systems, all fueling the 

perpetual competition between them and the second big player in this field, namely polymeric 

membranes. [166, 167, 168] 
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Their triumphal march started back in the 1960s when LOEB and SOURIRAJAN devised a water 

desalination process featuring cellulose acetate and steadily gained momentum from there on [169], 

evidenced by, amongst others, the first commercialized large scale polymer membrane for gas 

separation purposes (polysulfone hollow fibers for H2/CH4) developed in 1980 by PERMEA (Air 

Products) [168]. The sheer amount of thriving separation applications, including, for example, hydrogen 

sulfide removal with cellulose acetate/Pebax (polyether-block-amide), CO2 capture using 

polyamides/polyimides, gas dehydration/hydrogen recovery with polydimethylsiloxane (PDMS) or 

polyethersulfones (PESFs) for various gas mixtures (CO2/CH4, He/CH4, H2/N2, O2/N2), proof that 

polymers can easily compensate for their inherent separation-relevant disadvantages like low 

permselectivities and plasticization/rigidification issues with advanced mechanical properties 

(flexibility, long-term stability), easy producibility/malleability/processability/upscalability as well as 

cost efficiency (e.g. no expensive porous support is needed). [166, 168] 

Bearing in mind the advantages and shortcomings of the above mentioned competing membrane 

types, it seems obvious that a combination of both, featuring the unrivalled tailorable selectivity of 

crystalline materials as well as the superior durability of polymers, could be a match made in heaven 

and eliminate many of the always recurring separation-relevant problems of the individual 

components in a single stroke. When PAUL and KEMP added zeolite 5A into PDMS in order to study 

the immobilizing adsorption in polymeric membranes and discovered that this caused a highly 

increased diffusion time lag for some small penetrant molecules (CO2, CH4) compared to others (He, 

N2) in 1973, they unknowingly laid the groundwork for what today is known as mixed matrix 

membranes (MMMs). [170, 171] These are generally defined as hybrid composite materials comprised of 

inorganic particles embedded/dispersed (with existing defined internal interfaces) in a continuous 

organic matrix, whereby the filler is mainly responsible for enhancing the separation-capability by 

either serving as molecular/affinity sieve or transport barrier while being protected from harmful 

external influences by the flexible polymeric shell (see Fig. 9). [172, 173] 

Generally speaking, there are no bounds to the imagination when it comes to the choice of filler 

material, be it zeolites [75], MOFs [174], carbon molecular sieves [175], mesoporous silica [176], or carbon 

nanotubes [177], simply because a suitable/adjuvant polymeric counterpart (most of which are 

multipurpose like polyimides, polysulfones, polyetherimides etc. [173] (see Table 5)) with a comparable 

rudimentary selectivity is easily found or even made and both components can be further modified 
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Fig. 9    Schematic representation of the principle behind mixed matrix membranes, their preparation 

(flat sheet) and advantages compared to pure crystalline membranes (MOFs, zeolites etc.) as well as 

matrix/filler interaction-related non-ideal effects. 

 

accordingly. An actual MMM preparation is a multistep process (Fig. 9), including dope (solvent + filler 

+ polymer) production and homogenization (e.g. stirring, ultrasonication), membrane casting/spinning 

(in the case of hollow fibers), drying (vacuum or not) as well as various pre/post treatments 

(filtration, degassing, shaping, thermal annealing [178] etc.), whose final outcome is determined by a 

multitude of parameters like type of solvent, dope viscosity, component interaction/similarity, 

crosslinking, interface morphology or filler amount/dispersion/size. [172, 179] The possible problems 

associated with the latter three alone, i.a. the sedimentation of microparticles or 

aggregation/recrystallization of nanoparticles [180], which are widely preferred because they allow for 
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thinner membranes, provide a good example for why many mixed matrix membranes don’t feature 

an enhanced selectivity as well as permeability (ideal case = perfect filler embedment) compared to 

the pure polymer. [179, 181] Owed to the complexity of the resulting systems, the list of such non-ideal 

effects in MMMs is quite long and also contains issues like rigidified/compressed polymer regions 

around the particles (increased selectivity (SF ↑) + decreased permeability (P ↓)), unselective voids 

between polymer and filler (SF = + P ↑), a high free volume at the component interface due to 

bridging molecules (SF ↓ + P ↑) as well as filler pores bottlenecked by (SF ↑ + P ↓) or even 

completely clogged with adsorbed guests/polymer chains (SF = + P ↓). [179]  

Amongst the possible reasons for all of this are, for example, the structural influence of the 

embedded particles on the surrounding polymer (stress due to a high surface area), residual 

solvents, rigid casting substrates and the dramatic difference in thermal expansion 

coefficients/drying-related shrinking/mobility/polarity of the organic/inorganic elements which often 

lead to a disturbed or even non-existing interaction between the two. [179] Fortunately, solution 

approaches in the form of sophisticated activation/preparation procedures (minimized stress due to        

 

Table 5   Frequently used polymers and some of their literature known MMM variants for diverse 

binary gas separation applications (data adapted from [172, 173]) 

Trade name Polymer type 
Exemplary  

MMM filler materials 

Exemplary 

gas separation applications 

Matrimid Polyimide 
MOF-5, HKUST-1, ZIF-8, ZIF-

90, MIL-53(Al), NaX 

H2/CO2, CO2/CH4, CO2/N2, 

H2/CH4, C3H6/C3H8 

P84 Polyimide 
ZIF-4, ZIF-7, ZIF-8, ZIF-67, 

ZIF-90, HKUST-1, UTSA-280  

H2/CO2, CO2/CH4, N2/O2, 

C2H4/C2H6, C3H6/C3H8  

6FDA-DAM Polyimide 
ZIF-8, ZIF-11, ZIF-90,       

SIFSIX-3-Cu, MCM-41 

CO2/CH4, CO2/N2, 

C2H4/C2H6, C3H6/C3H8 

Ultem/PEI Polyetherimide 
ZIF-8, ZIF-90, MIL-53(Al), 

HKUST-1, silica 

CO2/N2, CO2/CH4,           

n-C4/CH4 

Pebax Polyether block amid 
ZIF-7, ZIF-8, ZIF-67, NOTT-

300, COF-5, graphite oxide  
CO2/N2, CO2/CH4 

PSF Polysulfone 
ZIF-20, HKUST-1, UiO-66, 

NH2-MIL-53(Al), MIL-101(Cr) 

O2/N2, H2/CH4, CO2/CH4, 

CO2/N2 

PDMS Polydimethylsiloxane 
ZIF-8, HKUST-1, zeolite 4A, 

carbon, silicatlite-1 

CO2/CH4, C3H8/CH4, 

C3H8/N2 

PVac Polyvinyl acetate 
Cu-BDC, Mg-MOF-74, ZIF-8, 

zeolite 4A 
CO2/CH4, C3H6/C3H8  

PIM-1 
Spirobisindane-based  

ladder polymer 

SIFSIX-3-Zn, ZIF-8, MIL-101, 

UiO-66-NH2 

C3H6/C3H8, CO2/CH4, 

CO2/N2 
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elevated casting temperatures, melt processing [182], mercury as a casting substrate [179] etc.), 

chemical functionalizations and, especially, crosslinking [183] (see Fig. 10) have helped to overcome many 

of said issues, making MMMs a viable competitor in the field of separation.   

This includes, inter alia, areas of application like the purification/dehydration of ethanol [184] (using 

zeolite@poly(vinyl alcohol) [185], silica@Chitosan [186], ZIF-8@Matzrimid 5218 [187] etc.) and the removal of 

salt (by e.g. carbon nanotubes@polyethersulfone)  [188], pharmaceuticals (i.a. phenolic compounds with 

Al nanoparticles@cellulose acetate phthalate) [189], heavy metal ions or dyes (for instance               

Cu (II)/methylene blue through Al2O3@cellulose acetate-polysulfone) [190] from water via membrane 

distillation/pervaporation. The main focus, however, clearly lies on the mixed matrix membranes’ 

selectivity potential regarding industry-relevant gases, which stems from their unique amalgamation 

of beneficial traits and is evidenced by the large number of literature known examples for the binary 

mixtures H2/CO2 (i.a. metal exchanged zeolite X [75] or NH2-MIL-125 [174] in Matrimid), 

propylene/propane (ZIF-8@6FDA-DAM [191], SIFSIX-3-Zn@PIM-1 [192] etc.) and CO2/CH4 (e.g. HKUST-1 

@PDMS [192]), to name but a few important ones (see Table 5). [173] 

 

Matrimid 

As indicated by the previous chapter, one of the most commonly used matrix materials for MMMs 

are polyimides (PI), a polymer species first reported by BOGERT and RENSHAW in 1908 [194], mass-

produced since the 1950’s [195], successfully used in a plethora of further application fields ranging 

from microelectronics to solar cells or aerospace and generally characterized by an imide group-

containing backbone featuring, in most cases, aromatic building blocks. [183] The combination of these 

two structural motifs allows for the creation of polymeric precursors which are highly stable on the 

one hand, clearly evidenced by, for example, their mainly aromaticity-caused high glass transition 

temperatures, rigidity or oxidative resistance (also helped by the imide bond’s electron-deficiency), 
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and versatile on the other, due to the fact that an additional incorporation of property-altering 

(polarity, crosslinkability, selectivity, permeability etc.) groups, side chains or whole sections (block 

copolymer) is relatively easy. [183]  

One of the most frequently encountered polyimides in literature, at least when it comes to gas 

separation, is the glassy (operates below its glass transition temperature (Tgi)) thermoplastic 

Matrimid 5218, which consists of 3,3’-4,4’-benzophenone tetracarboxylic-dianhydride 

diaminophenylindane repeating units [196] (see Fig. 10) and has been investigated/utilized for that 

purpose since the late 90’s [197]. It owes its popularity to a multitude of handy traits, including good 

solubility in many organic solvents (i.a. dimethylformamide (DMF), tetrahydrofuran (THF), chloroform 

or dioxane), mechanical toughness, excellent thermal stability (Tg ≈ 310 °C [196]), low flammability, good 

 

 

Fig. 10    Chemical structure, common forms (photos of powder/dope/flat sheet membrane) and 

applications of Matrimid 5218 as well as schematic depiction of various crosslinking methods. 
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dielectric properties, high radiation resistance as well as relatively high gas separation factors and 

permeability coefficients compared to other polymeric materials (polycarbonates, polysulfones    

etc.). [198, 199] Furthermore, Matrimid’s backbone-contained aldehyde groups additionally facilitate its 

easy crosslinkability, regardless of whether it is done intrapolymerically via heat treatment 

(annealing), UV irradiation, bromination or chemical bridging agents like diamines (imine condensation:  

R-C=O + NH2-R → R-C=N-R + H2O) or between the polymer and functionalized filler particles with 

amino (e.g. ZIF8-A [200]) or C=O groups (i.a. ZIF-90 + ethylenediamine [201]) of their own (see Fig. 10).  

This kind of forced interaction not only helps to mitigate or even eliminate a majority of the non-ideal 

effects in MMMs described above, thereby enhancing the respective separation capabilities towards 

a far more favorable selectivity/permeability trade-off (when one ↑ the other ↓) [179, 201], but also 

can improve some of the inherent properties of the polymer itself like solvent stability, hydrophilicity 

and susceptibility to plasticization. [183] Especially the latter, generally characterized by a swelling of 

the polymeric matrix due to the perpetual sorption of penetrants (higher free volume + increased 

segmental mobility) [202], together with the changes in macroscopic physical properties/morphology 

over time simply referred to as “aging” (e.g secondary crystallization by photo-oxidation) [203] is one of 

Matrimid’s worst weaknesses with regard to an industrial application. Both phenomena are deeply 

rooted in the glassy nature of the polymer and eventually result in a gradual deterioration of the 

membranes’ separation performance whose progression is highly dependent on the respective 

operating conditions (temperature, pressure, gas impurities etc.). [202, 204] 

Nonetheless, Matrimid 5218 enjoys great popularity within the scientific community, where, amongst 

other things, it finds niche use as adhesive (Ciba - Product Data), coating (i.a. top layer to suppress 

linker rotation/gate opening in MOF membranes [205] and encapsulation of UiO-66 pallets [206]) or 

sensor component (e.g. capacitive gas phase sensing of alcohols with nano NH2-MIL-53(A)@Matrimid 

layers [207]), while its unrivaled main application field remains the membrane/MMM-based gas 

separation. A few representative examples from the recent literature which perfectly showcase 

this trend as well as the polyimide’s versatility are Matrimid hollow fibers with an ultrathin ZIF-8   
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membrane on the bore side (propylene/propane) [208], partially Li+ exchanged Na-ZSM-25 compound 

materials (CO2/CH4) 
[209], Cu-BDC@Matrimid (He/CH4 + He/N2) 

[210] and mixed matrix flat sheet 

membranes featuring zeolite X filler particles optimized in terms of their ionic potential (H2/CO2) 
[75]. 

 

I.III Measurement Method and Important Physical Quantities 

The actual separation capability inherent to (planar) specimen like those mentioned above is, in most 

cases, scientifically evaluated nowadays using a measurement setup/principle whose basic form and 

features date back to 1941, when it was originally developed by WICKE and KALLENBACH to 

investigate the surface diffusion of CO2 on activated carbon [211]. At the heart of this method lies the 

so-called permeation reactor, a gas-tight vessel made of e.g. stainless steel, Teflon or glass like the 

original one with four openings (one gas inlet + outlet on each end) and divided by the separation-

active membrane in question into two distinct (mirrored) compartments (see Fig. 11). 

On the one hand, there is the so-called feed side where the to-be-separated gas mixture (in our 

case an equimolar binary blend constantly provided by mass flow controllers) or single gas enters 

the reactor, comes in contact with the separating layer and partially permeates through it in an 

component-specific ratio, while the majoritarian rest (retentate) simply drains via an outlet. Upon the 

membrane-facilitated arrival in the other half, generally referred to as permeate side, the analyte 

(permeate) is transported out of the vessel and towards the analysis method of choice (online gas 

chromatography (GC), mass spectrometry (MS) or a “bubble counter” flowmeter) using a constant 

stream of inert sweep gas (mainly N2, but also Ar and He).   

However, whereas the original purpose of this general setup strictly called for isobaric conditions on 

both sides in order to minimize the occurrence of other gas transport mechanisms (namely 

KNUDSEN-, grain boundary- as well as “normal” diffusion - depending on the respective pore diameters) 

beside the wanted surface diffusion [211, 212], current and industrial viable versions usually operate with 

higher pressures on the feed side (e.g. generated by a backpressure valve on the outlet (Fig. 11)) as 

driving force for the permeation/separation, additionally amplified by the sweep-caused, non-existent 

permeate partial pressure (it’s carried away instantaneously) in the other compartment [213, 214]. 

Although this isn’t the only benefit of sweep gas, counteracting concentration polarization [215] (the



 Measurement Method and Important Physical Quantities 
 
 

 

 
[216] J. Dong, Y. S. Lin, W. Liu, AIChE Journal, 46 (10), 2000, 1957 - 1966. 

[217] C. Zhao, A. Caravella, H. Xu, A. Brunetti, G. Barbieri, A. Goldbach, J. Membr. Sci., 550, 2018, 365 - 376. 

35  

 

Fig. 11    Schematic visualization of the employed measurement setup (modified Wicke-Kallenbach) 

including photographs showing the original permeation reactor and exchangeable inner cell. 

 

accumulation of the higher concentrated species on the membrane surfaces, thereby reducing the 

overall flux), for example, is another one, its use is all but uncontroversial because diluting the freshly 

separated gas is rather counterproductive in regard to commercialization [214] (it increases the 

overall process costs just like using vacuum) and the often neglected counter-diffusion [216, 217] 

(against the analyte flux → affecting their permeation through support + separation layer) can 

considerably falsify the measurable values of a membrane’s defining physical quantities.   

These include, first and foremost, the already abundantly mentioned selectivity/separation factor α, 

a numerical measure for the effectiveness of a setup concerning the removal of one distinct part 

from a mixture, in the simplest case an equimolar binary one made up of the gases x and y, which is 

mathematically defined as the components molar ratio (with nx or y being the respective amount) in
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the permeate, divided by the retentate composition [218] (Eq. 1). 

 

αx/y= 

nx,permeate
ny,permeate
�

nx,retentate
ny,retentate�

                                        (Eq. 1) 

 

Due to the fact that the given feed is continuously replenished and usually only a very small share of 

it (nl - μl/min compared to the incoming ml/min) disappears through the membrane, the overall 

conditions on this side are considered to be “constant” (feed = retenate) throughout the entire 

process, what, in combination with a preset equimolarity, dramatically simplifies the measurement 

(halving the necessary analysis effort) as well as Eq. 1 by turning its denominator into a 1. 

The second and at least as important fundamental characteristic to detail a systems separation 

capability is the product of permeance, in itself a species-specific compound quantity calculated via 

dividing the amount of permeated gas (e.g. nCO2,permeate) per time t & membrane area A (also known 

as flux) by the pressure difference between the two reactor compartments Δp, with layer 

thickness d [218] (Eq. 2), collectively referred to as permeability P. 

 

Px=	 nx,permeate

t	∙A	∙Δp
∙ d                                               (Eq. 2) 

 

Over the decades, this indicator for how much (or rather little) of the individual feed components 

actually passes through the material/medium in question under certain circumstances has been   

expressed in various systems of units (i.a. CGS (centimeter-gram-second) and STP (standard 

temperature and pressure)), often deliberately chosen such that it complements the respective 

study focus (performance vs. mechanism) [219], with barrer (mol/m s Pa (SI version) [220]), 

coined/named in the 60’s after RICHARD MALING BARRER the “founding father of zeolite chemistry 

and a dominant figure in membrane science” [221], being today’s most commonly used unit when it 

comes to the application-oriented evaluation of polymer-based membranes.    

Considering all of this, it becomes apparent that the key factor behind both of these defining physical 

quantities simply boils down to the question of how exactly the specific gas species enter/exit and 

travers the separation layers’ innards, what in turn materially depends on whether we talk about a 

dense (e.g. polymers and metals) or porous (MOFs, COFs, zeolites, carbon etc.) substance.   
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Except in the rather rare case of pure molecular sieving, the cross-sectional mass transport of the 

feed components through the latter generally consists of always the same sequential steps, namely 

adsorption on the membranes’ outer surface → surface diffusion → bulk diffusion inside the porous 

system → effusion from the pores → desorption from the permeate-side surface [222], breaking 

down (as a rule of thumb) its overall selectivity into a roughly predictable product of adsorption 

selectivity and diffusion selectivity [223]. Whereas the material flux caused by thermally promoted 

equalization of a concentration difference (increase in entropy) via random particle movement 

(BROWNIAN motion), commonly known as diffusion, is gradient-driven (depending on the used model: 

FICK → concentration, MAXWELL-STEFAN → chemical potential) [224, 225], adsorption/desorption 

introduces the additional element of direct host-guest interaction (affinity-controlled, e.g. MOF-gas) in 

the form of chemisorption (stronger chemical bonds) and physisorption based on VAN-DER-WAALS 

forces (far more common/weaker) [226]. 

The main difference when dense materials are involved lies on the sorption side of things or, to be 

more precise, in the so-called solution-diffusion mechanism/model (first proposed in 1866 by  

GRAHAM [227]), which introduces the solubility of a molecular species in a specific matrix [183] as a 

decisive term and adjusts the fundamental dependencies of the affected physical quantities           

(i.a. P = solubility (sorption) ∙ diffusivity (mobility)) accordingly [228]. In order to get a first impression of 

what to expect from certain gases, it is possible to use their respective condensabilities as an 

indicator for how effectively they might dissolve into/through the membrane (in general: 

larger/easier condensable molecules are better soluble/sorption-dominated) [229], a process strongly 

dependent on not only temperature (higher T suppresses adsorption) and interaction strength 

(mainly vdW forces) but also polymer type, with glassy ones such as Matrimid, for example, 

exhibiting more or less mobility-dominated permeation patterns (smaller molecules travel faster) due 

to a stiffer amorphous internal structure [230].   

As already outlined in the chapter about mixed matrix membranes, this whole topic only becomes 

more complicated by introducing the additional variable of porous separation-active filler particles 

(dispersed phase dii) into a known dense polymeric material (continuous phase ci), resulting in the 

compound permeability (PMMMi) being a function of the components’ individual transport properties
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(Pc and Pdi) as well as mixing ratio (e.g. expressed as additive volume fraction φdi), at least in the 

simplest/ideal case of perfect embedment (Maxwell model, Eq. 3). [179] 

 

PMMM = Pc �Pd	+	2Pc	-	2�d	(Pc	-	Pd	)
Pd	+	2Pc	+	�d	(Pc	-	Pd	)

�                                 (Eq. 3) 

 

However, because this is rather the exception than the norm, further amendments to this equation 

concerning possible non-ideal factors like transport restrictions due to interface phenomena, void-

related reduction of the effective layer thickness and sieving benefits caused by suppressed linker 

rotation (each one with a distinct impact on the composites’ overall (absolute vs. effective) 

permeability towards a particular gas) [179] are usually needed to better approximate/portray the 

reality or even predict (for screening purposes) the separation capabilities of a theoretical MMM 

solely on the basis of its well-studied potential ingredients/predecessors. 

For the sake of comparability, most application-oriented studies nowadays present both of the 

aforediscussed key parameters in the form of one logarithmic plot (log αx/y against                    

log Pof the better permeating gas) named after LLOYD M. ROBESON, who published his first iterations in 1991 

(revised in 2008) after compiling a huge amount of data (extracted from 300+ sources) related to 

homogeneous polymeric films and a selection of industry-relevant binary gas mixtures (containing H2, 

CO2, CH4, O2, N2, He). [231, 232] An integral feature of any such graphical overview is the so-called upper 

bound, a linear line representing the (material type-specific) state-of-the-art separation benchmark 

for the investigated task at that point in time (its slope seems to be primarily dictated by the 

dominant transport coefficient) [232], against which every new contender, be it e.g. a carbon, polymer, 

MOF, zeolite or mixed matrix membrane, is measured.      
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II. Why finding an Olefin/Paraffin-Selective Material is                 

iiiiionly half the Battle 

 

One particular problem very often associated with the screening for/of new separation-active 

materials is that, as exemplarily demonstrated by the following three olefin/paraffin-themed 

publications about one zeolite and three MOFs in total, even if they show great promise in theory or 

as powder doesn’t automatically mean that this kind of behavior is still present/equally pronounced 

in another form, let alone gives any indication of how difficult it will be to manufacture them into                 

adequate membranes. 

Among the most commonly used “pre-membrane” evaluation methods are single component 

adsorption isotherms and binary mixture breakthrough experiments, both of which were utilized in 

the first research article featured in this chapter to gain an initial impression of the ethylene/ethane 

and propylene/propane separation potential inherent to various nanoporous adsorbents in their 

powder state. While the overall results paint a quite promising picture, ZIF-8 turned out to be 

paraffin selective and the MOF-74 variants (Co & Mg) included in this study exhibit varying degrees 

of olefin selectivity, others raised some doubt about their real-world usefulness because, in addition 

to the experimental separation factors of the latter two being significantly lower than the 

theoretically predicted ones, they also seem to suffer from a considerable vulnerability to humidity. 

Dr.-Ing. Ulrike Böhme wrote the majority of this paper as well as conducted all the            

adsorption/breakthrough experiments together with her two colleagues Dr.-Ing. Benjamin Barth and 

Carolin Paula. Everything related to the structural characterization under the influence of water was 

done by Andreas Kuhnt. The author of this thesis co-wrote parts of the publication, developed the 

synthesis/activation procedures, laid the groundwork for the moisture sensitivity investigation and 

provided the Co/Mg-MOF-74 samples. By lending their support and expertise, professors Wilhelm 

Schwieger, Jürgen Caro and Martin Hartmann ensured the timely completion and quality              

of the manuscript. 

Conceived as the logical counterpart to the previous one, the second publication revolves around a 

comparison between the auspicious adsorption/breakthrough results for compressed Mg-MOF-74 

powder and the propylene/propane separation capability of a thin but dense crystalline membrane 

grown from the same material on a porous Al2O3 support. What made the preparation of the latter 

especially challenging is that, owed to the 1D nature of the MOF’s channel system, the needlelike 

crystals need to be arranged/oriented in a very particular way (with the pores as perpendicular as 

possible to the support surface) inside the layer to allow for an unhindered mass transport   

through it. Unfortunately, although this was eventually achieved, for the first time ever, by means of 

synthesis adjustments, the resulting membrane exhibited no propylene/propane selectivity at all due 

to a previously unknown effect created by adsorption-caused blockage/self-hindrance. The author  
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developed this new synthesis route, prepared all membranes, characterized them (XRD, SEM, C3 

separation performance etc.), provided powder samples and co-wrote the majority of this article 

together with Prof. Dr. Jürgen Caro, on whose ideas it is based. Dr.-Ing. Ulrike Böhme and   Dr.-Ing. 

Benjamin Barth conducted all tasks related to Mg-MOF-74 powder synthesis as well as 

characterization (XRD, adsorption isotherms, breakthrough curves etc.) plus contributed to the 

respective parts in the manuscript. Additional support was rendered by Prof. Dr. Martin Hartmann 

in the form of very fruitful discussions. 

Last but not least, publication number three demonstrates just how crucial membrane quality is for 

the separation performance by using propylene/propane as a yardstick against which the 

effectiveness of two pre-synthetic support functionalizations (APTES and PDA), here applied in the 

type X preparation to mitigate growth-related defects, is measured. Whereas both of these 

modifications yielded zeolite layers with increased separation factors (compared to the ones 

fabricated on unaltered Al2O3), all attempts to improve their selectivity even further by post-

synthetic ion exchange (Na+ → Co2+) were not only not successful but resulted in severe cracks, 

most probably thanks to unit cell shrinkage. All XRD, SEM, zeta potential and gas permeation 

measurements as well as membrane preparations were performed/evaluated by the author, who 

also wrote the majority of this article. Dr. Nanyi Wang supplied the author with PDA-covered 

supports and thought him how to handle APTES. Additional support in regard to the contact angle 

measurements and interpretation of many permeation results was provided by Dr. Sebastian Friebe. 

Prof. Dr. Jürgen Caro contributed his comprehensive experience with/knowledge about zeolites to 

the manuscript and thereby helped to improve it considerably. 
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II.I Ethene/Ethane and Propene/Propane Separation via the Olefin and 

iiiiiiiiParaffin Selective Metal-Organic Framework Adsorbents CPO-27 and   

iiiiiiiZIF-8 

   iU. Böhme, B. Barth, C. Paula, A. Kuhnt, W. Schwieger, A. Mundstock, J. Caro, M. Hartmann 

 i  Langmuir, 29, 2013, 8592 - 8600.  
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II.II Propylen/Propan-Trennung im Festbettadsorber und durchiiiiiiiiiiiiiiiiiiiiiiiiiiiiii                          

iiiiiiiiMembranpermeation 

 i ii iA. Mundstock, U. Böhme, B. Barth, M. Hartmann, J. Caro 

 i ii Chemie Ingenieur Technik, 85 (11), 2013, 1694 - 1699. 
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II.III iiPropane/Propene Permeation through Na-X Membranes: The Interplay of 

iiiiiiiiiSeparation Performance and Pre-Synthetic Support Functionalization 

 i iiii iA. Mundstock, N. Wang, S. Friebe, J. Caro 

 ii iii Microporous and Mesoporous Materials, 215, 2015, 20 - 28. 
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III. iMaterial Optimizations and their Impact on the H2/CO2 Separation 

iiiiiiiCapability 

 

Not having to “reinvent the wheel” every time a newish problem needs solving has always had a 

certain appeal and the perfect proof for this is the field of zeolite/MOF membrane-based gas 

separation with its brimming toolbox of pre- (e.g. support functionalization) as well as post-synthetic 

(ion exchange, introduction of new functional groups, composites etc.) material optimizations, some of 

whose direct effect on the hydrogen/carbon dioxide selectivity will be addressed in the two 

publications featured in the present chapter. 

The first one uses a series of type X-built/containing layer systems, ranging from neat crystalline 

films grown on un- as well as pre-modified (APTES or PDA) Al2O3 supports over sandwich 

composites crowned by polymeric (Matrimid) covers to full-fledged MMMs, and their respective 

separation capabilities towards H2/CO2 to illustrate that, despite the zeolites’ fundamental lack of 

functionalization points like e.g. organic framework components, improvement through adaptation is 

still feasible even for the long-known “boiling stones”. Special attention was paid to the mobile 

counterions (Na+ in the initial state) within the FAU structure, or rather the possibility to create 

several more selective powder variants by simply exchanging them (PbX, CuX, NiX and CoX → 

higher ionic potential = stronger CO2 interaction/adsorption), which were then subsequently used as 

fillers in novel Matrimid-based mixed matrix membranes. All the work related to zeolite 

membrane/powder preparation, support functionalization, ion exchange, XRD/SEM characterization 

and permeation measurements as well as the writing of this article were done by the author.         

Dr. Sebastian Friebe fabricated the mixed matrix/multilayer membranes, conducted the EDXS 

experiment and helped with the evaluation of the gas separation results. Thanks to Prof. Dr. Jürgen 

Caro’s resourcefulness, the paper constantly evolved and finally found its way to the right journal.  

MOF-74’s most important asset when it comes to separation issues, on the other hand, are its 

coordinatively unsaturated metal centers since they not only constitute a gas interaction point but 

also a highly reactive functionalization hot spot, demonstrated and utilized in the second study by 

post-synthetically introducing amino groups (via ethylenediamine) into the wide 1D channels of a 

membrane made from the Mg variant. The resulting optimized material, which was additionally grown 

on MgO-seeded supports to minimize defects, possesses a greatly improved H2/CO2 selectivity in 

comparison to unmodified Mg-MOF-74 layers due to a combination of very strong host-guest 

interactions (-NH2 ↔ CO2) and reduced effective pore size. Dr. Nanyi Wang performed all the 

membrane preparations/functionalizations, XRD/SEM/IR experiments and permeation measure-

ments as well as wrote the paper. She was assisted by the author of this thesis, who helped with 

developing/improving the synthesis methods, data interpretation, image editing and the writing 

process. Professors Yi Liu and Aisheng Huang used their extensive combined firsthand knowledge
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about gas separation, MOFs and their modification to further improve the manuscript. Additional 

guidance and support during the whole creative process (planning/executing/writing) came from 

Prof. Dr. Jürgen Caro. 
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III.I On comparing Permeation through Matrimid-Based Mixed Matrix and 

iiiiiiiiMultilayer Sandwich FAU Membranes: H2/CO2 Separation, Support 

iiiiiiiiFunctionalization and Ion Exchange 

 i ii iA. Mundstock, S. Friebe, J. Caro 

 i ii International Journal of Hydrogen Energy, 42, 2017, 279 - 288. 
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III.II Amine-Modified Mg-MOF-74/CPO-27-Mg Membrane with Enhanced 

iiiiiiiiiiH2/CO2 Separation 

 i iiii iN. Wang, A. Mundstock, Y. Liu, A. Huang, J. Caro 

 ii iii Chemical Engineering Science, 124, 2015, 27 - 36. 
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IV. iAn Example for the Love-Hate Relationship between MOFs and 

iiiiiiiiiHumidity 

 

As argued throughout this thesis, there are a few distinct issues standing between the majority of 

MOFs and their successful and widespread application in the real world, with one of the most 

important being the vulnerability to industrial (e.g. H2S) as well as ambient “hazards” like ordinary 

water, which is either very hard to get out again in the most optimistic case (necessitating the use 

of resource-consuming activation methods) or simply damages/destroys the material. 

The sole publication featured in this chapter revolves around a very interesting example where both 

of these phenomena go hand in hand, namely Co-MOF-74 who not only changes color              

(dark red/black → light red/orange) but also suffers from surface blockade most probably due to a 

phase transformation after being exposed to room air and its natural level of humidity for a very 

short period of time. Fortunately, IR microscopy-based gas uptake measurements revealed that a 

methanol atmosphere can be used to anneal the crystalline material, what eventually reopens the 

channel system and thereby restores the MOF’s ability to accommodate guests like propane.        

Dr. Christian Chmelik was responsible for the IR microscopy/gas uptake experiments and wrote the 

majority of this article. Everything related to the MOF synthesis, SEM investigation and humidity 

response study via XRD, as well as much of the experimental planning was done by the author of 

this thesis. Prof. Dr. Pascal D. C. Dietzel used his profound knowledge about the material in question 

to help with the interpretation of the obtained results and put them into context. The initial idea 

behind this paper and its final touches came from Prof. Dr. Jürgen Caro. 
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IV.I iIdiosyncrasies of Co2(dhtp): In Situ-Annealing by Methanol  

 i iiiiii iC. Chmelik, A. Mundstock, P. D. C. Dietzel, J. Caro 

 i iiiiiii Microporous and Mesoporous Materials, 183, 2014, 117 - 123. 
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V. Conclusions 
 

V.I iSummary  

The crucial question this thesis and its six associated publications set out to help answer was 

whether permeation through membranes made from or containing certain nanoporous materials 

with potentially beneficial “out-of-the-box” properties as well as synthetically modified/introduced 

functionalities could, someday in the near future, become at least a feasible alternative to some of 

the resource-intensive gas separation methods currently applied in the industry, including necessary 

evils like cryogenic distillation and scrubbing. 

Both of these latter procedures directly relate to the practice-relevant binary model systems 

focused on in the present study, namely olefins/paraffins and hydrogen/carbon dioxide, which were 

primarily chosen due to their diversity as well as civilizational relevance in the face of today’s ever-

growing energy hunger, climate change/pollution or the omnipresence of polymers. Because 

addressing such fundamentally different separation issues (various critical diameters, polarizabilities, 

reactivities etc.) calls, at best, for multipurpose affinity sieves featuring adaptable/functionalizable 

interaction point, the choice of material fell on the well-known zeolite type X (mobile/exchangeable 

counterions in a rigid 3D pore system) and the promising metal-organic framework 74                 

(1.1 nm wide 1D channels lined with unsaturated metal centers). 

In order to pre-evaluate the ethylene/ethane and propylene/propane separation potential of the 

MOF in question, two of its metal variants (Mg, Co) plus ZIF-8 (a staple in this regard) as reference 

were at first characterized via powder-based adsorption as well as breakthrough experiments in a 

fixed-bed adsorber, followed by the actual C3 permeation measurements on a supported            

Mg-MOF-74 membrane grown using a newly developed preparation route to accommodate for the 

one-dimensional pores’ special orientation requirements (perpendicular to the Al2O3 disk 

surface/parallel to the gas flow direction). While the first results still gave reason for hope because 

they clearly revealed/showcased MOF-74’s pronounced adsorption selectivity towards the 

respective olefins (the exact opposite of how zeolitic imidazolate framework ZIF-8 behaves), it soon 

became apparent that all real measurable separation factors were either significantly lower than the 

predicted ones (e.g. SFpropylene/propane = 2.9 instead of 46 (theoretical) for Co-MOF-74 powder) or 

simply 1, as in the case of said layer which was, most probably, further handicapped by an host-

guest interaction-caused partial channel blockage. 

When it comes to neat zeolite type X membranes (FAU structure), on the other hand, the main 

hurdle to overcome isn’t the right orientation of the 3D pore system but rather their propensity for 

defect-richness, a direct consequence of adverse growth issues (electrostatic rejection between 

precursor species ↔ corundum, inhomogeneous nucleation etc.) addressed/circumvented in the 

present work via a pre-synthetic support surface modification with certain bridge/anchor molecules 
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(poly-dopamine or 3-aminopropyltriethoxysilane), resulting in substantially enhanced separation 

capabilities towards both model gas systems (SFpropylene/propane = 1.4 (NaX) → 3.3 (APTES/NaX) and       

SFH2/CO2 = 8.0 (NaX) → 10.3 (PDA/NaX)). A way to stay well clear of this kind of problematic 

entirely in the first place is incorporating type X particles into polymer-based mixed matrix 

membranes, what also allows for the zeolite’s ion exchangeability to be utilized (grown membranes 

crack during an exchange process) as a setscrew for the materials overall gas selectivity          

(e.g. SFH2/CO2 = 4.0 (NaX@Matrimid) → 5.6 (CoX@Matrimid), 10 wt% faujasite in each case) due to 

the seemingly direct correlation between the ionic potential of the contained mobile counterions and 

the CO2/filler interaction strength. 

The logical starting points for any pore optimization in the case of MOF-74, in turn, are its 

coordinatively unsaturated metal centers, as is exemplarily shown/evidenced in the present work 

through their successful post-synthetic amination in a defect free layer of the Mg variant 

(synthesized on MgO seeded supports) via ethylenediamine which not only narrows the material’s 

huge pore size but also heightens the CO2 adsorption, almost tripling the already present separation 

preference (SFH2/CO2 = 10.5 (Mg-MOF-74) → 28 (amino-functionalized Mg-MOF-74) as a result. 

Unfortunately, such a high level of functionalizability is a double edged sword at best, insofar that, for 

example, a mere 30 s exposure to ambient air is enough to cause a complete surface blockage in 

Co-MOF-74 (rooted in a humidity-driven phase transformation) and thereby render the whole pore 

system useless until it is reopened by a cumbersome annealing process requiring a MeOH 

atmosphere, once again shining a spotlight on one of the metal-organic frameworks’ most damning 

handicaps in regard to an widespread implementation/application, namely their pronounced 

vulnerability to certain environmental factors like the ubiquitous moisture. 

 

V.II Discussion and Outlook 

Observant readers may have noticed that the predominant sentiment towards MOFs in particular 

and their possible realworld application in this thesis is one of huge theoretical potential (porosity, 

tailorability, switchability, catalytic activity etc.), normally followed by a long list of problems and 

idiosyncrasies which throw a monkey wrench in nearly all aspirations. Because a lot of those 

obstacles have already been exhaustively discussed throughout the previous pages, this chapter 

mainly focuses on a few additional ones and the crucial role they altogether play in why metal-

organic frameworks may never will be more than a niche materiel, especially when it comes to the 

field of gas separation. 

Unsurprisingly, two of the key aspects are money and competitiveness, with the first one 

representing a considerable hurdle for supported membranes right from the start due to a 

multitude of cost-boosting factors like the multilayered (coarse/microfiltration/ultrafiltration for a 

reduced flow resistance, fired at least 3 times) ceramic support itself (> 700 € per noninstalled m2), 
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sophisticated synthesis/preparation/testing/activation/storage equipment (needed in some way 

or the other for every membrane type), huge areas of separation-active material + “waste powder” 

(i.a. some MOF linkers come with a price tag of several hundred euros per mg) as well as long-term 

stability and defect density issues. Although a polymer-based mixed matrix membrane has the upper 

hand in regard to the cost side of things, leaking hollow fibers, for example, can be mended in situ 

without replacing the whole reactor, this is somewhat of an inconsequential win because both 

systems struggle to meet the industrial selectivity and permeability thresholds (commercial viability 

for e.g. H2/CO2: SF ≥ 30 and P ≈ 500 Barrer, C3H6/C3H8: SF ≈ 35) required to replace the 

respective currently used state of the art separation processes. 

The second layer of problems is more academic in nature with far reaching consequences for 

promising selective materials (i.a. chances for application) and a direct result of the way gas 

separation experiments are conducted in the scientific community today, or rather the multitude of 

different process parameters (single/mixed gas, pressure, temperature, no/which/how much 

sweep gas or vacuum etc.) - each one able to effect the membrane’s physical quantities 

tremendously - for which there are sadly no standardized (as close to the praxis relevant ones as 

possible) values, leading to a lack of comparability even between publications with the same general 

topic. Furthermore, the scarcity of literature about the negative effects of industry-relevant 

impurities/byproducts like e.g. H2S, SO2 or NH3 on novel systems’ performance and stability (e.g. 

collapsed/blocked MOF structures → decreased separation capability) unnecessarily hampers their 

sensible evaluation regarding a possible realworld implementation as well as the much needed but 

often neglected exchange between industry and the ivory tower. 

Although they are anything but immune to these kinds of hazards, the harmful gases can still reach 

the embedded filler particles despite the surrounding matrix while some of the polymers tend to 

plasticize (decrease in density) over time, MMMs, in summary, seem to be the best and most future 

proof platform right now when it comes to membrane-based gas separation. But whether they 

someday manage to replace cryogenic distillation and scrubbing depends in part on a successful 

reorientation of the related research efforts towards either a much more focused approach (a few 

universally stable MOFs (Zr, Ti), dedicated high throughput polymers, pore and interface optimization 

etc.) or, better still, reallocating the majority of the resources currently dedicated to metal-organic 

frameworks (to many structures without purpose) into more promising fields (i.a. graphene, polymers 

from CO2, cold fusion). 

Let’s hope that it won’t take another 150 years to find a viable solution. 
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Appendix 
 

List of Abbreviations  

α  selectivity 

APTES  3-aminopropyltriethoxysilane 

BEA  beta zeolite 

CAU  Christian-Albrecht-University of Kiel 

CCSU  carbon capture, storage and utilization 

CD  cryogenic distillation 

CGS  centimeter-gram-second 

CHP  combined heat and power unit 

COF  covalent organic framework 

CPO  coordination polymer of Oslo 

CVD  chemical vapor deposition 

DDR  deca-dodecasil 3R zeolite 

DMF  dimethylformamide 

DUT  Dresden University of Technology 

ECBM  enhanced coalbed methane recovery   

EDXS  energy-dispersive X-ray spectroscopy 

EOR  enhanced oil recovery 

ESGR  enhanced shale gas recovery 

FAU  faujasite zeolite 

FC  fuel cell 

GC  gas chromatography 

HKUST  Hong-Kong University of Science and Technology 

IR  infrared 

LTA  Linde type A zeolite 

MCM  Mobile composition of matter 

MFI  pentasil zeolite (Mobile five ring) 

MIL  materiauxs de l’institut Lavoisier 

MOF  metal-organic framework 

MOR  mordenite zeolite 
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MMM  mixed matrix membrane 

MS  mass spectrometry 

MTO  methanol-to-olefins 

P  permeability 

PCP  porous coordination polymers 

PCN  porous coordination networks 

PDA  polydopamine 

PDMS  polydimethylsiloxane 

PE  polyethylene 

PESF  polyethersulfones 

PSLE  post-synthetic linker exchange 

PP  polypropylene 

PS  polystyrol 

PSA  pressure swing adsorption 

PSME  post-synthetic metal exchange 

PVC  polyvinylchloride 

PVD  physical vapor deposition 

SBU  secondary building unit 

SEM  scanning electron microscopy 

SF  separation factor 

SOD  sodalite 

SMR  steam methane reforming 

SNG  synthetic natural gas 

STP  standard temperature and pressure 

TCNQ  tetra-cyanoquinodimethane 

THF  tetrahydrofuran 

TTF  tetrathiafulvalene  

TSA  temperature swing adsorption 

UiO  Universitetet i Oslo 

VSA  vacuum swing adsorption 

WGS  water-gas shift 

XRD  X-ray diffraction 
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