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“La utopía está en el horizonte.  

Me acerco dos pasos, ella se aleja dos 
pasos. Camino diez pasos y el horizonte se 
desplaza diez pasos más allá.  

Por mucho que camine, nunca la 
alcanzaré. Entonces, ¿para qué sirve la 
utopía?  

Para eso: sirve para caminar.” 

“The Utopia is in the horizon.  

I move two steps closer, it goes two steps 
further. I walk ten steps and the horizon runs 

ten steps further away.  

No matter how much I walk, I will never 
reach it. Then, what is the purpose of the 

Utopia? 

Exactly that: it helps to walk.” 

https://es.wikiquote.org/wiki/Utop%C3%ADa
https://es.wikiquote.org/w/index.php?title=Horizonte&action=edit&redlink=1
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Summary 

This work is focused on the investigation of different aspects of composite membranes 

development: i) synthesis of nanoparticles and fillers, with surface modified by silane coupling 

agents, used for preparation of mixed matrix membranes (MMMs), ii) flat dense MMMs 

preparation using commercial and home-synthesized polyimides and different zeolitic fillers, and 

iii) Thin Film Composite (TFC) membranes study.  

In the first part of the thesis, different nanoparticles were synthesized. MFI titanosilicates, 

particularly TS-1 in the form of nanoparticles (200-400 nm), was synthesized and modified using 

six different silane coupling agents. Silanization was carried out in order to improve the 

compatibility of the filler with the polymeric matrix. These particles were characterized by 

nitrogen, carbon dioxide and methane adsorption, and FTIR. Using the modified filler and lab-

synthesized copolyimide based on 6FDA dianhydride the MMMs were prepared. A new 

crosslinking approach by means of the silane coupling agent previously used for surface 

modification was applied to improve the CO2 induced plasticization resistance. Membranes were 

characterized by SEM in order to check the compatibility of the modified filler with the polymeric 

matrix, by solvent uptake analysis for the evaluation of the membrane crosslinking and swelling, 

and gas permeation at high pressure (up to 40 bar) and room temperature using 50/50 vol./vol 

CO2/CH4 mixed gases in order to check the CO2 induced plasticization resistance of the membrane. 

It was shown that a silane coupling agent may have a double effect not only to improve the 

interaction between the continuous and the dispersed phase but also to crosslink the polymeric 

phase avoiding the CO2-induced plasticization. 

Dense self-supporting MMMs were produced using different titanosilicates (TS-1 with different 

Si/Ti ratio and ETS-10) and the commercial polyimide Matrimid® 5218 in order to study the effect 

of the titanosilicates on the separation performances of the membranes. The fillers were 

characterized using SEM, XRD, XPS, and AES. The MMMs with different loadings (10, 20 and 

30 wt.%) were produced and characterized by SEM, TGA, and DSC. Gas separation performance 

was evaluated using 50/50 vol./vol CO2/CH4 mixed gases experiment at 35 °C and 8 bar 

transmembrane pressure. Furthermore, different mathematical models were applied to predict 

the final performance of MMMs and compared with obtained experimental data. The results 

indicate that the content of titanium in TS-1 particles leads to a different gas separation behavior 

mainly due to the presence of TiO2 nanoparticles on the surface of the zeolite. The ETS-10 

increments the separation factor of the polymer.  

Another type of composite membranes was also studied. TFC membranes were manufactured 

using crosslinked Matrimid® 5218 as a support layer and 6FDA-DAM:DABA copolyimides as the 

top layer. Four different polyimides were used: three copolyimides with different ratios of 

DAM:DABA diamines: 2:1, 3:1, 9:1 and the homopolyimide 6FDA-DAM. Polyimides were 

characterized by GPC, FTIR, DSC, and TGA. Thermal annealing of the TFC was carried out in order 

to promote the crosslinking of the top layer by means of decarboxylation of the DABA moiety. TFC 

membranes were characterized by SEM and FTIR-ATR. In order to study the aging behavior of 
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these membranes at conditions closer to the real working conditions, the gas performance was 

evaluated with: 50/50 vol./vol. CO2/CH4 mixed gases experiments carried out at 35 °C and 8 bar 

of transmembrane pressure for 180 h. Aging behavior of non-treated and thermally annealed 

membranes was compared. The thermally annealed TFC membranes showed a very slight 

decrease of the permeability during the performance test evaluated time. The aging behavior of 

non-treated TFC membranes is influenced by the content of carboxylic acid present in the 

copolyimide. Even though, the aging experienced by the TFC membranes under CO2/CH4 

conditions is much lower than at ambient conditions reported in the literature. The reason is the 

CO2 adsorbed on the polymer hinders the mobility of the polymeric chains avoiding its 

rearrangement and the aging of the polymer. 

Finally, a new type of MMMs was developed using the as-synthesized copolyimide 6FDA-

DAM:DABA (3:1) as a continuous phase and the zeolite SSZ-16 as filler. The particles were 

characterized by XRD, SEM, and nitrogen, carbon dioxide and methane adsorption. MMMs were 

manufactured with low inorganic loadings (5, 10, and 15 wt.%) and they were characterized by 

SEM, DSC, and TGA. Afterwards, the MMMs were tested at room temperature for different 

transmembrane pressures (2, 4, 6, and 8 bar) and different feed compositions (25/75, 50/50, and 

75/25 vol./vol. CO2/CH4) in order to evaluate the effect of pressure and feed composition, 

respectively. The incorporation of SSZ-16 zeolite doubles the permeability of the unfilled 

membrane. Furthermore, the filler keeps the separation factor constant in the whole pressure 

range tested, increasing the gas separation stability of the membrane at higher pressures and 

higher CO2 molar fraction feed. On the contrary, unfilled membranes show a decreasing of the 

separation factor at the highest pressure tested. 
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Souhrn 

Tato práce je věnována problematice vývoje kompozitních membrán a je zaměřena zejména na 

tři oblasti: i) příprava nanočástic, modifikace jejich povrchu pomocí silanových činidel a jejich 

aplikace při vývoji membrán se smíšenou matricí (MMM), ii) příprava MMM na bázi polyimidů a 

různých zeolitických plniv, iii) studie přípravy kompozitních membrán s tenkou separační 

vrstvou (TFCM).  

V první části práce byly syntetizovány různé druhy nanočástic. Největší pozornost byla věnována 

titanosilikátu TS-1, který byl syntetizován ve formě nanočástic o velikosti 200 až 400 nm a 

modifikován za použití šesti různých silanových činidel. Silanizace byla provedena za účelem 

zlepšení kompatibility plniva s polymerní matricí. Připravené nanočástice byly následně 

charakterizovány pomocí FTIR a adsorpce dusíku, oxidu uhličitého a metanu. Dále byly 

připraveny kompozitní membrány za použití modifikovaného plniva a syntetizovaných 

kopolyimidů na bázi 6FDA anhydridu. Pro zlepšení odolnosti membrán proti plastifikaci 

způsobené oxidem uhličitým byla použita nová zesíťovací metoda využívající stejného silanového 

činidla, které bylo použito pro povrchovou modifikaci nanočástic v předchozím kroku. Pro 

ověření kompatibility modifikovaného plniva a polymerní matrice byly připravené membrány 

charakterizovány pomocí SEM. Pro vyhodnocení efektu zesíťování membrány bylo měřeno 

botnání membrány pomocí absorpce rozpouštědla. Separační účinnost membrán byla zjišťována 

pomocí permeace plynů (směs CO2/CH4 v poměru 50/50 obj. %) za pokojové teploty při vysokém 

tlaku (až 40 barů). Měření za vysokých tlaků byla prováděna za účelem zjištění odolnosti 

membrány proti CO2 plastifikaci. Analýzy ukázaly, že silanové vazebné činidlo může mít na 

kompozitní membránu dvojí účinek. Nejen že zlepšuje interakci mezi homogenní a 

dispergovanou fází, ale zapříčiní také zesíťování polymerní fáze, čímž zabraňuje CO2 plastifikaci. 

Další část práce se zabývá vlivem přídavku různých titanosilikátů na separační účinnost 

membrán. Byly připraveny kompaktní kompozitní membrány na bázi různých titanosilikátů (TS-

1 s různým poměrem Si/Ti a ETS-10) a komerčního polyimidu Matrimid® 5218. Plniva byla 

charakterizována pomocí SEM, XRD, XPS a AES. Připravené kompozitní membrány s různým 

procentuálním obsahem plniv (10, 20 a 30 hmot. %) byly následně charakterizovány pomocí SEM, 

TGA a DSC. Separační vlastnosti membrán byly měřeny za použití plynné směsi CO2/CH4 50/50 

obj. % při teplotě 35 °C a tlakovém spádu přes membránu až 8 barů. Získaná experimentální data 

byla porovnávána s matematickým modelem. Výsledky experimentů ukázaly, že obsah Ti v TS-1 

významně ovlivňuje separační chování membrán zejména v důsledku přítomnosti nanočástic 

TiO2 na částicích TS-1. Přídavek ETS-10 měl pozitivní vliv na zvýšení separačního faktoru. 

V další části práce byly připraveny tenkovrstvé kompozitní membrány (TFCM) využívající 

zesíťovaného Matrimidu® 5218 jako nosné matrice a 6FDA-DAM:DABA kopolyimidů jako vrchní 

tenké separační vrstvy. Celkem byly použity čtyři různé polyimidy; tři kopolyimidy s různým 

poměrem diaminů DAM:DABA (2:1, 3:1, 9:1) a homopolyimid 6FDA-DAM. Polyimidy byly 

charakterizovány pomocí GPC, FTIR, DSC a TGA. Aby bylo podpořeno zesíťování vrchní vrstvy 

pomocí dekarboxylace části DABA, byly TFCM tepelně zpracovány. Tyto membrány byly 
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charakterizovány pomocí SEM a FTIR-ATR. Separační účinnost a stárnutí membrán byly 

testovány za podmínek blízkých reálným podmínkám membránové separace (směs CO2/CH4, 8 

bar po dobu 180 h). U tepelně zpracované TFCM byl v průběhu testu sledován velmi malý pokles 

permeability. Stárnutí tepelně nezpracovaných membrán bylo ovlivněno obsahem karboxylové 

kyseliny v kopolyimidu. Stárnutí tenkovrstvých membrán za těchto podmínek však bylo mnohem 

nižší než v literatuře uváděné za nižších tlaků, neboť adsorbovaný CO2 brání pohybu polymerních 

řetězců a jejich přeskupení.  

V poslední části této práce byl vyvinut nový typ MMM za použití syntetizovaného kopolyimidu 

6FDA-DAM:DABA (3:1) jako polymerní matrice a zeolitu SSZ-16 jako plniva. Částice byly 

charakterizovány pomocí XRD, SEM a adsorpcí dusíku, oxidu uhličitého a metanu. Používaný 

obsah zeolitu v polymerní matrici byl 5, 10 a 15 hm. %. Membrány byly následně 

charakterizovány pomocí SEM, DSC, TGA a permeačních měření realizovaných při pokojové 

teplotě a tlakovém spádu na membráně 2, 4, 6 a 8 bar. Při těchto měřeních bylo použito tří 

různých složení vstupní směsi ( 25/75, 50/50 a 75/25 obj % CO2/CH4). Přídavkem SSZ-16 se 

permeabilita membrány zdvojnásobila. SSZ-16 také zvyšuje stabilitu membrány a na rozdíl od 

membrán neobsahujících plnivo, které vykazují snížení separačního faktoru při vyšším tlaku, byl 

u MMM separační faktor konstantní v celém rozsahu testovaných tlaků a složení vstupní směsi.   
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Samenvatting 

Dit werk focust op onderzoek naar de verschillende aspecten van composiet-membranen: i) 

synthese van nanodeeltjes en oppervlaktemodificaties van de vulstoffen door silaan-

koppelingsagentia voor het bereiden van gemixte matrixmembranen (MMMs), ii) dense MMM 

bereiding gebruikmakend van commerciële en lab-gesynthetiseerde polyimides en verschillende 

zeolitische vullers, en iii) een dunne-membraancomposietstudie. 

In het eerste deel van het project werden verschillende nanodeeltjes gesynthetiseerd. Een MFI 

zeoliet, met name TS-1 in de vorm van nanodeeltjes (200-400 nm) werd gesynthetiseerd en 

gemodificeerd door gebruik van zes verschillende silaan-koppelingsagentia. Door middel van 

silylering werd de compatibiliteit van de vullers met de polymeermatrix verbeterd. Deze deeltjes 

werden gekarakteriseerd door stikstof-, koolstofdioxide- e methaan-adsorptie en FTIR. In het 

tweede deel werden MMMs geproduceerd gebruikmakende van de gemodificeerde vuller een 

lab-gesynthetiseerde copolimide gebaseerd op 6FDA dianhydride. 

De nieuwe vernettingsaanpak door middel van de silaan-koppelingsagentia, eerder gebruikt voor 

oppervlaktemodificatie, werd toegepast om de CO2-geinduceerde plastificering weerstand te 

verbeteren. Membranen werden gekarakteriseerd door SEM om de compatibiliteit van de 

gemodificeerde vuller en de polymeermatrix te controleren, zwelling werd geanalyseer voor de 

evaluatie van de membraan-vernetting, en gaspermeatie op hoge temperatuur (tot 40 bar) en 

kamertemperatuur gebruikmakend van 50/50 vol./vol CO2/CH4 gas mengels om de CO2 

geinduceerde plastificering van het membraan te controleren. Er wed aangetoond dat de silaan 

koppelingsagentia een dubbel effect hebben, namelijk niet alleen het verbeteren van de interactie 

tussen de continue en degedispergeerde fase, maar ook om het vernetten van de polymeerfase te 

verbeteren om zodoende de CO2-geinduceerde plastificering te voorkomen.  

Aan de andere kant zijn er dense MMMs geproduceerd met verschillende titanosilicaten (TS-1 

met verschillende Si/Ti ratio en ETS-10) en het commerciële polyimide Matrimid® 5218 als 

polymeermatrix om hun effect op de scheidingsprestaties van de membranen te bestuderen. De 

vulstoffen worden gekarakteriseerd door SEM, XRD, XPS en AES. MMMs met verschillende 

beladingen (10, 20 en 30 wt.%) zijn geproduceerd en gekenmerkt door SEM, TGA en DSC. 

Gasscheidingsprestaties zijn geëvalueerd gebruikmakend van een 50/50 vol./vol CO2/CH4 

gasmengsels op 35 °C en 8 bar transmembraandruk. Verder werden er verschillende wiskundige 

modellen toegepast in de voorspelling van de uiteindelijke prestatie van de MMMs. Het titanium 

gehalte van de TS-1 deeltjes veroorzaakt een ander gasscheidinggedrag, voornamelijk door de 

aanwezigheid van TiO2 nanodeeltjes aan het zeoliet oppervlak. ETS-10 zeoliet als vullerverhogt 

de scheidingsfactor van her membraan.  

Andere typen composietmembranen werden ook bestudeerd. TFC membranen werden 

geproduceerd door gebruik te maken van vernet Matrimid® 5218 als steunlaag en 

6FDA-DAM:DABA copolyimide als toplaag. Vier verschillende polymiden werden gebruikt: drie 

copolymiden met verschillende verhoudingen van DAM:DABA diamines: 2:1, 3:1, 9:1 en het 
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homopolymide 6FDA-DAM. De polymiden zijn gekarakteriseerd door GPC, FTIR, DSC en TGA. 

Thermische herschikking van het TFC membraan werd uitgevoerd om het vernetten van de 

toplaag te bevorderen door middel van decarboxylatie van het DABA-deel.  

TFC membranen worden gekarakterissed door SEM en FTIR-ATR. Performantie wordt 

geëvalueerd: 50/50 vol.vol C02/CH4 gas mengsels op 35 °C en 8 bar transmembraandruk. Verder 

zijn de membranen gedurende 180 u getest om het verouderingsgedrag te bestuderen. Het 

verouderingsgedrag van niet-behandelde en thermisch behandelde membranen zijn vergeleken. 

Deze thermisch behandelde membranen lieten een lichte vermindering van doorlaatbaarheid 

zien. Het verouderingsgedrag van niet-behandelde TFC membranen werd beïnvloed door het 

carbonzuur gehalte in het copolyimide. Echter is het verouderingsgedrag van de TFC membranen 

onder CO2/CH4 condities veel beperkter dan de veroudering gerapporteerd in de literatuur. De 

reden is dat de CO2 geadsorbeerd op het polymeer de mobiliteit van de polymeerketen hindert, 

waardoor herschikking van het polymeer wordt voorkomen. 

Tot slot werd een nieuw type MMM met het copolyimide 6FDA-DAM:DABA (3:1) als continue fase 

en zeoliet SSZ-16 als vulstof. De deeltjes werden gekarakteriseerd door XRD, SEM, stikstof-, 

koolstofdioxide- en methaan-adsorptie. MMMs werden gemaarh met verschillende (5, 10 en 

15 wt.%) en werden gekarakteriseerd door SEM, DSC en TGA. Daarna werden de MMMs getest in 

kamertemperatuur onder verschillende transmembraandrukken (2, 4, 6 en 8 bar) en 

verschillende voedingssamenstellingen (25/75, 505/50 en 75/25 vol./vol. CO2/CH4). Het 

toevoegen van SSZ-16 zeoliet verdubbelt de doorlaatbaarheid ten opzichte van ongeirelde van 

membranen. Daarnaast houdt de vulstof de scheidingsfactor constant over het hele drukbereik, 

verhoogt het de gasscheidingsstabiliteit van het membraan onder hogere druk en by hogere CO2 

concentraties 
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Introduction 

Emissions of greenhouse effect gases is the most important challenge that developed countries 

need to face in order to fulfil the goals of Paris agreement. Therefore, a drastic reduction of these 

emissions in the coming years will be mandatory. In this scenario, improving the efficiency of the 

current processes to reduce their energy requirements, and the use of more environmentally 

friendly energy source is compulsory. Methane obtained in the form of natural gas is a cleaner 

fuel than other fossil fuels used. Moreover, it can be obtained from renewable sources like sewage 

plants, landfill, industrial waste or farm and agriculture productions. Therefore, natural gas can 

play an important role in the transition from a fossil consumer society to a sustainable one, even 

more when world energy demand is incessantly growing. 

Application of membranes technologies for methane separation can improve the efficiency of 

many processes due to their generally lower energy requirements; they also present some other 

advantages like easy operation, lower investment costs, and adaptability due to their module 

design, smaller footprint and easier transport to remote sources than amine scrubbers. However, 

research on membranes technologies (i.e. material development, new types of membranes, 

process design) is still needed to improve the separation performance of the membrane, their 

stability and shelf life. In order to enhance the performance of the polymeric membranes new 

polymeric materials have been developed such as polymers of intrinsic microporosity, high 

permeable polyimides, carbon molecular sieves materials etc. Additionally, the incorporation of 

porous nanostructured materials to form mixed matrix membranes (MMMs) was a step forward 

in the development of advanced membranes for gas separation applications.  

Polyimides present remarkable mechanical, thermal and chemical properties and their good gas 

separation properties which join high permeability with high separation capacity. It makes these 

polymers an excellent candidate for the development of new membranes. On the other hand, 

zeolite microporous materials with a well-defined pore structure, high surface areas and sorption 

capacity, as well as they are very stable materials which are able to withstand the aggressive feed 

composition of the natural gas wells where moisture and acid gases are present. Therefore, the 

introduction of zeolites for the production of MMMs using polyimides is an interesting starting 

point for the membrane improvement for natural gas separation. 

The aim of this dissertation is to analyze different parameters related to the fabrication of 

composite membranes. Consequently, it covers different aspects of the production MMMs like the 

synthesis of high-performance polyimides based on 4,4’-Hexafluoroisopropylidene diphthalic 

anhydride (6FDA), the preparation of zeolitic nanoparticles, and the study of these membranes 

at different gas separation conditions.  

This thesis is divided into six different chapters. The first chapter an extensive literature review 

was examined in order to evaluate the state of the art of the natural gas sources, current 

purification techniques and its comparison with membrane technologies, the development of 

membrane technologies and the different polymeric materials investigated in the recent years to 

improve the membrane properties. Hence, the current limitations that polymeric membranes are 
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facing are also explained. Afterwards the different fillers used for the preparation of MMMs are 

reviewed and the issues concerning this new type of membranes. 

In the second chapter the development of titanosilicates nanoparticles and their functionalization 

by means of silane coupling agents is addressed. Furthermore, the silane coupling agents are also 

studied as crosslinking agents and their capability to form chemical stable membranes and to 

increment the CO2-induced plasticization resistance.  

Afterwards, in the chapter 3, MMMs are produced with different titanosilicates (TS-1 with 

different Si/Ti ratios and ETS-10) in order to investigate effect of different titanosilicates on the 

gas separation performance of the MMMs. A deep characterization of the fillers and the 

membranes is undertaken, and different mathematical models are applied to the mixed matrix 

system in order to validate the assumptions of these models.  

Chapter 4 is dedicated to the thin film composite (TFC) membranes. TFC membranes are 

produced using commercial polyimide as a support and high performance 6FDA based 

polyimides as separation layer material. This type of membrane experiences a strong aging, 

therefore a long-term permeability study is undertaken. Due to the lack of literature about the 

aging in CO2/CH4 atmosphere, the aging of these membranes was induced in those conditions. 

In the chapter 5, a new MMM composed by 6FDA polyimide and SSZ-16 zeolite are discussed. 

SSZ-16 is a new zeolite which has not been used for the fabrication of MMMs. Therefore, the study 

of this new filler is very interesting. Moreover, the effect of the filler content, the transmembrane 

pressure and the different feed composition are analyzed.  

Finally, the last chapter (Chapter 6) is dedicated to the general remarks, the contribution to the 

field achieved in this work, and the future work and perspectives of the composite membranes in 

the field of natural gas purification.  
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1. Energy, greenhouse effect emissions and climate change 

Intergovernmental panel on climate change (IPCC) has presented a rigorous analysis about 

climate change in order to propose policies which would help in the reduction of greenhouse 

gasses (GHGs) emissions [1]. This report encourages politicians to take action in the reduction of 

these emissions and warn politicians about the irreversible consequences on the climate if an 

increment of 3 °C is produced.  

Studies from the World Meteorological Organization (WMO) showed that the concentration of 

carbon dioxide in the atmosphere has reached 393.1 ppm in 2012 which means and increment 

on average of 2 ppm per year during the past 10 years [2]. Furthermore, in situ observations and 

ice core records show that the atmospheric concentrations of important GHGs have increased 

over the last few centuries.  

Clear evidences of the anthropogenic origin of the climate change have been validated. Between 

1750 and 2011, generation of carbon dioxide from fossil fuel combustion and cement production 

is estimated to be 375 PgC that is equivalent to 1376 gigatonnes of carbon dioxide. The globally 

averaged data show a total increasing in the temperature of the ocean of 0.85 °C over the period 

1880-2012. The fingerprint of human-caused GHGs increments is clearly observed in the 20th 

century; when a continuous increment of global surface temperature from 1951 to 2010 was 

detected. In the past three decades, the Global Mean Surface Temperature (GMST) has been 

warmer and warmer, being the 2000’s decade the warmest one. In the past decade (2002-2011), 

average of fossil fuel and cement manufacturing emissions were 8.3 PgC/yr, with a mean growth 

rate of 3.2% per year (Figure 1.1). Meanwhile, in the previous decade (1990s), the average growth 

rate was only 1.0%. Another reason supporting the hypothesis of anthropogenic origin of the CO2 

emission is the distribution of atmospheric CO2. Stations in the north hemisphere show higher 

annual average concentrations than the stations from the south hemisphere. The observed higher 

atmospheric CO2 concentration occurs primarily in the industrialized countries in the north 

where it is also observed a decrease in the atmospheric oxygen content [3]. 

The effects of this increment can be observed in different parameters such as sea level due to the 

land-ice melting, oceans acidification due to the uptake of CO2, and the decrease of amount of ice 

on ocean and land due to the temperature and hydrological changes [3].  

However, continuous economic development, especially in the BRIC’s countries (Brazil, Russia, 

India and China) which are some of the most populated countries, and the increasing of world 

population bring an expected increment in the global energy demand. Therefore the 

anthropogenic emission of greenhouse gasses such as water vapor, carbon dioxide, methane and 

nitrous oxide will increase dramatically [4]. Renewable energies (e.g. solar, wind, tidal power) 
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are not reliable enough to provide a continuous power due to their intermittent nature. For this 

reason, fossil fuels are still and important source of energy in any of their forms (petroleum, 

natural gas or coal). 

For all above exposed, reduction of GHGs emission thanks to the use of more environmental 

friendly fuels as natural gas, efficiency of industrial processes and research on totally renewable 

sources of energy are key issues in order to decrease the amount of this kind of emission. 

 

Figure 1.1. Evolution of fossil fuel and cement CO2 emissions [3]. 

 

2. Natural gas 

2.1. Natural Gas market. 

Natural gas has two main advantages: (i) there are large reserves and (ii) it is a cleaner burning 

fuel compared to other fossil fuels. Despite these qualities natural gas has also drawbacks: it is 

not available everywhere, it is not cost-competitive against other energy sources, it is not a 

renewable source, and it is not carbon neutral. Therefore, natural gas needs to be liquified for 

transportation or building long gas-pipelines from the resources to the consumer countries, 

meanwhile other fossil fuels are still cheaper than natural gas. Even though natural gas is more 

environmental friendly than coal or oil due to its lower emission of CO2, it still releasing GHGs. 

Despite all these disadvantages the consumption of natural gas is growing year by year, and it is 

expected to reach 4 000 billion of cubic meters (bcm) by 2020 [5]. In Table 1.1, world demand of 

natural gas is sorted out by different regions of the Organization for Economic Cooperation and 

Development (OECD).  

Even when the global economy has a slower growth like during the recent crisis, the growth in 

natural gas demand was 2.0% during this time. It is expected that the demand will reach 

3 980 bcm by 2019 despite the slight reduction of Europe consumption due to its lower growth 

in 2013. For example, the gas consumption grew by 1.3% in 2012. It is a higher growth demand 

than oil (1.0%) but lower, than the global renewable electricity generation (9.7%). It is expected 
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that the world gas demand is increasing by 2.4% per year over 2012-2018, which means a total 

increment of the gas demand of 15.6% during these years. [6] 

Table 1.1. World gas demand by regions (bcm) [5] 

Gas demand (bcm)/year 2000 2010 2012 2013* Δ2013/12 (%) 

OECD Europe 475 567 507 504 -0.7 

OECD Americas 794 851 902 920 2.0 

OECD Asia Oceania 131 198 225 229 1.8 

Africa 55 105 118 11 0.6 

Non-OECD Asia (exc. China) 155 288 287 283 -1.3 

China 28 109 147 166 13.3 

FSU/non-OECD Europe 597 681 693 680 -1.9 

Latin America 93 151 155 164 5.7 

Middle East 180 376 416 426 2.3 

Total (bcm) 2 508 3 326 3 450 3 490 1.2 

*2013 data are estimated 

Note: OECD Americas includes: Canada, Chile, Mexico and USA. OECD Asia Oceania includes: 

Australia, Israel, Japan, Republic of Korea and New Zealand. FSU: Former Soviet Union. 

 

Natural gas is consumed in different sectors. The sectors in which the global demand is divided 

are power generation which represent the 40% of the total consumption, following by its use in 

industry (24%) and as fuel for residential and commercial uses (22%).The next main use is as 

energy for industry own use (10%) and transport (3%) [5]. 

2.2. Natural gas resources and transportation. 

Global natural gas resources are even larger than oil resources, but they are mainly concentrated 

in two areas: the Former Soviet Union (FSU) and Middle East where almost three quarters of the 

natural gas resources are located. The 54% of the global proven reserves are concentrated in 

three countries: Russia, Iran and Qatar. Besides, the 40% of natural gas global proven reserves 

belong to Organization of the Petroleum Exporting Countries (OPEC). Nevertheless, since 1980, 

natural gas reserved has been doubled. In 2011, the proven reserves reached 232 000 bcm that 

corresponds to the total production of natural gas for 60 years at the current level [7].  

Transportation of natural gas has always been an important aspect for the use of natural gas. 

During the 1960s and 1970s decades, natural gas was considered like a by-product of oil 

extraction. It was only considered as a product where the proximity of the market allowed its 

direct usage without storage. For example, the oil exploration in The Netherlands and the 

development of the gas field in Groningen, promoted the construction of a national gas-pipeline 

network in the 1960s. In other case, natural gas was flattered or burnt releasing a big amount of 

GHGs to the atmosphere. In the recent decades, an important number of vast gas fields have been 

developed and improved to transport the natural gas. For example, gas export pipelines from the 
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North Sea oilfields to the shore or long-distance pipeline to connect Russia (a main gas producer) 

with Western Europe (one of the biggest markets) have been built. Furthermore, gas exportation 

by Liquified Natural Gas (LNG) terminals have been developed in South-East Asia, Western 

Australia and Middle East and a new way to commercialize natural gas has been built in Qatar, it 

is the large-scale gas-to-liquids (GTL) facilities. 

Natural gas has to fulfill some specifications in order to be transported through the pipe line or 

being liquified and transported as LNG. Inert gases entail a loss of energy content, hence extra 

costs in transportation. Carbon dioxide becomes acidic in presence of water and it can corrode 

pipes and other equipment of the system. In case of LNG, it can be frozen and block the pipeline 

system and produce failures during transportation [8]. The US pipeline transportation 

specifications of natural gas are specified in the Table 1.2. 

Table 1.2. US pipeline required specifications [9]. 

Component Specifications 

CO2 < 2% 

H2O (v) 120 ppm 

H2S 4 ppm 

C3+ content 
950-1 050 BTU/scf 

Dew point < -20 °C 

Inert gases 4% 

 

2.3. Natural Gas extraction and composition 

There are two conventional kinds of natural gas resources: associated and non-associated 

sources. On one hand, non-associated conventional sources are related to pure natural gas 

sources and associated sources are those in which natural gas is in the presence of oil. On the 

other hand, unconventional natural gas sources are those which are related to the hydraulic 

fracturing extraction such as tight gas, shale gas, coal bed methane (CBM) and methane hydrates 

[7]. This kind of methane resources are explained in the next section 2.4. 

The composition of natural gas depends on the origin of the resources according to the nature of 

the well, type of soil, origin of carbon material, etc. Different natural gas compositions from 

different regions are explained in the Table 1.3. Commonly, natural gas is defined as a mixture of 

light-weight alkanes, mainly methane with small amounts of ethane, propane, butane, iso-butane 

and pentanes. Furthermore, the main contaminants are carbon dioxide, carbon monoxide, 

oxygen, hydrogen sulfide, water vapor, and inert gases (mainly N2 and He).  
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Table 1.3. Composition of natural gas in different regions [8–10]  

Component U.S. 

NW-

Siberia 

(Russia) 

Groningen 

(Nether-

lands) 

Laeq 

(France) 

Uthmaniyah 

(Saudi 

Arabia) 

Ardjuna 

(Indonesia) 

CH4 (%) 75-90  78-98  81.3 69 55.5 65. 

C2H6 (%) -- -- 2.9  6  18  8.5 

C3+ content 

(%) 
-- 0.2  0.6  1.9 15.9  20.4 

CO2 (%) 1-10 0.02-2.7  0.9  9.3 8.9  4.1 

 H2S 
4-10 3 

ppm 
-- -- 15.3 % 1.5 % -- 

Inert gases 

(%) 
> 4 0.2-18  14.3 1.5 0.2 1.3 

 

The extraction and purification process of natural gas from conventional sources comprises 

several steps and it needs to be adapted to the composition of the source, the facilities available, 

wells location etc. There are three main goals in this procedure: i) upgrading of raw natural gas, 

ii) recovering of valuable component used in petrochemical industry and iii) natural gas 

liquifaction to be transported or storage. Despite of all differences from one source to another, a 

general procedure to obtain natural gas can be described [11].  

Once the slug is processed in the slug catcher to obtain the constant flow need for the further 

facilities, the gaseous fraction is firstly treated in the high-pressure separator, where the liquid 

fraction is separated from the different gases. Secondly, the raw gas goes to the gas sweetening 

unit (GSU) in order to remove mainly carbon dioxide and hydrogen sulfide gases, but it is also 

desirable the removal of mercaptans, carbonyl sulfide or carbon disulfide compounds. The 

operations to remove this type of gases are based on physical absorption using solvents with high 

affinity to the present gases like amine solvents. Nowadays, the standards for the air pollutant 

emissions are becoming stronger and stronger, there is a need for environmentally friendly and 

cost-effective methods to deal with the pollutant above mentioned. Afterwards, sweetened gas is 

directed to the gas dehydration unit. Once the gas is dried, it is sent to the hydrocarbon dew point 

control unit to obtain the pipeline specifications about hydrocarbon dew point and heating value. 

Finally, the gas pressure need to be arranged by high-pressure compressor and passing through 

the sales-gas meter before being introduced in the export pipeline [12]. 

2.4. New sources of methane: hydraulic fracturing and biogas. 

Hydraulic fracturing is being extensively researched in USA. The large amount of natural gas 

unconventional resources (Table 1.4) makes this technique an important tool in order to reduce 

energy dependency and natural gas imports. However, the competitiveness of this kind of natural 
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gas depends on the price of the conventional natural gas due to the higher extraction costs of 

these resources.  

Table 1.4. Distribution of natural gas resources in the world [6]. 

 Total gas [tcm] Unconventional by type [tcm] 

Region Conventional Unconventional Tight gas Shale gas CBM 

Eastern Europe 

and Eurasia 
160 43 10 12 20 

Middle East 132 12 8 4 0 

Asia Pacific 44 93 20 57 16 

OECD Americas 81 82 16 57 10 

Latin America 

(non-OECD) 
27 48 15 34 0 

Africa 41 38 8 30 0.1 

OECD-Europe 35 22 4 17 2 

World 519 337 78 210 48.1 

 

There are different kinds of resources where natural gas can be extracted by hydraulic fracturing: 

tight gas, shale gas and CBM. Tight gas is related to the natural gas contained in sandstones or 

limestone formations which have low permeability and low porosity. Shale gas is referred to the 

methane trapped in organic-rick clay rocks (shale). When the gas is adsorbed onto the coal in the 

coal seams, this gas resource is called CBM. There are still many challenges related to the 

production of gas from unconventional sources. Either related to the difficulties for the extraction 

(tight and shale gas) such as lack of local geology information, rocks permeability etc. Either the 

difficulties related to the constitution of the gas resources (CBM) [7].  

Fracturing techniques for gas and oil production started in 1950’s. However, the discovery of the 

Barnett Shale in United States in 1981 and its exploitation at the end of the 20th century 

represents one of the major commercial successes for the oil exploration of this kind of resources. 

After this, the implementation of horizontal drilling with hydraulic fracturing spreads shale gas 

exploration all around the world. 

Shale gas exploration is obtained by promoting the fracture of the shale to connect the natural 

fracture network to the wellbore. Firstly, the drilling is completed and then cement is pumped 

through the well in order to surround the mineral formation and the wellbore. This cement case 

is built for preventing freshwater aquifer contamination by means of the fracture fluid and for 

avoiding the leakage of the natural gas. Secondly, the fracturing fluid composed of water, sand 

and some chemicals are injected under high pressure to fracture the shale. It increases the 

permeability of the rock and the natural gas starts to flow. Subsequently, the flowback (part of 

the fracturing fluid) returns to the surface due to the subsurface pressures and the natural gas 
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flow is replacing gradually the volume of flowback. Finally, the natural gas is captured, stored, 

and transported to the processing units [13]. 

The obtained gas needs to be refined. This treatment includes the removal of contaminants such 

as oil, water vapor, acid gases (H2S and CO2), natural gas liquids, and other contaminants, such as 

thiols, and carbonyl sulfide (COS), apart from removing the sand and other large-particle 

impurities coming from the hydraulic fluid. The chosen gas processing depends on many factors 

that must be considered such as type and concentration of gas contaminants; degree of 

contaminant removal; temperature, pressure and feed composition of the natural gas obtained. A 

combination of the sweetening processes is needed to be able to remove large amounts of acidic 

gases ensuring its sufficient low concentration [13]. 

Another new source of methane is the so-called biogas. It is produced in the digestion of different 

organic materials resulting from different processes such as sewage plants, landfill, industrial 

waste and farm and agriculture productions. One of the main techniques to produce biogas is the 

anaerobic digestion of organic materials. This process takes place inside of a fermenter and the 

raw biogas produced is saturated with steam besides other gases such as carbon dioxide, 

ammonia, and hydrogen sulfide [14]. The final composition of the biogas would depend on the 

sources and the fermentation substrate used. In the Table 1.5, the typical range of composition is 

detailed.  

Table 1.5. Typical ranges of biogas composition before the upgrading [14] 

Component Typical range (%) 

CH4 45-75 

CO2 25-55 

H2O 3-1 

N2 0.01-0.5 

H2S 0.006-2 

Organic sulfur compounds <0.002 

NH3 <0.0006 

 

The process of biogas upgrading starts in the fermenter where the raw gas produced leaves it 

saturated by water and at pressure about 1.1 bar and 30 °C. Afterwards, CO2 and H2S need to be 

removed by water scrubber, carbon molecular sieves (CMS) or membrane technologies in order 

to continue with the ultimate dehydration of upgraded gas. Finally, it is compressed and 

introduced in the natural gas grid. Typical biogas plants produce flow rates of less than 

4000 m3/h. The main drawback of biogas upgrading are the energy requirements of the processes 

to remove CO2, H2S or water; the big facilities and the need of other compounds such as amines, 

activated carbon, etc. for the upgrading; and finally, the low CH4 partial pressure in the outlet and 
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therefore, the need of compression [15]. Furthermore, the feasibility of biogas in remote and rural 

areas is limited by the transporting costs of the organic feedstocks to produce the final 

biomethane [16]. In the Table 1.6, a summary of some current and operating plants of biogas and 

their purification technologies is explained. 

Table 1.6. Summary of biogas purification process in different actual plants [17]. 

Country Biogas feedstock CH4 

purity 

[%] 

CO2 removal 

technology 

H2S removal 

technology 

Czech Rep. Sewage sludge 95 Water scrubber Water scrubber 
France Sewage sludge, landfill 96.7 Water scrubber Water scrubber 

Germany Biowaste 99 CMS CMS 
Sweden Sewage sludge, 

vegetable waste 
97 Water scrubber, 

CMS 
Activated carbon, 
water scrubber. 

The 
Netherlands 

Landfill, sewage sludge, 
green waste 

88 Membranes, CMS, 
water scrubber 

Activated carbon, 
water scrubber. 

 

In these new sources of methane (shale gas and biogas), membrane technology can play an 

important role mainly due to the versatility of this technology, their lower capital costs and the 

smaller facilities needed [18].  

 

3. Traditional/competitive separation technologies for acid gases removal from 

natural gas 

The traditional technologies for acid gases removal are based mainly either on chemical/physical 

absorption, either on adsorption. The applied option will depend on the required specification, 

the amount of flux processed and the composition of the raw natural gas [11].  

3.1. Absorption processes 

In this process, the acid gases are removed from the gas stream using two different mechanisms: 

(i) chemical absorption and (ii) physical absorption using different solvents. Among the chemical 

absorption processes, amine scrubber is a very well-known technique where CO2 and H2S react 

with different amine compounds like monoethanolamine, diethanolamine, triethanolamine, di-

isopropanolamine, or diglycolamine. The selection of each compound depends on the 

composition and the operating conditions of the raw gas. Other chemical absorbers used are 

potassium carbonate which form a mild alkali, or a caustic wash (NaOH) which is able to absorb 

not only CO2 and H2S, but also mercaptans [11]. 

Physical absorption processes can be also applied to remove acid gases, it is preferred when CO2 

is present at high concentrations and high partial pressures. In this case, solvents are chemically 
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inert and they do not form heat-stable salts with CO2 [19]. Different commercial physical solvents 

have been used. In the Rectisol process, pure cold methanol is used; in SelexolTM process, 

polyethylene glycol dimethyl ether is used. Purisol® process was developed by Lurgi Oel Gas 

Chemie GmbH where n-methyl-2-pyrrolidone (NMP) is used. The other main process is the Fluor 

Solvent, patented by the Fluor Corporation, in which anhydrous propylene carbonate is used as 

the chosen solvent. One of the combined processes capable to remove the main acid gases (CO2 

and H2S) and trace components like COS, CS2 mercaptans and polysulfides is Sulfinol®. This 

process consist of a physical absorption using sulfolane, followed by a chemical absorption using 

di-isopropanolamine or methyildiethanolamine [11,20].  

3.2. Adsorption processes 

Adsorption processes are based on the interaction of the desired molecule and adsorbents, 

normally: zeolites, ordered mesoporous materials, carbon molecular sieve materials or metal 

oxides. Although new materials such as metallic organic frameworks (MOFs), ionic liquids, etc.; 

are under investigation for being applied in this field [21].  

Adsorption processes can operate at a wider temperature range than absorption processes, 

therefore, a more optimize process can be used depending on the raw feed stream conditions. 

The key parameter for adsorbent selection is the finding of compromise between the strong 

affinity of the gas to this specific adsorbent and the required energy for gas desorption (adsorbent 

regeneration) [21]. Other main parameter of these processes is the adsorbent regeneration 

method: pressure or temperature swing. Both parameters, besides the adsorbent packing and the 

process configuration will determine the performance and the work capacity of the final 

processes [22]. The main problem of adsorption processes is the eventual generation of solid 

wastes that is difficult to be disposed of due to their high environmental impact [23]. 

Separation in this process is achieved due to the fundamental properties of the gas, such as its 

polarity or its quadrupole moment. However, depending of the porous structure of the adsorbent, 

other separation mechanisms can be presented: (i) molecular sieving effect which is related to 

the size exclusion of one of the gas over the mixture; (ii) thermodynamic equilibrium effect due 

to preferential gas-surface interactions; and (iii) the kinetic effect related to the differences in the 

diffusion rate of each component of the mixture [24]. 
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3.3. Comparison between traditional and membrane technologies 

Although membrane technology has some advantages compared to traditional separation 

technologies, some drawbacks are still remaining compared to the traditional technologies such 

as limitation for achieving high purity products, sometimes higher capital costs and the difficulty 

of apply this technology in large-scale operation due to the lack of reliability. Furthermore, 

membrane technologies can be combined to other separation treatment to optimize the overall 

process. Membrane technologies can play a key role where the non-high purity and small scale 

applications are needed such as CO2 sequestration [25].  

Although membrane technology is a more recent application than amine absorption treatment 

which has been optimized for a long period, membranes present some advantages compared to 

amine absorption. The energy consumption and the maintenance costs are lower than for amine 

absorption, if compression is not needed. In the majority of the cases, membrane technology 

would be a suitable processes for natural gas sweetening because compression is not needed due 

to the naturally compressed feed streams [22]. According to the different types of membrane 

capital costs, delivery and installation times are lower than for the construction of amine 

scrubbers.  

The pre-treatments needed in membrane technology are mainly the removal of particles and the 

dehydration for avoiding the water condensation inside the membrane system, these pre-

treatment costs may be comparable or slightly higher for membrane technologies compared to 

amine absorption. Furthermore, membranes are easy to operate with, and their environmental 

impact is lower.  

The main disadvantages that membrane presents are related to the operating issues. The 

hydrocarbon losses are higher than using amine absorption. According to the purity, amine 

scrubbers can reach ppm levels, however for membranes, it is difficult to obtain even <2% 

concentrations [26]. Other challenges, regarding material selection, which polymeric membranes 

need to overcome in order to extend their use into large-scale applications, are described in 

section 6.5.  

 

4. Development of membrane technology for gas separation 

The first study of gas permeability was carried out by Thomas Graham and it dates from the 

middle of 19th century. Thomas Graham started the study of gas permeability measuring the 

permeate of all gases known through the available diaphragms over 20 years and he proposed 

the first theory about gas diffusion-solution [27]. It was not the middle of 20th century when 
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Barrer [28] and Meares [29] made the first systematical study of gas permeability and established 

the basis of the current theory of gas permeability through diffusion-solution model which is still 

accepted nowadays.  

The first industrial application of membrane technology in gas separation was implemented by 

Monsanto for the separation of hydrogen from ammonia-plant in purge-gas streams by means of 

PRISM® membrane system in 1980 [30]. Latterly, PRISM® systems were installed worldwide in 

Monsanto factories. This achievement was possible thanks to the previous development of the 

anisotropic membranes made by Loeb-Sourirajan which provides high fluxes and the 

development of hollow-fiber and spiral wound modules which allows high surface spatial 

arrangements [31].  

In the mid-1980’s, after Monsanto success, other companies developed membrane plants for 

carbon dioxide removal in natural gas applications such as Cyanara, Separex and Grace 

Membrane Systems using cellulose acetate (CA) to produce the membranes. Moreover, Dow 

chemical launched also in mid-1980’s the first commercial membrane system for separation of 

nitrogen from air. It encouraged the development of new materials with higher selectivities by 

Ube, DuPont and Air Liquid which allowed the expansion of the application areas of membranes 

in nitrogen separations. Nowadays there are more than 10 000 nitrogen systems implemented 

worldwide [31]. In the Figure 1.2, the main milestones of membrane history are detailed. 

 

Figure 1.2. Milestones on membranes for gas separation adapted from [31]. 

 

5. Membrane transport mechanisms in gas separation processes 

Transport through membranes can occur by two additive transport mechanisms: viscous 

transport and molecular diffusion. Viscous mass transport is, in fact, the transport of momentum 
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and results from an overall driving force acting on a fluid (e.g. a gradient in pressure [N m-3]) that 

is opposed by viscous forces. In the case of viscous flow in a porous medium, the velocity of a fluid 

can be calculated with Darcy’s Law (Eq.1.1): 

𝜐 =  −𝐾
𝑑𝑝

𝑑𝑧
          Eq.1.1 

Here dp/dz is the gradient in pressure and K is a parameter that describes the porous nature of 

the material. Because in viscous flow the velocity of all species present in a fluid mixture is 

identical, no molecular separation can be established. The flux of each species i can simply be 

calculated by multiplying the fluid velocity with the species concentration (ci [moli m-3]). 

𝑁𝑖 =  −𝑐𝑖𝐾
d𝑝

d𝑧
          Eq.1.2 

In contrast to viscous flow, transport by molecular diffusion can be distinct for different species 

present in a mixture. Molecular diffusion relates to individual thermal motions of molecules. The 

rate of these motions depends on the molecular properties of a species, i.e., different species can 

have a different mobility. In addition, the overall movement of a species in a certain direction 

requires a driving force in that direction, originating from a gradient in temperature, pressure, or 

(electro)chemical potential etc. These driving forces are different for different species (which is 

also apparent from their unit [N moli-1]). For many systems the only driving force is the gradient 

in chemical potential. When such systems can be considered “thermodynamically ideal” the 

transport can be described by the law of Fick (Eq.1.3) [32] in which the flux is considered to be 

proportional to the gradient of the concentration: 

𝑁𝑖 = −𝐷𝑖
𝑑𝑐𝑖

𝑑𝑥
          Eq.1.3 

Here the parameter of proportionality Di (cm2/s) is the diffusion coefficient, which is related to 

the molecular mobility.  

5.1. Porous membranes 

Porous membranes in gas separation are based mostly on sintered metal oxide particles (Al2O3, 

TiO2…), carbon sieves, and zeolites. When the membrane pores are larger than 0.1 µm and a 

pressure difference exists over the membrane the predominant transport mechanism is viscous 

flow. For this case the law of Darcy be written into the Eq. 1.4: 

𝑁 =
𝑟2𝜀

8𝜂𝜏
∙

[𝑝0−𝑝𝑙][𝑝0+𝑝𝑙]

𝑙∙𝑅𝑇
         Eq.1.4 

Where N is the flux of the gas, ε is the porosity of the membrane, r the pore radius, η is the viscosity 

of the gas,  is the tortuosity, l the membrane thickness, and p0 an pl are the absolute pressures of 
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the gas on both sides of the membrane. The term of [p0 + pl] is related to the concentration of the 

gas, via the ideal gas law. 

When the membrane pore diameter size is comparable to, or smaller than, the mean free path of 

the diffusing gas, transport is denominated by so-called Knudsen diffusion. In this case, the 

collisions between the gas molecules are less frequent than the collisions between the pore walls 

and the gas molecules [33]. Knudsen diffusion can be described by the Eq.1.5 where N is the flux 

of the gas, M is the molecular weight of the gas, ε is the porosity,  the tortuosity, r the pore radius, 

l the thickness of the membrane, and p0 an pl the absolute pressures of the gas at the beginning 

and the end of the pore. In Knudsen diffusion the flux is directly related to the molecular weight 

of a species, and hence molecular separation is possible.  

𝑁 =  
4𝑟𝜀

3𝜏
∙ (

2𝑅𝑇

𝜋𝑀
)

1
2⁄

∙
𝑝0−𝑝𝑙

𝑙 𝑅𝑇
        Eq.1.5 

An additional type of gas diffusion that can take place in porous membranes is surface diffusion. 

It can occur in small pore-diameter membranes below 100 Å, which entails significant surface 

areas in the range of 100 m2/cm3. It takes place when the gas presented in the system is adsorbed 

onto the walls of the pores. Surface diffusion represents activated transport of adsorbed species 

along the pore wall. When the condensability of the gas is higher, the amount of adsorbed gas 

increases, and the contribution to the flow of surface diffusion mechanism increases. In this case 

the gas separation is influenced by the differences in sorption of individual species. The efficiency 

of separation increases when the adsorption of the condensable species can restrict or even block 

the permeation of the less condensable gas [34].  

5.2. Dense membranes 

Permeation in dense polymeric membranes is based on a combination of sorption of species at 

the membrane gas interfaces and molecular diffusion. The membrane permeability P results from 

this combination and is expressed by the solution-diffusion model (Eq.1.6). 

𝑃 = 𝐷 ∙ 𝑆          Eq.1.6 

where S is the sorption coefficient and D is the diffusion coefficient. The sorption coefficient 

relates the amount of gas component sorbed into the membrane to the gas partial pressure. It 

depends on the condensability of the gas and the physicochemical properties of the material. 

When the amount of gas dissolved in the polymer is small sorption can be expressed by Henry’s 

Law. The diffusion coefficient is arisen in Eq. 1.3 via the law of Fick [35]. It relates to the molecular 

mobility of the gas species inside the membrane material. It is determined not only by the packing 
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and the segmental mobility of the polymeric chains, but also by the size and the shape of the gas. 

S and D are dependent on temperature and the gas concentration [36]. 

When the solution-diffusion model is applicable the ideal selectivity of the membrane can be 

expressed by Eq.1.7. It is the ratio of the diffusivity coefficients (diffusion selectivity) multiplied 

by the ratio of sorption coefficients (solubility selectivity) [35]. 

𝛼𝐴 𝐵⁄ =
𝑃𝐴

𝑃𝐵
=

𝐷𝐴

𝐷𝐵
∙

𝑆𝐴

𝑆𝐵
         Eq.1.7 

 

6. Polymeric Membranes 

6.1. Types of polymeric membranes 

There are two main types of membrane configuration for gas separation applications: flat sheet 

membranes and hollow fibers. Among flat sheet configuration three different types of membranes 

can be distinguished: (i) homogenous or dense membranes, (ii) anisotropic or Loeb-Sourirajan 

membranes and (iii) thin film composite (TFC) membranes. These membranes are mostly 

manufactured in spiral-wound modules. 

In laboratory scale, new polymeric materials are tested in the form of dense membranes due to 

the easiness to obtain a defect free film by means of solvent evaporation method. Anisotropic 

membranes are mainly manufactured by phase inversion method in a coagulation bath. TFC 

membranes are prepared in a combination of the previous methods. Porous support is prepared 

mainly by phase inversion, where a top layer is applied by dip or spin coating, and a very thin 

layer from a different material than the support is formed when the solvent is evaporated [33]. 

 
Figure 1.3. Different types of polymeric membranes. A) Dense, B) Loeb-Sourirajan and C) TFC membrane 

For industrial applications, the two types of membranes mainly used are on one hand, Loeb-

Sourirajan membranes where the same material is used not only for the microporous support but 

also for the selective layer. On the other hand, in thin film composite membrane the selective layer 

is made from a different material than the rest of the support; using high performance and more 

costly materials for manufacturing this skin layer. In order to produce a square meter of Loeb-

Sourirajan membrane around 50 g of polymer are needed. On the contrary, thin film composite 

membranes only need between 1 and 2 g to form a square meter of selective layer [37]. An 
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illustrative affordable cost of selective layer polymers regarding process characteristics has been 

calculated by Baker et al [38]. The estimated cost given is 50 US-$/m2 of membrane. Depending 

on the technique used for membrane production, the affordable cost of the polymer is 1 000 US-

$/kg of polymer using Loeb-Sourirajan and between 25 000 US-$ and 50 000 US-$/kg of polymer 

using TFC membranes. 

The other main type of membranes used in gas separation is capillary membranes. These 

membranes can be classified according to their diameter: (i) hollow fibers present an outer 

diameter ranging from 0.08 mm to 0.8 mm; (ii) capillary membranes are between 0.5-5 mm and 

(iii) tubular membranes have a diameter between 5 and 25 mm [33]. Hollow fibers membranes 

are the most used ones in gas separation application. This configuration has several advantages 

compared to flat-sheet membranes such as i) significantly larger membrane area per volume unit 

of membrane module, increasing the productivity, ii) easy cleaning by back flushing for liquid 

separation, and iii) easy and cheap production not only the hollow fiber itself, but also the module 

fabrication. The different properties of the hollow fiber are determined by its pore size and pore 

distribution, the thickness of selective layer, and the type of polymer used which gives the 

physical and chemical properties of the final hollow fiber, apart from the intrinsic permselectivity 

for gas separation [39]. 

6.2. Membranes modules 

Membrane module design and operational conditions are crucial in order to optimize each 

separation process. Membrane modules need to fulfill some requirement to obtain the best 

possible separation like good mechanical and thermal properties, high chemical resistance, high 

packing density, low pressure drop, ease of maintenance and operation, low cost manufacturing, 

compactness of the system scale, and membrane replacement possibility [33,40].  

There are mainly three different types of modules in the according to the type of membrane used. 

They are plate-frame, spiral wound and hollow fiber modules. In the Table 1.7, a comparison 

between the main aspects of the different modules can be observed.  

Table 1.7. Module properties comparison [41] 

 unit Plate-frame Spiral Wound Hollow fiber 

Packing density m2/m3 30-500 200-1 000 500-10 000 

Area per module m2 5-20 20-40 300-600 

Manufacturing Cost US-$/m2 High (50-200) Medium (10-50) Low (2-10) 

Pretreatment needs  Minimal Fair High 

 

In the plate-frame module, flat sheet membranes are placed in sandwich configuration with the 

feed streams are facing each other and a spacer between them is used. A certain number of plate-
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frames are used to build up a stack where they are sealed and packed using two end-plates. The 

main disadvantages of these modules are the low packing density and the high drop pressure 

across the modules. Nevertheless, it is very simple a membrane in case they have been damaged 

and the particle blocking of the channels is very low [40]. 

Spiral-wound module was the logical development of the membrane modules. In this 

configuration an envelope consisted of two membranes and a spacer is rolled up on itself. The 

feed stream flows in axial direction between the membranes, then the permeate goes to the 

central permeate collection pipe. These modules have higher packing density and a lower 

pressure drop than plate-frame ones, the main disadvantages are the difficulty to clean them and 

the long permeation path [33].  

Hollow fibers modules are the most extended modules for gas separation applications. It consists 

of a highly packed bundle (around 50%) which contains on the order of 105 hollow fibers fixed in 

the edges of the module by a polymer epoxy resin or any stable material suitable for the 

application. This bundle is placed in a polymeric or metal pressure vessel depending on the 

working conditions of the process where it is going to be applied [42]. Feed flow can be applied 

in the bore or the shell side of the hollow fiber module depending on the application. When the 

feed is introduced through the bore side (lumen) of the hollow fiber, permeate is collected of the 

outer side of the hollow fiber. On the contrary, when the feed enters through the external side of 

the hollow fiber, the permeate is collected in the inner part of the fibers [40].  

6.3. Commercial polymers used in Membrane technology for natural gas separations 

In the past decades, many different polymers have been studied for gas separation applications. 

However, only a few polymers are used in industrial applications nowadays. Two different types 

of polymers can be distinguished: rubbery and glassy polymers. The most common rubbery 

polymers used in industry are polydimethylsiloxane (PDMS), or ethylene oxide / propylene oxide 

copolymers. Among the glassy polymers, more kind of polymers can be found. The most common 

glassy polymers used are cellulose acetate, polyperfluorodioxoles, polycarbonates (PC), 

polyphenylene oxide (PPO) or polysulfone (PSf) [43]. 

Polymers used in the industry have to fulfill some requirements such as high permeabilities, high 

selectivities, good mechanical properties, long-term stability of the properties, ability to be 

manufactured on asymmetric configuration, either flat sheet membranes either hollow fiber 

configuration, and low cost.  

However, main configuration of membranes for gas separation applications is using hollow fibers 

membranes. They are asymmetric membranes in fiber configuration. It allows high membrane 
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surface area and the possibility to treat high ratios of membrane surface to module volume 

(>1 000 m2/m3). Therefore, the foot-print of the installation decreases significantly, the cost of 

the modules is lower, and the final cost of the installation decreases too [44].  

Among the main membrane suppliers, very famous chemical companies such as Air Products, 

Dow Chemical, Praxair, DuPont, etc. can be found. There are only a few different types of polymers 

used for commercial application. The majority of the market is occupied by these commercial 

brands. These materials are listed in the Table 1.8. 

Table 1.8. Main commercial membrane materials and suppliers [45]. 

Polymer Application Supplier 

Silicone rubber 

coated with PSf 

Hydrogen recovery 

Nitrogen generation 

Air drying 

Monsanto/Air Products 

Cellulose Acetate CO2/CH4 separation Dow Generon, Membrane 

Systems, Air Products 

Brominated 
polyester carbonate 

Nitrogen generation Dow Generon 

Polyarimid Hydrogen separation DuPont 

Polysulfone Nitrogen generation Praxair 

Polyimide Hydrogen recovery Ube, Air Liquide, Praxair 

Polyetherimide Helium Recovery GKSS 

Fluorosilicone Oxygen enrichment Asashi Glass 

 

6.4. Recent polymer materials for gas separation 

In the past decades, an extensive research has been carried out in order to explore new 

alternative materials with improved properties. Intensive research has been done about different 

glassy polymers, especially polyimides due to their outstanding chemical, thermal and 

mechanical properties [35,46]. Other polymers that have received attention are amorphous 

fluoropolymers, substituted polyacetylenes, high-temperature polymers and thermally 

rearranged polymers, polymers of intrinsic microporosity (PIM’s) and polyimides [47]. 

6.4.1.  Amorphous perfluoropolymers 

The most famous perfluoropolymer is poly(tetrafluoroethylene) (PTFE) which is known for an 

outstanding chemical resistance under harsh chemical and thermal conditions due to the high 

energy C-F bonds. This kind of polymers could be used for natural gas separation due to their high 

plasticization resistance to CO2 and other hydrocarbons. However, their high degree of 

crystallinity entails very low permeabilities, making these polymers not suitable for gas 

separation applications [48]. The discovery in the 1980s the amorphous perfluoropolymers 

(Teflon AF® from DuPont and Hyflon AD® from Solvay Solexis) made possible the application of 
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these polymers into the gas separation membrane technologies [49,50]. The main difference 

between these polymers and traditional ones is that the amorphous perfluoropolymers are based 

on copolymers of tetrafluoroethylene and 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole 

where the bulky dioxole monomer prevent the chain packaging, thus the crystal formation [51]. 

The research in this field continues and new polymers have been synthesized such as 

polyperfluoropropylvinylether (PPFPVE) [52], copolymers based on perfluoro(2-methylene-4,5-

dimethyl-1,3-dioxolane) and perfluoro(2-methylene-1,3-dioxolane) [53]. The performance of 

this type of polymer can be observed in the Table 1.9. 

Table 1.9. Amorphous perfluoropolymers gas separation data. 

Material 
Exp. Conditions Permeability [Barrer]a Selectivity  

CO2/CH4 
Ref. 

T [°C] ∆P CO2 CH4 

Teflon AF2400® 35 27 bar 2 200 390 5.7 [51] 
Hyflon AD80® -- -- 150 12 13 [51] 
PPFPVE 22 1 bar  141 11.3 12.5 [52] 
Dioxolane Copolymer 22 4.5 bar 330 [GPU]b 9.7 [GPU]b 34 [53] 
aBarrer = 10-10 (cm3(STP)·cm)/(cm2·s·cmHg); GPU = 10-6 cm3(STP)·/(cm2·s·cmHg) 

 
6.4.2.  Substituted Polyacetylenes 

Substituted polyacetylenes are glassy polymers that belong to the type of highly permeable 

materials. The first type of this polymer was reported in 1983 by Masuda et al. [54]. This polymer 

was poly-1-trimethylsilyl-1-propyne (PTMSP). Other examples of substituted polyacetylenes are 

poly-4-methylpentyne (PMP) [55], poly-1-phenyl-2-(p-trimethylsilylphenyl)acetylene (PTMSPA) 

[56], or poly(diphenylacetylene) (PDPA) and derivatives [57] 

The main characteristic of these amorphous glassy polymers are high glass transition 

temperatures above 200 °C, low densities, very high gas permeabilities and low selectivities [47]. 

The high permeability is due to the presence of bulky side groups that force the backbone of the 

chain into a twisted shape, then the random packing of the chains gives a very high free volume 

(e.g. for PTMSP, it is 0.34 [47]). Free volume of these polymers has been studied by molecular 

modelling and positron annihilation lifetime spectroscopy (PALS), these studies disclose two type 

of free volumes: (i) small disconnected elements like in normal glassy polymers and (ii) larger 

continuous microvoids. The combination of both types of free volumes brings the outstanding 

permeability due to the high diffusion coefficient [58]. The selectivity is controlled by the 

solubility selectivity, contrary to the normal glassy polymers. In the case of PTMSP, large 

condensable gases penetrate better than small ones; it entails so-called reverse selective polymer 

membrane. The potential applications for these membranes are removal of higher hydrocarbons 

from hydrogen streams, or recovery of organic vapors. However, these polymers have some 

drawbacks such as lack of chemical resistance and long-term stability, limited selectivity and the 

rapid loss of permeability due to the aging [47]. 
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Table 1.10. Substituted Polyacetylenes gas separation data. 

Material 
Exp. Conditions Permeability [Barrer] Selectivity  

O2/N2 
Ref. 

T [°C] ∆P O2 N2 

PTMSP 25 -- 6 100 3 400 1.8 [54] 
PMP 25 -- 1 330 2 700 2.0 [55] 

PTMSPA 25 -- 1 100 520 2.1 [56] 
PDPA 25 1 atm 1 800 960 1.9 [57] 

 
6.4.3. High Temperature polymers 

One of the limitations of polymeric membranes is the working temperature threshold where the 

membrane is still functional without being thermally degraded and it preserves its chemical 

resistance. Polypyrrolone (PYRR), polybenzimidazole (PBI), or polybenzoxazole (PBO), are 

examples of high temperature polymers, which possess high glass transition temperatures, and 

high decomposition temperatures [47].  

Polypyrrolone has fused ring systems which are a double-stranded aromatic heterocyclic 

structure with the absence of C-H and N-H aliphatic weak bounds. These polymers are based on 

aromatic dianhydrides as well as polyimides; however, polypyrrolones are based on aromatic 

tetraamines, not aromatic diamines as it is in the case for polyimides [59].  

PBI is an outstanding polymer for applications at high temperature and harsh environmental 

conditions due to its excellent mechanical chemical and, of course, thermal properties. The glass 

transition temperature is around 430 °C and decomposition temperature between 600-650 °C 

[60]. It has been tested for different gas separation at high temperatures (200-270 °C) showing a 

good selectivity for H2/CO2 and CO2/CH4 mixtures [61], furthermore it shows a high CO2 

plasticization resistance due to the rigidity of its polymeric chains [62]. However, PBI displays a 

very low gas permeability due to its chain rigidity and strong intermolecular hydrogen bounds 

that promote a dense packing structure [63].  

The main characteristic of PBO polymers is its extreme chemical resistance which makes them 

impossible to dissolve in the common solvent used in membrane preparation. This type of 

polymer is only soluble in poly(phosphoric acid) that leads to hydrolysis reaction of oxazole rings 

in moisture environments due to the acid residues and a well-known aging problem at elevated 

temperatures [64]. This problem was overcome by Park et al. [65] by means of thermal 

rearrangement of soluble aromatic polyimides containing ortho-positioned functional groups. 

These membranes shows remarkable separation behavior for gas mixtures, specially CO2/CH4, 

due to their unusual microstructure composed by a tunable cavity size depending on the template 

and the heat treatment used [66]. Some of the separation data, obtained using this type of 

polymers, are tabulated in the Table 1.11. 



 

24 
 

Table 1.11. High Temperature polymers gas separation data 

Material 
Exp. Conditions Permeability [Barrer] Selectivity  

CO2/CH4 
Ref. 

T [°C] ∆P CO2 CH4 

PYRR 35 -- 27.6 0.54 51.1 [67] 
PBI 35 20 atm 0.16 0.0018 88.88 [68] 
PBI 25 20 bar 0.025 0.005 5 [69] 

PBI composite 250 50 psi 0.108[GPU] 0.012[GPU] 9 [70] 
PBO 30 3 bar 92 1.5 61 [71] 

p-PBO 35 1bar 53 1.4 38 [72] 

 

6.4.4. Thermally Rearranged Polymers 

The main characteristic of these polymers are their high selectivity and permeability, exceptional 

CO2 induced plasticization resistance, and good chemical stability. At the beginning, thermally 

rearranged (TR) polymers were based on the thermal conversion of soluble aromatic polyimides 

at high temperatures (generally >400 °C) into polybenzoxazole (PBO) and polybenzothiazole 

(PBT) depending on the functional group of the precursor, -OH or -SH respectively, as proposed 

by Park et al. [65]. Nowadays, this post-production treatment is being applied to different type of 

precursor polymers such as PBIs [63], PIMs [73], copolymers based on PBO and PI, named 

poly(benzoxazole-co-imide) (PBOI) [71,74–76], poly(ether benzoxazole) [77], poly(benzoxazole-

co-amide) (PBOA) [78] or different PIs [79]. The main characteristic of this type of polymers is its 

high selectivity and permeability, especially CO2/CH4, due to its exceptional microstructure with 

tunable cavities depending on the template molecules and heat treatment protocols. It brings a 

tool to control the average interchain spacing and the free volume. These parameters improve 

the selective molecular transport mechanisms, including the direct molecular sieving effect [80]. 

In the Table 1.12, some gas separation data for TR-polymers can be observed.  

Table 1.12. Thermally Rearranged polymers gas separation data 

Material Exp. Conditions Permeability [Barrer] Selectivity 
CO2/CH4 

Ref. 
T [°C] ∆P CO2 CH4 

Random-TR-
PBOI 

35 1 atm 114 2.7 42 [76] 

Block-TR-PBOI 35 1 atm 79 1.7 46 [76] 
TR-PBOA 35 10 bar 0.52 0.014 37 [78] 
PIM-PBO 25 1 bar 348 16 22 [81] 

spiroTR-PBO-6F 35 760 torr 675 34 20 [82] 
TR-PBO RT 760 torr 4 201 151 28 [83] 

 

6.4.5. Polymers of Intrinsic Microporosity 

Polymers of Intrinsic Microporosity, PIMs were developed by McKeown et al. [84] in order to 

synthesize polymers with amorphous microporous structures similar to active carbon. The first 

attempt was the incorporation of extended aromatic components to imitate the graphene sheets 

by means of the introduction of phthalocyanine macrocycles which present extended planarity in 
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the rigid polymer network. However, these planar structures tend to stack themselves due to 

strong π-π interactions producing non-porous materials. The conclusion from these results was 

the need of a highly rigid and nonlinear linking group which ensures an inefficient packing. The 

spiro-centre, a sp3 carbon shared by two rings, provides the nonlinear shape and the required 

rigidity due to the fused ring. This spiro-center group can be found in the commercially available 

monomer 5,5’,6,6’-tetrahydroxy- 3,3,3’,3’-tetramethyl-1,1’-spirobisindane. 

Depending on the starting monomers used in the synthesis, different PIMs can be obtained. The 

first PIMs synthesized by Budd et al. [85] were PIM-1 using 5,5’-,6,6’-tetrahydroxy-3,3,3’,3’-

tetramethyl-1,1’-spirobisindane and tetrafluoroterephthalonitrile. PIM-7 was prepared by 

reacting the previously mentioned spiro monomer with 7,7’,8,8’-tetrachloro-phenazyl [86]. PIMs-

1-6 were synthesized by means of dibenzodiozane forming reaction between different aromatic 

tetrol monomers and the appropriate aromatic fluorine compounds [87]. PIMs-7-10 were 

synthesized by Ghanem et al. [88] based on bis(phenazyl) and tetrachloride monomers. 

Moreover, cardo-PIM-1 and 2 synthesized using phenazyl monomers and 9,9-bis(3,4-

hydroxyphenyl)- fluorine in order to obtain PIMs that contain fully fused-ring chains and compare 

them with the normal PIMs. This type of polymer can be functionalized by means of hydroxyl 

amines where the nitriles group of PIM-1 are reacted in order to obtain amidoxime-functionalized 

PIM-1 (AO-PIM-1) [89] or modified using multivalent metal ions by means of the hydrolysis of CN 

by soaking the membranes in NaOH solutions to form COONa groups that can be exchanged by 

other metal ions [90]. Du et al. [91] synthesized new PIMs using 2,2’,3,3’-tetrahydroxy-1,1’-

dinaphthyl (THDN) in order to obtain different contortion angles than the spirobisindane, and 

tricyclicmonomer: 2,3,7,8-tetrafluoro-5,5’,10,10’- tetraoxide thianthrene (TFTOT) to introduce a 

longer distance between the contortion centers. The data available for CO2/CH4 separation are 

showed in the Table 1.13. 

Table 1.13. PIMs gas separation data. 

Material 
Exp. Conditions Permeability [Barrer] Selectivity  

CO2/CH4 
Ref. 

T [°C] ∆P CO2 CH4 

PIM-1 30 200 mbar 2 300 125 18 [86] 
PIM-7 30 200 mbar 1 100 62 18 [86] 

Cardo-PIM-1 30 200 mbar 430 22 20 [88] 
AO-PIM-1 30 2 bar 1 153 34 34 [89] 
PIM-1-Na 35 2 atm 2 734 278 10 [90] 
PIM-1-Ca 35 2 atm 5 112 491 10 [90] 
PIM-1-Mg 35 2 atm 3 719 293 12.7 [90] 
PIM-1-Al 35 2 atm 1 944 90 22 [90] 
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6.4.6. Polyimides. 

Polyimides are one of the glassy polymers more studied [25,92–95] for gas separation 

applications due to its outstanding mechanical, chemical and thermal properties, and their ability 

to form films. Furthermore, they present remarkable permselectivity features compared to other 

glassy polymers such as polysufones or polycarbonates. Polyimides are normally synthetized 

through a polycondensation reaction using aromatic acid dianhydrides and aromatic diamines. 

There is a great versatility of the synthesis due to the wide range of different diamines and 

dianhydrides commercially available in the market which allows a systematic study of the 

relationship between chemical structure and gas separation properties.[96]. In the Figure 1.4, the 

general structure of polyimides is depicted where R1 is related to the dianhydride structure and 

R2 to the diamine. It is possible to form different copolyimides using either two different 

dianhydrides either two different diamines.  

 
Figure 1.4. General structure of polyimides 

 

In the Figure 1.5, chemical structure several of the most common dianhydrides (4,4’-

Hexafluoroisopropylidene) diphthalic anhydride (6FDA), 3,3',4,4'-thiadiphthalic tetracarboxylic 

dianhydride (BPDA), 3,3',4,4'-benzophenone tetracarboxylic dianhydride (BTDA), and 4,4′-

Oxydiphthalic anhydride (ODPA) used for the synthesis of polyimides are presented.  

            

             

Figure 1.5. Common dianhydrides monomers A) 6FDA, B) BPDA, C) BTDA and D) ODPA 

  

A) B) 

C) D) 
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6.4.6.1. 6FDA based polyimides 

(4,4’-Hexafluoroisopropylidene) diphthalic anhydride (6FDA) fluoropolyimides combining 

different diamines (e.g. m-phenylenediamine (mPDA), 2,4,6-trimethyl-1,3-diaminobenzene 

(DAM), 3,5-diaminobenzoic acid (DABA), (4,4’-Hexafluoroisopropylidene) diamine (6FpDA), etc. 

see Table 1.14) have been extensively studied in the recent years [73,97–102]. Usually, these 

polyimides are home-synthesized using a two-step polycondensation reaction. In the first step, 

polyamic acid is formed by polycondensation of the dianhydride and the different diamines. In 

the second step, the cyclization of amide groups is obtained by different mechanisms like 

chemical imidization, or themal imidization in solid or soluble state.  

These polyimides have a large potential application thanks to their high chemical and thermal 

stability and good mechanical properties and its outstanding permselectivity properties. The 

rigidity of the chains due to the aromatic rings leads to high free volumes and increases of 

permeabilities. It is worthy to point, that the great permselectivity properties are due to –CF3- 

groups. They increase the chain stiffness due to steric hindrance which complicates the chain 

packing. Therefore, it increases the free volume between polymer chains which brings high 

permeabilities. Moreover, these functional groups reduce the chain mobility increasing the 

selectivity of these polymers [94,103]. In the Table 1.14, a summary of the different diamines 

used for the synthesis of polyimides and their gas performance can be found. 
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Table 1.14. Single gas permeabilities of 6FDA based PI using different diamines 

Diamine monomer Membrane 
composition 

T 
[°C] 

P 
[atm] 

PCO2 

[Barrer] 

PCH4 
[Barrer] 

αCO
2
/CH

4
 Ref 

6FmDA 

 

6FDA-6FmDA 35 10 5.6 0.08 66 [104] 

6FpDA 

 

6FDA-6FpDA 35 10 68 1.8 37 [104] 

6FDA-6FpDA 35 1 75 2.1 36 [105] 

6FDA-6FpDA 30 1 81 1.7 48 [106] 

6FDA-6FpDA 35 4.5 46 1.5 30 [107] 

DAM 

 

6FDA-
DAM:DABA 

(2:1) 

35 10 133 4.6 29 [108] 

6FDA-DAM 35 6.8 842 47 18 [99] 

6FDA-
DAM:DABA 

(3:2) 

144 4.2 34 

6FDA-
DAM:mPDA 

(3:2) 

230 7.9 29 

6FDA-DAM 25 4.8 221 13 17 [109] 

mPDA 

 

6FDA-mPDA 35 6.8 20 0.4 58 [99] 

6FDA-
mPDA:DABA 

(3:2) 

9.1 0.2 57 

6FDA-mPDA 35 2 14 0.2 70 [110] 

DABA 

 

6FDA-DABA 35 6.8 13 0.2 62 [99] 

6FDA-DABA 25 4.8 5 0.1 58 [109] 

6FDA-DABAa 25 4.8 26* 0.6* 47 [111] 

DAP 

 

6FDA-DAPa 25 4.8 39* 0.5* 79 [111] 

6FDA-DAP 25 4.8 7 0.1 86 [109] 

6FDA-DAP 32 2 11 0.1 92 [110] 

DAR 

 

6FDA-DAR 32 2 8 0.08 84 [110] 
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Table 1.14. Single gas permeabilities of 6FDA based PI using different diamines (continuation) 

Diamine monomer Membrane 

composition 

T 

[°C] 

P 

[atm] 

PCO2 

[Barrer] 

PCH4 

[Barrer] 

αCO
2
/CH

4
 Ref 

BAPAF 

 

6FDA-BAPAFa 25 4.8 25* 1.1* 23 [111] 

6FDA-BAPAF 25 4.8 7 0.15 48 [109] 

6FDA-BAPAF 35 10 13 0.2 78 [112] 

6FDA-BAPAF TR 

at 120 °C 

35 2 9 0.13 69 [113] 

ODA 

 

6FDA-ODA 35 10.2 15 0.3 51 [114] 

6FDA-

ODA:Durene 

(70:30) 

26 0.7 38 

6FDA-

ODA:Durene 

(50:50) 

38 1.2 30 

6FDA-ODA:Dure

ne:DABA (1:1:1) 

35 10 33 1 32 [115] 

6FDA-ODA:Dure

ne:DABA (1:1:1) 

crosslinked by 

EG 

46 1.3 36 

2,6-DAT 

 

6FDA-2,6-DATb 23 13.6 300* 4.6* 65 [116] 

Durene 

 

6FDA-

Durene:DABA 

(9:1) TR at 

200 °C 

35 10 235 10.5 23 [117] 

6FDA-Durene:DA

BA (9:1) TR at 

425 °C 

1302 63 21 

6FDA-

Durene:ODA 

(70:30) 

35 10.2 78 3.4 23 [114] 

HAB

 

6FDA-HAB TR at 

450 °C 

35 4.8 600 28 21 [118] 

9.7 510 26 19 

6FDA-HAB 35 10 12 0.1 91 [112] 

*GPU, aTFC membrane, bHollow fiber 

Nevertheless, these polyimides are not only applied to CO2/CH4 separations, but also to H2/CO2 

and other types of separations such as CO2/N2, H2/CH4 etc. 6FDA-ODA:NDA copolyimides were 

used in order to separate H2/CO2 gas mixtures [102]. Remarkable selectivities, up to 120, were 

obtained in the crosslinked membranes compare with the non-modified ones.  
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6.4.6.2. Other non-commercial polyimides 

Although 6FDA based polyimides and their modifications (crosslinking, thermal rearrangement, 

etc.) have caught a lot of attention from many researchers, other polyimides have been also 

studied for gas separation applications. As it was shown in the Figure 1.5, other dianhydrides can 

be used for the manufacturing of polyimides. Li et al. [119] studied the use of different 

dianhydrides (i.e. BPDA, BTDA, ODPA, PMDA). They found that the permeability of the membrane 

increases as the bridged dianhydride increases the free volume of the polyimide. Qiu et al. [120] 

synthetized different polyimides based on different substituted BPDA. It was proven that the 

bulky substituent into BPDA moieties increases considerably the gas permeabilities of the 

membranes, reaching 85.6 Barrer for CO2 permeability and an ideal selectivity of 27. The 

explanation for these results is that the introduction of bulky substituents into the biphenyl group 

would incorporate a higher level of ring-torsion which results in a non-coplanar structure, 

increasing the free volume due to the bigger separation between the adjacent chains.  

Hyperbranched polyimides (HBPIs), other type of polyimide, are being intensively studied in the 

past recent years too [121–125]. However, they are long, difficult and expensive to be 

synthesized. HBPIs have not a pure well-defined dendritic structure, they composed by three 

different structural units: i) linear, ii) dendritic and iii) terminal units combining the properties 

of linear and dendrimer polyimides [122]. Highly branched structures have more terminal 

functional groups than linear polyimide due to their dendritic structure. Furthermore, rigid 

hyperbranched structure can retain more open cavities (about angstroms range size) than linear 

polyimides. Those cavities can operate as pathways for the transport of certain gas molecules and 

therefore, influence the final gas separation performance [121]. This type of polymers is typically 

synthesized by self-condensation reaction of AB2-type monomers where A and B are monomers 

with functional groups which are able to self-react. HBPIs are synthesized using a trifunctional 

monomer with a preincorporated imide ring, instead using simple dianhydride and diamine 

monomers as it is used in linear polyimides [126]. Peter et al. [122] synthesized ODPA/TAP/ODA 

HBPIs with different molar ratios, besides linear PI. It was shown that HPBIs permeabilities were 

slightly lower than linear PI, but the ideal selectivities increase significantly for some of those 

HBPIs. 

6.5. Limitations of polymeric membranes 

6.5.1. Robeson trade-off 

In spite of the different polymers tested for gas separation membranes, a limitation between 

permeability and selectivity was observed by Robeson in 1991 establishing the upper bond limit 

[127], which was revised in 2008 [128]. In its first study, more than 300 references were 
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reviewed, and their data compiled and plotted (Log αi/j vs. Log Pi) for different pairs of gases 

(O2/N2, H2/CH4, CO2/H2, H2/N2, He/CH4, He/N2, He/H2, He/O2 and H2/O2). Data were chosen for 

membranes made of soluble or melted polymers. Phase separated block copolymer, polymeric 

blend, composite films, surface modified films, plasma treated films or thermally treated to 

produce carbon sieved membranes were not taken into account. It is worthy to point it out, that 

the upper bound limit was established by visual fit in order to achieve the best fit of the available 

data. The data contained in these graphs demonstrated the concept of the “upper bound” 

relationship for the different gas pairs due to the fact that a line could be established in the limit 

of the separation ability of many different polymers. Furthermore, a correlation between the 

slopes of the upper bound lines of some of the gas pairs with the molecular diameter of the gas 

pairs was proven.  

In the review of 2008, it was confirmed what it was predicted in 1991, the position of the upper 

bound increased slightly as the optimization between solution/diffusion transport and the 

structure and properties of the polymer was investigated, however the slope of the lines was 

maintained reasonably constant. Furthermore, in this work more than a milliard of date were 

reviewed and two new pairs of gases were studied: CO2/N2 and N2/CH4. The most useful upper 

bound is the CO2/CH4 for natural gas applications. In this case, the incorporation of PIMs and TR-

polymers based on benzoxazole-phenylene or benzothiazole-phenylene was the major 

improvement in the upper bound. Nevertheless, TR-polymers become a type of molecular sieving 

materials with pore dimensions totally different from the soluble polymer materials, this is the 

reason the revised upper-bound is not taking into account these data. 

Freeman [129] critically reviewed the Robeson upper-bound in order to find a theory to explain 

the Robeson upper bound for glassy polymers. Four assumptions are done for this theory: i) 

solution-diffusion model is adopted, ii) small molecules diffusion through the polymer is a 

process described by the Arrhenius equation, iii) there is a linear free energy, it is a correlation 

between the pre-exponential factor of the Arrhenius equation and the activation energy, and iv) 

the activation energy is related to the gas molecules kinetic diameter. Furthermore, Freeman’s 

theory is not taking into account the influence of penetrant concentration on permeation 

properties. It proposes the slope of the upper bounds is an intrinsic consequence of the chain 

stiffness of glassy polymer and its capability of perform as size-sieving materials and provides an 

estimation of the upper bound offset adjustable using only one parameter. In order to optimize 

the gas separation performance of polymeric membranes, Freeman establishes that the pathway 

to continue is modifying the polymer chemical structure to increase the polymer backbone 

stiffness in order to improve the solubility selectivity. Whereas, at the same time, increasing the 

disruption of the interchain packing improves the diffusivity and hence, the permeability. 
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Robeson pointed out that polymers with high Tg, rigid backbone and amorphous structure with 

relatively big interchain spacing fall into or near to the upper-bounds. 

6.5.2.  CO2-induced plasticization 

CO2 induced plasticization phenomenon occurs when a soluble gas like CO2 or heavy 

hydrocarbons is dissolved into the polymer to such extend that the free volume and the chain 

mobility increase. Furthermore, the swelling of polymeric matrix allows a faster permeation of 

the gasses such as CH4; hence the selectivity decreases [130]. 

There is no exact definition in order to quantify this phenomenon. On one hand, Sanders et al. 

[131] studied the CO2-induced plasticization through the Tg changes of polyethersulfone (PES). 

The results showed an important Tg decrease after the polymer was equilibrated at different CO2 

pressures. Tg decreased 78 °C after equilibration at 7.8 atm and 100 °C at 35 atm. However, it did 

not entail a larger permeability as it was expected; permeability remained constant up to 27 atm 

at 25 °C. On the other hand, plasticization phenomena can also be described by hysteresis effects 

in permeation, sorption and dilation [132] during pressurization-depressurization cycles. 

However, in membrane technology field CO2-induced plasticization is defined as the increase of 

CO2 permeability with the increment of feed pressure. Furthermore, the plasticization pressure 

is described as the minimum pressure needed which entails a permeability increment [133]. 

This phenomenon must be avoided in order to improve the performance of the membranes and 

extend their industrial applications. One of the first attempts to suppress the plasticization was 

the use of low molecular weight additives like esters derived from bisphenol-A with different 

amount of polar groups and aromatic rings [134]. This work disclosed that the antiplasticizing 

effect was more important when the intermolecular interactions between the polymer and the 

additive are enhanced. The two main factors for improving the intermolecular interactions are i) 

the high polarity of the antiplasticizers molecules and ii) changing the distances between the 

interacting molecules. These results showed that the restriction of the segmental mobility of the 

polymer has the ability to minimize the plasticization phenomenon. Therefore, polymer 

crosslinking where the chain mobility is reduced and the packing density is increased is a 

competent approach to overcome this problem. Different crosslinking strategies has been 

explored in order to reduce the CO2-induced plasticization such as chemical crosslinking using 

diamines, glycols, etc; ionic, thermal or UV crosslinking [135].  

Wind et al. [136] studied in single and mixed gas permeation the suppression of plasticization of 

6FDA based polyimides by the crosslinking using ethylene glycol (covalent bounding) and 

aluminum acetylacetonate (ionic bounding). The obtained results disclosed a suppression of 

plasticization for the crosslinked membranes. However, when they were tested for long times 
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(10-18 days) at high pressures (600 psia), ionic crosslinked and non-crosslinked samples showed 

an important increment of the CO2 permeability. Hollow fibers based on 6FDA polyimide 

containing carboxylic groups which were thermally treated for 2 h at 350 °C showed a great 

plasticization resistance till a CO2 partial pressure of 400 psia [137]. Plasticization behavior was 

also studied on polyimide dense membranes based on 6FDA containing different amount of 

carboxylic groups. The -OH groups provided a strong electrostatic interactions by the interchain 

hydrogen bond and the formation of charge transfer complex (CTC) mitigating the plasticization 

under high pressure (up to 20 atm) CO2/CH4 mixed gasses conditions [110]. 

The same behavior was observed on Matrimid® hollow fibers when the membranes were 

annealed above and below Tg [138]. The result disclosed that a post-treatment of 30 min at 250 °C 

is enough to obtain a constant CO2 permeability over a wide range of feed pressures (up to 35 bar) 

and avoid the plasticization phenomenon. Shahid et al. [139] studied the effect of the introduction 

of nanoparticles on the plasticization behavior of Matrimid® dense membranes. The obtained 

results showed that particles not only hinder the chain mobility, but also increase the CO2 

sorption; thus, the CO2-induced plasticization is suppressed and the separation factor remains 

constant up to 20 bar in CO2/CH4 mixed gasses conditions. 

Summarizing, the general strategy to suppress the CO2-induced plasticization is the restriction of 

the segmental mobility of the polymeric chains. It can be obtained following different approaches 

such as covalent or ionic bounding of the polymeric chains (chemical crosslinking) introducing 

different additives, formation of CTCs by thermal rearranged or by means of the modification of 

the chemical structure of the polymer, or introduction the porous fillers which increase the 

sorption capacity of the membrane and hinders the polymeric chains mobility [140]. 

6.5.3. Aging. 

Other problem to extend the use of polymeric membranes in more industrial applications is the 

aging. Physical aging is related to the changes in physical features of the polymer such as free 

volume, chain packaging or crystallinity which have a direct influence on gas separation 

performance with the time. It is important to point that physical aging is a reversible phenomenon 

without permanent modification of the chemical or physical structure of the material, i.e. heating 

the polymer above Tg and then quenching it [141]. New developed polymers like PIMs or 6FDA 

polyimides suffer from this drawback in a higher degree than other polymers, due to its 

outstanding free volume.  

Furthermore, membrane thickness has an important effect on the long-term performance of a 

membrane. Studies where polysulfone and Matrimid® membranes with different thickness were 

aged at 35 °C in dry conditions [142,143] probed that the thinner films showed a faster aging than 
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the thick ones. It is a very important factor due to the fact that the membranes for industrial 

application have a very thin selective layer (about 100 nm) which should be stable for the whole 

shelve-life of the membrane. The physical aging on polymeric thin films is more dramatic than in 

the bulk materials due to the superior segmental mobility and the faster molecular motion at the 

free surface than in the bulk material [144]. 

Aging studies of thin film made of high free volume polymers like 6FDA polyimides show the 

dramatic effect of the physical aging on the gas separation performance. 6FDA-DAM thin films 

which were aged at 35 °C in dry conditions lost more than the 90% of oxygen permeability after 

3 000 h of aging; while the losses for 6FDA-mPDA films were around 40% [145]. Oxygen 

permeability for 6FDA-6FpDA:DABA (2:1) and 6FDA-DAM:DABA (2:1) thin films aged at 35 °C in 

vacuum conditions for 2000 h decreased from 23 to 8 Barrer, and from 34 to 10 Barrer, 

respectively [146,147]. PIMs are also very sensitive to aging processes as it is shown in different 

studies. Harms et al. [148] studied the aging of thin films of PIM-1 through positron annihilation 

lifetime spectroscopy, showing the out-diffusion of the free volume starts on the free surface and 

continues along the cross-section of the films . Swaidan et al. [149] developed several types of 

PIMs with different backbone rigidity, showing that all PIMs suffer from aging processes and that 

the greater backbone rigidity promote a more extensive and fast physical aging of the bulk 

materials. 

It is clear than the suppression of the aging is issue to investigate in order to extend the use of the 

polymeric membranes. Polymer crosslinking is one of the major strategies to minimize not only 

membrane plasticization as it was explained in the previous section, but also the physical aging. 

Cui et al. [150] studied 6FDA-DAM and 6FDA-mPDA thin films and their counterparts containing 

DABA in order to promote a thermal crosslinking by the decarboxylization of the DABA moiety. 

Samples were exposed to CO2 at 32 atm for 300 h, the obtained results showed that crosslinked 

films were more stable in terms of aging and plasticization behavior, showing only a slight CO2 

permeability increase in the first 10 h, and then a slightly decreases for the rest of the evaluated 

time.  

UV-crosslink was investigated by Liu et al. [151]. In this work amorphous poly(arylene ether 

ketone) (PAEK) copolymer thin films (~150 nm) were UV irradiated and the gas performance 

monitored, showing a decrease of the permeability and increase of selectivity, but much lower 

aging rates. Furthermore, chemical crossliking using α,α’-dichloro-p-xylene [152] has showed 

exceptional results in order to suppress the aging, not only without losing the initial properties 

of the polymer, but also improving them. After 60 aging days, permeability was stable, but the 

ideal selectivity of the membranes increased dramatically. 
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On the other hand, Noble and colleagues [153] were able inhibit the aging in supper glassy 

polymers (PTMSP, PMP and PIM-1), maintaining similar values of the initial permeability and 

increasing the selectivity, by the incorporation of ultraporous additives in which the polymer 

chains are able to penetrate, holding the position of the chains and, hence, avoiding the aging. This 

strategy is being developed nowadays in different studies. Polyhedral oligomeric silsesquioxane 

(POSS) particles have been introduced in PIM-1 matrix, reducing the aging rate [154]. By 

introduction of porous aromatic frameworks (PAFs) [155] into PIM-1 the H2 permeability in 

H2/N2 separation was reduced by less than 10% in 400 days, meanwhile the selectivity was 

improved during this aging time up to reach 98% of H2 recovery. Smith et al. [156] studied the 

aging of different mixed matrix membranes (MMMs) using Matrimid®, PTMSP and PIM-1 as 

polymeric matrix and silica, UiO-66, Ti-UiO-66 and PAF-1 as fillers. These results showed that the 

interactions between the polymer and the filler (interface morphology, rigidification, pore 

blocking etc.) significantly influence the physical aging and the mechanical properties of the 

membranes, allowing a decrease of the aging rate. 

 

7. Concept of MMMs 

Due to the limitations of polymeric membranes exposed above the concept of MMMs was 

introduced in the middle 90s [157–159]. The initial idea of MMMs was using the synergy of 

inorganic and organic membrane properties to obtain a high-performance membrane which 

would be able to overcome the limitations of polymeric membranes and maintaining their easy 

manufacturing. Therefore, MMMs were conceived as a composite material where an inorganic 

phase is dispersed into the organic continuous phase. 

Afterwards, MMMs have evolved and many different types of MMMs using different types of 

dispersed phase: solid particles (porous [160–166] or non-porous [167–169]), liquid (low 

molecular weight additives [170,171], ionic liquids [172,173]) and combinations of both types of 

dispersed fillers, the so-called ternary MMMs [174–181]. In this manner a further control of the 

membrane design can be acquired and its properties can be adjusted to a specific application. 

The process where membranes are going to be applied has to be studied carefully in order to 

know the specifications that the membranes would need to fulfil. In this case, the election of the 

different materials for the production of MMMs is the key parameter to obtain the most suitable 

membrane. As it can be seen in the section 6, many polymers with very different separation 

performance can be used, therefore its election for the production of MMMs would depend on the 

characteristic of the process like the composition and amount of feed stream, work conditions or 

the final purity needed. 
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7.1. MMMs based on solid/polymer systems 

Solid materials are the most used dispersed phase in MMMs. Different types of materials are being 

used for the production of MMMs such as silica particles [69,168,182,183], silver nanoparticles 

[184,185]¸ carbon molecular sieves [73,166,186,187], zeolites [101,188,189], or metal-organic 

frameworks (MOFs) [190–194]. Among them, zeolite and MOFs are widely studied as it is exposed 

in sections 7.1.1 and 7.1.2. The intrinsic properties of these materials such as high surface area, 

defined pore size, high adsorption capacity, modification ability etc. make them ideal candidate 

to manufacture MMMs with outstanding features. 

In this type of MMMs where porous materials are mainly the dispersed phase, different transport 

mechanisms take place. In the ideal case, beside the solution-diffusion mechanism in the 

polymeric matrix, molecular sieving mechanisms, Knudsen diffusion selectivity and the different 

adsorption behavior take place in order to improve the gas separation performance [101]. 

Furthermore, the introduction of the inorganic phase improves the mechanical properties of the 

membrane. 

7.1.1. MMMs using zeolite 

Zeolites are defined as crystalline aluminosilicate with a three-dimensional framework structure. 

This structure is composed by uniform sized pores of molecular dimensions which can act as sieve 

on a molecular scale. Zeolites are composed by (SiO2) crystalline framework where Al3+ replace 

the Si4+ in the framework and extra cations (Na+, K+, i.e.) are placed in the cavities to preserve the 

electroneutrality of the zeolite. These cations promote the reversible adsorption of polar 

molecules [195]. Furthermore, these materials have outstanding properties like thermal and 

chemical resistance, high adsorption capacity, and selectivity towards specific molecules.  

Since natural zeolites were described and coined in 1756 by Swedish mineralogist Axel Fredrik 

Cronstedt [196], a great development has been carried out in this field. In the last Atlas of Zeolite 

Framework Types edited in 2007 [197] by the Structure Commission of the International Zeolite 

Association, 176 unique Zeolite Framework types are collected, 43 zeolites more than in the 

previous Atlas from 2001. Each of these zeolites has a different porous structure with different 

pore diameters. Therefore, in order to improve the separation properties of the polymer, a 

suitable zeolite with a specific pore diameter depending on the separation (CO2/N2, H2/CO2, 

H2/CH4, CO2/CH4, etc) needs to be chosen. In this manner, molecular sieving and/or Knudsen 

diffusion mechanisms are introduced in the resultant MMMs and the gas separation performance 

is improved in comparison to the unfilled polymeric membrane. 
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In the past couple of decades, MMMs have been intensively studied. In the Table 1.15, examples 

of different MMMs studies of the last decade for CO2/CH4 separation are summarized.  

The introduction of microporous materials as fillers was a breakthrough milestone in the 

development of the new types of membranes. Despite the fact that it helped to overcome the 

Robeson upper bound, other problems arose such as particle agglomerations, sedimentation, bad 

interface between the polymer and the fillers forming voids around the particles, the so-called 

“sieve in a cage morphology”, or rigidification of the polymeric chains around the particles, 

especially in the case of glassy polymers with a high Tg due to the rigidity of their polymeric 

chains. Indeed, problems in the interface are the main reason of the bad performance of many of 

the MMMs studied [198]. 

One of the first attempts to improve the interface was undertaken by Mahajan et al. [199]. In this 

work, a comprehensive study of the interactions between solvent, polymer and zeolite was 

carried out. As a result, a new protocol was developed which consists of the interaction between 

the zeolite and a low concentration polymeric solution, the so-called “priming”, to ensure the good 

contact between the polymer and the zeolite. The addition of a low concentration polymer 

solution would promote the better adhesion between the polymer and the particle due to the 

lower viscosity of the sample and the greater mobility of the polymer chains, 

When rubbery polymers are used for the production of MMMs, good interface are obtained due 

to the flexibility of the polymeric chains which are able to surround the particles creating an 

intimate contact between them. However, these polymers are not good candidates for the MMMs 

due to their low selectivities. Following this approach, Pechar et al. [200] used Zeolite L and the 

copolymer, poly(imide-siloxane) to merge the properties of glassy and rubbery polymer to 

produce MMMs with a good interface.  

Other approach to improve the interface is a post-treatment of the membrane based on the 

annealing the MMMs above Tg [201–204]. It allows the polymeric chains to re-arrange around the 

particle improving the morphology of the membrane. However, this procedure normally has 

other consequences as a drastic reduction of the permeability and the increase of selectivity. 

Other method to improve the interface is the modification of the surface particle by silane 

coupling agents. Silane grafting process is one of the most successful approaches to obtain a 

continuous interface in MMMs. Different silane coupling agents have been studied such as 

aminopropyltriethoxysilane [205,206], aminopropyltrymethoxysilane [207], 

3-(trimethoxysilyl)propylmethacrylate [208], different organosilanes with different number of 

reactive points [161,209,210]. 
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This technique consists of creating a covalent bound between the particle and the polymeric 

phase. The most common coupling agents are organosilanes molecules containing amine groups 

and hydrolyzable groups. The hydrolyzable group (i.e. methoxy or ethoxy groups) reacts with the 

–OH groups on the surface of the particle, meanwhile the amino groups react with a functional 

group of the polymer, as it can be seen in the Figure 1.6. However, the particle grafting can entail 

some undesirable effects such as partial pore blocking, or multi-layer grafting that creates an 

extra-phase and an extra resistance for the mass transfer [205]. 

 
Figure 1.6. Grafting reaction using aminopropylmethyldiethoxy silane (APMDES)(adapted from [211]) 
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Table 1.15. Gas separation performance of Zeolite-MMMs. 

Polymer Filler 
Content 
[wt.%] 

T 
[°C] 

P 
[bar] Gas conditions 

P(CO2) 
[Barrer] 

P(CH4) 
[Barrer] Selectivity Ref. 

PI-Matrimid® AgY 0 35 2 Single gas 8.34 0.23 36.3 [212] 
  10    16.06 0.29 54.7  
   15    18.62 0.31 60.1  
  20    21.18 0.76 27.7  

PSf MCM-41 0 35 4 Single 4.5 0.18 23 [213] 
  20    7.8 0.32 23  
  40    14.8 0.90 15  

PSf MCM-48 0 35 4 Single 4.46 0.17 25.9 [214] 
  10    8.45 0.33 25.5  
  20    18.21 0.77 23.6  

PI-Matrimid® Silane 
modified NaY 

0 35 2 Mixed gas 10/90 
vol./vol. CO2/CH4 

6.66 0.22 30.0 [210] 
 10   7.66 34.3 40.3  
 20    9.35 0.35 36.7  

PI-Matrimid® Sigma-1 0 35 10 Single gas 4.45 0.13 34.0 [215] 
  5    7.48 0.10 48.3  
  10    4.99 0.09 53.1  
  20    5.96 0.09 64.1  

PI-Matrimid® SAPO-34 0 35 10 Single gas 4.45 0.13 34.0 [216] 
  5    4.65 0.11 44.2  
  10    5.29 0.10 50.8  
  20    6.90 0.10 67.0  

PSf SAPO-44 0 RT 3.5 Single gas 22.01* 1.26* 17.3 [217] 
  5    81.93* 3.17* 25.8  
  10    338.33* 31.91* 10.6  
  20    351.07* 234.05* 1.5  

PI-Matrimid® Zeolite 4A 0 30 10 Single gas 4.45 0.12 37 [218] 
  10    5.89 0.14 43  
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Polymer Filler 
Content 
[wt.%] 

T 
[°C] 

P 
[bar] Gas conditions 

P(CO2) 
[Barrer] 

P(CH4) 
[Barrer] Selectivity Ref. 

PC Zeolite 4A 0 25 3.7 Single gas 8.8 0.38 23.6 [219] 
  10    8.2 0.25 32.8  
  20    7.8 0.24 32.5  
  30    7.0 0.19 37.6  

PVAc Zeolite 4A 0 35 2.8 Mixed gas 10/90 
vol./vol. CO2/CH4 

2.15 0.06 33.5 [220] 
  50   4.33 0.09 49.4  
  0 35 30.3 Mixed gas 50/50 

vol./vol. CO2/CH4 
11.4 0.46 25.0  

  50   11.5 0.28 40.6  

PI-Matrimid® Zeolite 5A 0 40 1 Mixed gas 50/50 
vol./vol. CO2/CH4 

10.2 -- 33.6 [221] 
  10   26.7 -- 31.3  
  20    31.0 -- 30.8  

6FDA-6FpDA : 
PDMS (78:22) 

Zeolite L 0   Single Gas 76.76 5.76 13.3 [200] 
 20    59.04 4.98 11.9  

PI-P84® Zeolite 13X 0 35 8 Single gas 5.37 1.01 5.3 [222] 
  10    4.60 0.54 8.5  
  20    5.08 1.14 4.5  
  30    9.08 0.67 13.5  

PI-Matrimid® ZSM-5 0 35 3 Mixed gas 10/90   
vol./vol. CO2/CH4 

4.8* 0.36* 13.5 [223] 
  15   17.6* 1.64* 6.3  
  30    41.8* 7.54* 2.5  

PI-Matrimid® Meso-ZSM-5 0 RT 2 Single gas 7.29 0.21 37.7 [162] 
  10    8.27 0.12 67.2  
  20    8.51 0.13 63.5  
  30    8.65 0.13 66.1  
          

*GPU 
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7.1.2. MMMs using MOFs 

Metal-Organic Frameworks (MOFs) materials are organic-inorganic compounds with a well-

defined porous structure, large surface areas and high thermal and chemical stability. They are 

composed by metal complexes connected to organic linkers [224]. These organic linkers are 

normally dimers, trimers, or polyhedral chains that can be easily modified with different organic 

groups like amine, carboxylic or hydroxyl groups [225]. The main separation mechanisms 

presented in MOFs are the different adsorption interactions depending on the adsorbed gas and 

the molecular sieving related to the dimensions and shape of the framework pores [24]. 

The biggest advantages of MOFs compared to zeolites is the higher flexibility of the framework 

and their higher affinity to the polymers, they produce a better interface between the polymer 

and the dispersed phase, therefore the “sieve in a cage” morphology is avoided and a continuous 

membrane without defect is easier to obtain [226]. Furthermore, the possibility of functionalizing 

the size, shape and chemical surface of the MOFs cavities either by the selection the organic linker 

or by a post-synthesis functionalization [227]. The different modifications tend to improve not 

only the sorption capacity of the fillers due to the inclusion of functional groups, but also the 

interaction of the particle and the continuous phase, therefore the formation of defect is avoided. 

MOFs are classified into rigid and dynamic frameworks. The first type only shows small changes 

in volume related to the content of their pores. However, the second type presents two different 

effects when they are exposed to guest molecules: (i) the so-called “breathing effect” [228] and 

(ii) the “gate phenomenon” [229]. Due to these phenomena, MOFs are able to host bigger 

molecules than the size of its pores. These phenomena have consequences in the final separation 

performances of the MOFs where it was lower than expected from their pore size.  

In Table 1.16, a summary of some of the most relevant studies about MMMs based on MOFs for 

CO2/CH4 separation from the last decade can be found.  
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Table 1.16. Gas separation performance of MMMs based on MOFs 

Polymer Filler 
Content 
[wt.%] 

T 
[°C] 

P 
[bar] Gas conditions 

P(CO2) 
[Barrer] 

P(CH4) 
[Barrer] Selectivity Ref. 

PI-Matrimid® MOF-5 0 35 2 Single gas 9.0 0.25 41.7 [230] 
  10    11.1 0.28 51.0  
  30    20.2 0.52 44.7  

6FDA-ODA (PI) - 0 35 10.3 Single gas 14.4 0.33 44.1 [231] 
 MOF-199 25    21.8 0.43 51.2  
 NH2-MOF-199 25    26.6 0.45 59.6  
 UiO-66 25    50.6 1.10 46.1  
 NH2-UiO-66 25    13.7 0.27 51.6  

PI-Matrimid® MIL-53 0 -- 3 Single gas 6.2 0.22 28.2 [232] 
  10    7.5 0.24 31.0  
  20    14.5 0.96 15.1  

PI-Matrimid® - 0 35 9 Mixed gas 
50/50 vol./vol. 

CO2/CH4 

5.9 - 31.2 [233] 
 UiO-66 30   15.7 - 35.8  
 NH2-UiO-66 30   17.8 - 37.3  
 ABA-UiO-66 30   13.6 - 45.1  

PSf NH2-MIL-125(Ti) 0 30 3 Mixed gas 
50/50 vol./vol. 

CO2/CH4 

9.5 0.43 22.0 [234] 
  10   18.5 0.65 28.3  
  20   29.3 0.99 29.5  
  30   40.0 1.37 29.2  

PI-Matrimid® Cu(BDC) 0 -- 3 Mixed gas 
50/50 vol./vol. 

CO2/CH4 

5.78 0.10 59.8 [193] 
  4.3   4.74 0.07 63.5  
  8.2   4.09 0.05 78.7  

PVAc Cu(TPA) 0 35 0.1 Single gas 2.44 0.07 34.9 [235] 
  15    3.26 0.08 40.4  

PIM-1 MOF-74 0 25 2 Single gas 6 576 536 12.3 [236] 
  10    9 400 707 14.3  
  20    21 269 1114 19.1  
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Zeolitic Imidazolate Frameworks (ZIFs) are a sub-class of MOFs. They are composed typically by 

Zn2+ ions as tetrahedral metal centers and imidazolate (Im) anions as the organic linkers, in this 

manner ZIFs form tetrahedral structures where the formed angle by M-Im-M is similar to the Si-

O-Si angle (145°) from the zeolites. Furthermore, ZIFs chemistry allows a high number of 

different tetrahedral topologies analogous to zeolite structure with different pore size like SOD, 

LTA, GME or RHO [237]. ZIFs present remarkable properties such as high porosity, high surface 

area, and high thermal and chemical stability, which make them ideal candidate for gas separation 

or storage applications such as natural gas purification or CO2 capture. [238] 

Different types of ZIFs have been used in gas separation applications such as ZIF-7 [239,240], 

ZIF-11 [241,242], ZIF-68 [243], ZIF-69 [244,245], ZIF-71[246], ZIF-90 [247], ZIF-93 [248] or 

ZIF-108[249]. However the most extensively studied ZIF for gas separation applications is ZIF-8. 

ZIF-8 is composed of zinc atoms and 2-methyl imidazole as organic linkers. It forms a sodalite 

structure with large empty cavities of 1.16 nm in diameter, but with a 6-ring pore mouth of 

0.34 nm in diameter [250]. Consequently, theoretically it could be expected the ZIF-8 materials 

would be able to separate CO2 from CH4 by size exclusion mechanisms. However, due to the 

breathing effect and the swing effect of 2-methyl imidazole the size exclusion effect is ranging 

between 0.40 and 0.42 nm. Even though, the separation capacity of ZIF-8 is lower than the 

expected one for CO2/CH4, still it is a very attractive material for natural gas applications [251].  

ZIF-8 particles have caught so much attention in the MMMs field due to their outstanding 

properties to form composite materials. The flexibility of the framework promotes a better 

adhesion with the polymer avoiding the formation of defects. Furthermore, ZIF-8 can be 

synthesized in nanoparticle size less than 50 nm [252], which is crucial for the final application 

of MMMs. In terms of gas separation properties, its high surface area (around 1600 m2/g) can 

increases extraordinarily the permeability of the final membrane, and due to the difference in the 

CO2 and CH4 sorption capacity, the selectivity can be also improved.  

In the Table 1.17, a summary of some of the relevant works about MMMs using ZIFs for CO2/CH4 

applications can be observed.  
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Table 1.17. Gas separation performance of MMMs based on ZIFs 

Polymer Filler 
Content 
[wt.%] 

T 
[°C] 

P 
[bar] Gas conditions 

P(CO2) 
[Barrer] 

P(CH4) 
[Barrer] Selectivity Ref. 

PI-Matrimid® ZIF-8 0 RT 4 Single gas 8.07 0.23 35.2 [253] 
  10    13.67 0.45 30.6  
  20    16.63 0.46 35.8  
  30    28.72 1.16 24.9  

PI-Matrimid® ZIF-8 0 RT 2.7 Single gas 9.52 0.24 39.88 [254] 
  20    9.03 0.18 51.06  
  40    24.55 0.89 27.84  
  60    8.08 0.10 80.77  

PIM-1 ZIF8 0 RT 1 Single gas 4 390 310 14.2 [255] 
  28    4 270 230 18.6  
  36    6 820 510 13.4  
  43    6 300 430 14.7  

PEBA-
Pebax®1657 

ZIF-7 0 25 3.75 Single gas 72 -- 14 [256] 
 8    145 -- 23  

  22    111 -- 30  
  34    41 -- 44  

PI-6FDA:Durene ZIF-71 0 35 7 Mixed gas 
50/50 vol./vol. 

CO2/CH4 

917 42 21.8 [246] 
  10   1 606 81 20.0  
  20   3 435 214 16.0  
  30    5 642 616 9.2  

PI-6FDA:DAM ZIF-11 0 30 4 Single gas 20.60 0.63 32.69 [241] 
  10    109.70 3.50 31.34  
  20    257.50 8.30 31.02  
  30    73.05 2.40 30.44  

PI-6FDA:Durene ZIF-8 0 RT 2 Single gas 1 468.3 65.0 22.6 [257] 
  10    1 881.7 98.8 19.0  
  20    2 027.6 119.9 16.9  
  30    2 182.5 127.7 17.1  

 



 

45 
 

7.1.3. Novel MMMs 

In the recent years, new materials developed have been applied for the production of MMMs. 

Among these materials, nanostructured carbon materials like fullerenes (C60), multi-wall carbon 

nanotubes (MWCNT) or graphene oxide (GO) have been widely applied.  

Fullerenes are spherical molecules composed of sixty carbon atoms that form 7 Å mean diameter 

cage. These molecules are solvated rapidly in several solvents, forming stable solutions. This 

feature is useful to prepare homogeneous fullerene-dispersed polymeric solutions[258]. 

However, Chung et al. [259] found that fullerene acts asa solid volume where the sieve through 

the pores is not likely to happen due to the fitted radius of the C60 skeleton (0.353 nm) and the 

carbon van der Waals diameter of 0.294 nm. 

MWCNTs are one dimensional materials with high aspect ratio and remarkable mechanical, 

electronic and gas transport properties due to its sp2 C-C bonds. The gas transport through 

carbon nanotubes (CNT) may differ strongly from bulk media transport due to the strong 

interaction between the molecules and the walls in this confined system. When the gas molecules 

are passing along the CNTs which have smooth walls without defects, collisions are completely 

elastic and the velocity remains constant and the diffusion arises. The ideal CNT-MMM is the 

membrane where the polymer is gluing the MWCNTs and then the surfaces are etched to open 

the closed ends of the nanotubes. However, the use of MWCNTs as filler for MMMs has some 

drawbacks like aggregation, bad alignment, and the interface of MWCNTs [260]. 

Functionalization of the CNTs has been an important tool in order to overcome these problems 

and achieve significant selectivity enhancements without permeability losses [261–263]. In these 

studies, the inorganic loading was very low, a maximum of 3 wt.% loading was added and 

selectivity increased two-fold in some cases.  

Graphene is a monolayer of sp2 carbons in a hexagonal lattice with extraordinary, mechanical, 

optical and barrier properties [264]. However, due to the intrinsic van der Waal forces, it has a 

great tendency for agglomerating. Functionalization of graphene by oxidation processes 

successfully reduces the agglomeration in the composite material and it can be further modified 

by the introduction of different groups like hydroxyls, epoxides, diols, ketones or carboxyls. These 

groups also improve the interaction with the polymer phase enhancing the final membrane [265]. 

Furthermore, these groups can improve the solubility of CO2 enhancing its permeability. MMMs 

based on imidazole modified GO with PEBAX® are able to overcome the 2008 Robeson upper 

bound using a loading of 0.8 wt.% [266]. 

Polyhedral Oligomeric silsesquioxane (POSS) compounds are truly hybrid structures composed 

of inner inorganic framework (SiO1.5)x which is externally covered by organic substituents. These 
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substituents can be hydrocarbons, polar structures or different functional groups. The 

silsesquioxane group forms a ladder, partial cage and cage structure which range from 1 to 3 nm 

in diameter. Then, the organic substituents on its outer surface improve the compatibility with 

the polymer. These compounds have oxidative resistance and thermal stability up to 500 °C, and 

good gas permeability properties [267]. However, the CO2 permeability decreases when high 

loadings were added in PI-6FDA:DAM [268], PI-Matrimid® [269] and PEBAX® [270], even though 

selectivity increases in all the cases. 

In 2005, a new type of material was synthesized by Yaghi and co-workers [271] the covalent 

organic frameworks (COFs). COFs are considered the organic equivalent of zeolites, they are 

crystalline porous materials with pure organic groups connected through covalent bonds. The 

different rigid organic building units form strong covalent bonds in different configuration 

producing well-defined and predictable 2D or 3D crystalline structures. The main difference 

between MOFs and COFs is that MOFs building units are self-adjusted via the coordination bonds, 

COFs are formed by strong covalent bonds from reversible reactions [272]. In order to obtain the 

crystalline structure, the building units must fulfill two requirements: (i) reactive groups must be 

trigged to form dynamic covalent bonds, and (ii) they must be conformationally rigid and the 

bond formation direction must be discrete. The main characteristics of these materials are their 

low mass densities (0.17 g/cm3), high thermal stabilities, permanent porosity and high specific 

surface areas (in some cases up to 4 000 m2/g) [273]. Different researchers have used COFs in 

different polymers for gas separation showing exceptional results. Wu et al. [274] produced 

MMMs based on PIM-1 and COF-SNW-1, for CO2/N2 which showed a performance above the 2008 

Robeson upper bound. Cao et al. [275] synthesized PVAm/COF-LZU1 MMMs with a performance 

in CO2/H2 separation above the Robeson upper bound too. 

In 2009 the first porous aromatic framework (PAF) was synthesized [276]. PAFs are 3D porous 

materials with a diamond structure where the C-C covalent bond is replaced by rigid phenyl 

groups. Compare to MOFs, PAFs have higher Langmuir surface areas (calculated theoretical 

surface up to 7000 m2/g), greater water stability (stable at boiling water for 7 days) and low 

densities. MMMs using PIM-1/PAF-1 system were tested for H2/N2 separation and hydrogen 

storage. The study showed that MMMs did not age for 400 days, H2 permeability remains 

constant, and only N2 permeability decreases for a 10% [155]. Lau et al. [277] produced MMMs 

using PTMSP and PAF-1 with different functionalization (NH2, C60, Li6C60 and HSO3Cl). In the case 

of PAF-1-Li6C60, CO2 permeability was doubled comparing to unfilled membrane and it remained 

almost constant for 1 year.  
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7.2. Ternary MMMs 

Ternary MMMs are evolved MMMs in order to find synergetic effects of different fillers in the 

membranes. There are different kinds of ternary MMMs depending on the type of fillers used: 

liquid/liquid, liquid/solid, and solid/solid MMMs. 

Liquid/liquid MMMs can be composed of different additives like amines, PEG, ionic liquids (ILs), 

or poly-ionic liquids (PILs). The advantage of this type of fillers is the formation of defect-free 

membranes, however, the long-term stability of these membranes is their main weakness due to 

the washout, degradation and carrier evaporation of these liquids [101].  

Ionic liquids are organic-inorganic salts with a melting point normally below 100 °C, high CO2 

solubility, high selectivity, designable structure, negligible vapor pressure, high thermal stability 

and being non-flammable. The main disadvantages of ILs are their high viscosity, especially after 

CO2 absorption, high production costs, unknown toxicity, and non-biodegradability [278]. On the 

other hand, PILs are formed from the polymerization of IL monomers where one or more 

polymerizable units have been located to the cation or the anion of the IL. PILs show higher CO2 

sorption capacities and desorption rate than their corresponding ionic monomers. However, PILs 

gas separation performance is still far away from Robeson upper bound [279]. Jansen et al. [172] 

used two different ionic liquids with fluorinated anions and different tail length in order to 

improve the compatibility with used fluoropolymer to increase the gas transport.  

The production of ternary MMMs using liquid/solid materials is a successful approach to obtain 

a synergetic effect of the fillers. Liquid filler would improve the wettability of the solid particle 

and its interaction with the polymeric phase. Many studies have been done following these 

approach using ionic liquid/zeolite system [173,177,179,280], ionic liquid/ZIF-8 [176,181,281], 

or ionic liquid/MOFs [175,178,180]. 

Solid/solid ternary mixed membranes incorporate two kinds of fillers with different properties 

in order to enhance the gas separation performance. GO and ZIF-301 were added to PSf matrix 

[282], and enhancement of CO2 permeability due to the porous structure of ZIF-301 and CO2/N2 

selectivity due to the path tortuosity increment was obtained. MMMs formed using POSS/fumed 

silica in PDMS showed synergism in their physicochemical properties (dispersion and thermal 

stability) besides a great potential for C3H8/H2, C3H8/CO2 and C3H8/CH4 separations [283]. MCM-

41 and the layered filler JDF-L1 were incorporated to PI-6FDA-Durene:DABA, a compromised 

performance between MCM-41 MMMs and JDF-L1 MMMs was obtained by the ternary MMMs 

[284]. 
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8. Models for MMMs 

Modelling is a powerful tool in order to anticipate the final performance of the MMMs from the 

properties of individual materials. Different models for MMMs have been proposed in order to 

determine the effect of the incorporation of dispersed phase into the continuous phase. Variation 

of the models have been proposed in order to attempt to describe the morphology of the resulting 

membranes including ideal and non-ideal configuration as well as estimate the final 

permselectivity properties of the composite material [285]. One of the most applied models for 

description of permeation trough the MMMs is Maxwell-Wagner-Sillar model which was 

developed in 1873 to predict the dielectric permittivity of heterogonous materials. Due to the 

similarities between electric conductivity and the permeation of species through the MMMs, the 

permeability is expressed by the following equation [286]. 

Maxwell-Wagner-Sillar extended model: 

𝑃𝑒𝑓𝑓 = 𝑃𝑐
𝑛𝑃𝑑+(1−𝑛)𝑃𝑐−(1−𝑛)𝜑(𝑃𝑐−𝑃𝑑)

𝑛𝑃𝑑+(1−𝑛)𝑃𝑐+𝑛𝜑(𝑃𝑐−𝑃𝑑)
       Eq.1.8 

The n is the particle shape factor which ranges between 0 and 1. At the limit of n = 0, the system 

is considered as a parallel two layers, where the permeability is the mean value of both materials. 

On the contrary, at the limit of n = 1, the system is considered as a series of two different materials 

layers [285]. For ideal morphologies with a good dispersion of spherical particles without an 

extra-phase (rigidification, voids, etc.) around the particles n is considered 1/3. Therefore, the 

extended Maxwell model equation can be expressed as the Eq.1.9.  

𝑃𝑒𝑓𝑓 = 𝑃𝑐
𝑃𝑑+2𝑃𝑐−2𝜑(𝑃𝑐−𝑃𝑑)

𝑃𝑑+2𝑃𝑐+𝜑(𝑃𝑐−𝑃𝑑)
= 𝑃𝑐

2(1−𝜑)+𝛼(1+2𝜑)

(2+𝜑)+𝛼(1−𝜑)
      Eq.1.9 

𝛼 =
𝑃𝑑

𝑃𝑐
           Eq.1.10 

In these equations Peff corresponds to the effective permeability of the membrane, Pd to the 

permeability of dispersed phase and Pc to the permeability of continues phase, respectively. The 

φ is the particle volumetric loading calculated using Eq.1.11 [287], where wf and wp are the 

weight of the filler and the polymer, respectively and ρ is the density either of the filler or polymer. 

𝜑 =

𝑤𝑓
𝜌𝑓

⁄

𝑤𝑓
𝜌𝑓

⁄ +
𝑤𝑝

𝜌𝑝
⁄

         Eq.1.11 

Maxwell model assumes an ideal morphology between both phases with homogenous dispersion 

of the dispersed phase. Moreover, this model assumes spherical particles. This issue can 

introduce some error in the estimation of the modelled data.  
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Bruggeman model [288] was initially developed for the dielectric constant of composite 

materials, and it was adapted to permeability by means of the Eq.1.12.  

𝑃
𝑒𝑓𝑓

1
3⁄

(
𝛼−1

𝛼−𝑃𝑒𝑓𝑓
) = (1 − 𝜑)−1        Eq.1.12 

This model presents an improvement with respect to Maxwell model allowing its application to 

wider range of particle volumetric loadings. Meanwhile Maxwell model presents a good 

agreement when 0 < φ < 0.2, Bruggeman model is able to predict well the values in a larger φ 

[289].  

The Lewis-Nielsen (Eq.1.13 and Eq.1.14) [290,291] model was developed initially for elastic 

modulus of composite materials where φm is the maximum packing volume fraction of the filler 

particles and usually its value is considered to be 0.64 for a random close packing of uniform 

spheres. φm is influenced by the particle size distribution, particle shape and aggregation of 

particles. 

𝑃𝑒𝑓𝑓

𝑃𝑐
=

1+2𝜑(𝛼−1)/(𝛼+2)

1−𝜓𝜑(𝛼−1)/(𝛼+2)
         Eq.1.13 

𝜓 = 1 + (
1−𝜑𝑚

𝜑𝑚
2 ) 𝜑         Eq.1.14 

This model gives a more accurate results in the cases where φ → φm. However, it does not take 

into account the effects of polymer morphology on permeability. It is worthy to remark that when 

φm → 1, the Lewis-Nielsen model becomes Maxwell model. 

Other well-known model is the one developed by Pal [289,292], described by Eq.1.15, which was 

adapted from the model for thermal conductivity of composite materials. This model is an 

improved version of Lewis-Nielsen one taking into consideration the effects of membrane 

morphology on the permeability. As well as Lewis-Nielsen model, it turns into Bruggeman model 

when φm → 1.  

𝑃
𝑒𝑓𝑓

1
3⁄

(
𝛼−1

𝛼−𝑃𝑒𝑓𝑓
) = (1 −

𝜑

𝜑𝑚
)

−𝜑𝑚
        Eq.1.15 

The main differences among these models are: (i) the consideration of particle size distribution; 

particle size and aggregation are included in Lewis-Nielsen and Pal models but not considered in 

Maxwell and Bruggeman ones; (ii) the validity of model at different range of particle loading; the 

Lewis-Nielsen and Pal models are still valid when φ → φm but Maxwell and Bruggeman are not, 

though Bruggeman has a better accuracy in a larger range of φ than Maxwell model; and (iii) 

complexity of solution; Maxwell and Lewis-Nielsen are a simple relations of the permeabilities, 

but Bruggeman and Pal models need to be solved numerically. 
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Nowadays, engineers and researchers are focused to obtain more accurate models which include 

parameters such as particle shape, chain rigidification, partial pore blockage, or void formations 

[293,294]. In these models, new parameters are included in order to adjust the results to the 

experimental ones and to the actual shape of the disperse phase. In order to model the 

imperfections of the matrix (chain rigidification, voids), a third pseudo-phase is introduced into 

the model [295]. Other approach developed by Felske [296] for the modelling of thermal 

conductivity and applied to permeability by Pal [289] considers that a core-shell particle is 

surrounded by the continuous phase in the same volumetric portion as the particle volumetric 

loading presented in the whole composite. Then, the surrounded core-shell particle is considered 

to be embedded in an infinite “effective homogenous medium” with an unknown permeability. 

Making the appropriate assumptions and boundary conditions, the core-shell, the matrix and the 

“effective medium” are obtained. Felske model is claimed to be more accurate than the above 

presented models and their modifications [289].  

 

9. Challenges of MMMs 

Most of the studies carried out on MMMs have been done using dense membrane configurations. 

Avoiding the porous support of membranes gives some advantages to the researchers like the 

lack of influence of support properties and therefore, easier determination of the intrinsic 

properties of the new material. However, although this type of membranes is a good approach for 

the development of new materials, membranes for industrial applications need to be produced in 

asymmetric configuration. Regarding MMMs fillers, the reduction of the size of the fillers is one 

of the most important factors to extend the use of MMMs. In the case of asymmetric membranes 

where the separation skin layer is about 80-100 nm, fillers should be in this size range, and during 

the membrane formation they should be trapped in the skin layer, not in the porous part of the 

membrane to improve the performance of the membrane. When the particle size is so small, 

particles have a great tendency for agglomeration due to their high surface energy, so the 

dispersion of these particles in the dope solution is also a problem which needs to be solved. 

Another manner to apply MMMs in asymmetric membranes is by means of the production of thin 

film nanocomposite (TFN) membranes, where the top layer is composed of a high-performance 

polymer and a filler. In this case, top-layers can be optimized separately from the support, 

enlarging the possibilities of membrane performance. Furthermore, larger particles are able to 

be incorporated in TFN membranes compare to asymmetric ones. This would be a good approach 

to incorporate the MMMs in the final application. Moreover, it has been proven that the 
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incorporation of fillers can stop the aging and CO2-induced plasticization of the membrane at the 

same time that the gas performance is improved.  

The fillers should be stable at the conditions of the final application; water stability is an 

important factor to take into account for natural gas application. For example, ZIF-8 water 

stability is very low due to the hydrolysis of its framework [297]. Moreover, the stability of the 

fillers in the presence of other components of natural gas (i.e. sulfur compounds, high 

hydrocarbons) is very important to ensure a reliable performance of the membrane for its whole 

shelf life.  

As mentioned in section 7 of this chapter, the interface between the filler and polymer is one of 

the most important factors influencing successful production of MMMs. Grafting, blending, 

surface modification etc. techniques have been used for this propose [298]. A cost-effective 

method for the production of defect-free MMMs is needed to spread the use of this type of 

membranes into the final industrial application. 

Worth to mention is that nanoparticles are restricted by specific environmental laws due to the 

special toxicity related to their size [299]. It is an important fact for the final industrial production 

of MMMs and it can become a big drawback for the implementation of these membranes. The so-

called one-pot synthesis, where filler and polymer are synthetized simultaneously, can be an 

option to optimize the synthesis and reduce the disposal of nanoparticles into the environment. 

Furthermore, the production process would be simplified, and cost could decrease too. 
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Chapter 2. Development of fillers for crosslinked Mixed 
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1. Introduction 

Mixed Matrix Membranes (MMM) have caught the attention of many researchers in last years as 

it has been shown in the Chapter 1, section 7. The introduction of inorganic fillers has emerged as 

a potential approach to overcome limitations of ceramic and polymeric membranes. 

Nevertheless, it is worthy to note that fi nal features of mixed matrix membranes are not as simple 

as the mixture of properties of both materials. Complex changes in the structure of polymer and 

filler surfaces are produced; thus, properties of the final material are different that it could be 

expected. 

In the case of MMM, polymer structure, interface zeolite/polymer and zeolite dispersion play an 

important role in gas transport mechanisms and they determine the permeability and selectivity 

of permeating gases. The main problems related to the filler dispersion in the polymer phase are 

due to the interface between them. These difficulties arise from the formation of filler 

aggregations and clusters, rigidification of the matrix around the filler, and “sieve in a cage” 

morphology which is an interface void around the particles [286] and the polymeric matrix. 

Therefore, in order to address this problem, different approach have been studied such as the 

“priming”, addition of low molecular weight compounds, or the surface modification of the 

particle by using different compounds [101].  

Grafting using silane coupling agents is a good approach to improve the interface of 

polymer/zeolite and avoid the formation of “sieve in a cage” morphologies by means of the 

covalent bond as it is shown in the Figure 1.6 [169,205,210,300]. Nevertheless, the grafting with 

silane coupling agents can bring undesired consequences like formation of an extra phase around 

the particle or pore-blocking of zeolites. For example, Pechar et al. [163] modified Zeolite L using 

APTES, showing an important decrease in the adsorption capacity of the modified zeolite. 

However, the amount of silane coupling agent can be controlled through the polarity of the 

solvent used [209]. Low polarity solvents (i.e. hexane, toluene) produced a multi-layer coverage 

reducing the surface area. Another undesired effect of surface functionalization is the 

rigidification of the polymer chains around the particles. Li et al. [300] showed a decrease of 

permeability for all gases due to the rigidification when the content of modified zeolite 4A 

increases. 

Silane coupling agents can be used not only to improve the interface but also, they can be used as 

crosslinking compounds by means of the selection of the proper compound and the polymer with 

which it can react. For examples, Polyhydrogenmethylsilane (trade name: Wacker, V24) was used 

as crosslinker for MMMs based on PDMS and Zeolite 4 [301]. 
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Titanium Silicalite is a crystalline zeotype material in which tetrahedral [TiO4] and [SiO4] units 

are arranged in a MFI structure. Titanium Silicalite 1 was synthesized for the first time in 1986 

by Tamarasso et al. [302]. Its structure can be described with pentasil units. These [58] units are 

linked to form pentasil chains, and mirror images of these chains are connected via oxygen 

bridges to form corrugated sheets with 10-ring. Each sheet is linked by oxygen bridges to the next 

to form the 3-dimensional structure [195]. Owing to this structure TS-1 shows a three-

dimensional system of channels having molecular dimension of 5.1-5.6 Å and which constitutes 

the zeolitic micropores of the material. 

In this part of the work, MMMs based on the polyimide 6FDA-DAM:DABA (9:1) and TS-1 

nanoparticles are studied. Different synthesis parameters in order to obtain the most suitable TS-

1 particles for gas separation are investigated. Surface functionalization of particles in order to 

improve the zeolite/polymer interface was performed using the following silane coupling agents: 

3-aminopropyltrimethoxysilane (APTMS), 3-aminopropyltriethoxysilane (APTES), 

3-aminopropylmethyldiethoxysilane (APMDES), 3-glycidoxypropyltrimethoxysilane (GPTMS), 

3-glycidoxypropyltriethoxysilane (GPTES), and 3-glycidoxymethyldiethoxysilane (GPMDES). 

Their chemical structures are shown in the Figure 2.1.  

Furthermore, the choice of a suitable silane coupling agents could promote the crosslinking of the 

polymer by means of the reaction of the acidic group from DABA with the alkoxy or amino groups 

from the silane coupling agents. Therefore, an optimized procedure to developed crosslinked 

membranes resistant to CO2-induced plasticization with a continuous zeolite/polymer interface 

was attempted. Then, the gas separation at high pressures in mixed gas conditions in order to 

check the plasticization resistance was also carried out. 

                                            

         

Figure 2.1. Chemical structure of silane coupling agents used: A) APTMS, B) APTES, C) APMDES, D) GPTMS, E) GPTES, 
F)GPMDES. 
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2. Experimental procedure 

2.1. Materials 

The materials for the synthesis of TS-1 were titanium (IV) n-butoxide 99% (TBOT) purchased 

from Acros Organist and Tetraethoxysilane 99.9% (TEOS) from Alfa Aesar used as titanium and 

silicon source, respectively. Moreover, tetrapropylammonium hydroxide (TPAOH) solution 

(~20 wt.% in water) was used as template and 2-propanol 99.9% used as solvent, both were 

purchased from Fluka Analytical. All chemicals were used as received without further 

purification. 

The silane coupling agents using for the surface modification of the particles were 

3-aminopropyltriethoxysilane (APTES) >97%, 3-aminopropyltrimethoxysilane (APTMS) 95% 

and 3-aminopropylmethyldiethoxysilane (APMDES) >95%, 3-glycidoxypropyltriethoxysilane 

(GPTES) >95%, 3-glycidoxypropyltrimethoxysilane (GPTMS) >97% and 

3-glycidoxymethyldiethoxysilane (GPMDES) >95%. All of them were purchased from Gelest Inc. 

and used without further purification. Tetrahydrofuran (THF) ≥99.0% used as solvent was 

obtained from Sigma Aldrich.  

2.2. Synthesis of TS-1 particles 

TS-1 zeolites with two different content of Ti: (i) TS-1-100 with low Ti amount (Si/Ti = 100) and 

(ii) TS-1-25 with high content of Ti (Si/Ti = 25) are prepared by hydrothermal synthesis. The 

mother solution used to synthesize TS-1 particles is obtained by mixing two individually 

prepared solutions. Solution A, which is the silica source, is prepared by mixing desired amounts 

of TEOS and TPAOH. Solution B, which is the titania source, is prepared by mixing the considered 

amounts of TBOT and 2-propanol. Then solution B is poured into solution A. After that, water is 

added to bring solution to the balance, and it was stirring for 6-7 h at 65 °C in order to complete 

the hydrolysis. The final molar ratio of the solution is x TiO2:1 SiO2:0.18 TPAOH:0.75 H2O. After 

hydrolysis, different aging times: no aging, 1, 2, 3 and 7 days and different aging temperatures 

room temperature, 40 °C and 80 °C were applied to the mother solution. After the desire aging 

time, solution is transferred into an autoclave for hydrothermal synthesis at different 

crystallization temperatures: 140 °C, 160 °C or 180 °C for 24 h. The solution is washed with 

distilled water and centrifuge is used to separate the powders from the solution. The TS-1 powder 

is dried at 120 °C overnight. Template removal is carried out at 480 °C for 24 h with the heating 

and cooling rate of 0.5 °C/min using air as oxidation atmosphere. 
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2.3. Surface modification of TS-1 

Functionalization of the particle surface was carried out by the different silane coupling agents as 

mentioned above. In a typical reaction, 0.5 g of TS-1 is dispersed in 50 ml of THF. The solution is 

sonicated for 15 min, stirred for one 1 h and 30 min, and sonicated again for another 15 min in 

order to get a good dispersion of the filler in the solvent. After that, 13 mmol of the desired silane 

coupling agent is added and the reaction is held at room temperature, for 24 h and under nitrogen 

atmosphere. Finally, the particles are centrifuge and washed with fresh THF to remove the rest 

of the unreacted silane coupling agent. This step is repeated three times. The obtained particles 

are dried at 40 °C for 24 h. 

2.4. Membrane formation 

In order to obtain the simultaneous effect of silane coupling agents (surface modification and 

crosslinking) on the membrane, firstly the modified TS-1 slurry is obtained as it is explained in 

the section 2.3 and the particles are kept in the slurry without washing them. Secondly, the 0.7 g 

synthesized polyimide 6FDA-DAM:DABA (9:1) are added in 7 ml of THF and stirred for 3 h to 

ensure the complete dissolution of the polymer. Afterwards, TS-1 slurry is place in an ice bath in 

order to decrease the kinetics of the crosslinking when the dope solution is added to the TS-1 

slurry. Finally, after 15 min of reaction under stirring the solutions is casted in a Teflon® substrate 

and crosslinked membrane is formed by controlled solvent evaporation in THF atmosphere 

during 48-72 hours. 

2.5. Particle Characterization. 

X-ray powder diffraction data were collected at room temperature with an X'Pert PRO θ-θ powder 

diffractometer with parafocusing Bragg-Brentano geometry using CuKα radiation (λ = 1.5418 Å, 

U = 40 kV, I = 30  mA). Data were scanned with an ultrafast detector X'Celerator (or with a 

scintilator detector equipped with a secondary curved monochromator) over the angular range 

5-60° (2θ) with a step size of 0.017° (2θ) and a counting time of 20.32 s step-1. Data evaluation 

were performed in the software package HighScore Plus 3.0e.  

Morphology of the particles was characterized by scanning electron microscopy (SEM) Hitachi 

S4700. Samples were covered by 20 nm Au/Pd layer prior measurement to ensure sufficient 

electron removal from the surface of the sample. 

Functionalized TS-1 samples were characterized by Fourier Transform Infrared (FTIR) 

spectroscopy NICOLET 6700s with a DTGS detector. 

Carbon dioxide and methane adsorption measurements were carried out using the Micromeritics 

ASAP 2050 Xtended Pressure Sorption Analyzer and nitrogen adsorption measurements to 
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estimate the BET surface were carried out using the Micromeritics ASAP 2020 Accelerated 

Surface Area and Porosimetry. 

2.6. Membrane characterization 

After film formation, thermal stability of MMM was evaluated by thermogravimetric analysis 

(TGA) Perking Elmer TGA4000. Samples were heated up to 900 °C using a heat rate 20 °C/min 

under nitrogen flow (20 ml/min). When the sample has reached 900 °C, gas flow switch to air, 

and the sample is cool down till 50 °C at 20 °C/min. 

Chemical stability of the crosslinked films was evaluated by means of film immersion into fresh 

solvent (THF) and calculated the weight uptake after certain time.  

In order to evaluate the polymer/zeolite interface, cross-section of as-synthesized films were 

visualized by means of Scanning Electron Microscopy (SEM) using a JEOL-JSM-6010LA 

microscope. Cross-section of membranes was obtained by cryogenic fracture in liquid nitrogen. 

The samples were covered by a thin layer of gold using a Balzers Union SCD040 sputter coater 

under argon flow at room temperature. 

Gas separation evaluation was carried out using a custom-built high-pressure gas permeation set-

up. 4.7 cm membranes were placed in a stainless-steel cell and the membrane was evacuated 

under low vacuum from the permeate side for a 3 h. Afterwards, feed gas is applied at the desired 

feed pressure, meanwhile the permeate side is under vacuum. Firstly, the membrane 

performance is evaluated using nitrogen at feed pressure of 5 bar. Secondly, it is degassed and 

kept under vacuum for 3 h. Subsequently a 50/50 vol% CO2/CH4 as feed gas at 10, 20, 30 and 

40 bar was applied. After each increasing step using mix gas, the membrane is degassed and 

cleaned applying nitrogen at 5 bar overnight and degassed again. 

3. Results and discussion 

3.1. TS-1 characterization results 

3.1.1. XRD  

In the Figure 2.2, the XRD patterns for as-synthesized TS-1 particles (Si/Ti = 100 and Si/Ti = 25) 

can be observed. Characteristic peaks for TS-1 at (2θ= 7.9°, 8.8°, 23.1°, 23.9°) representatives of 

MFI structure can be seen. These peaks correspond to the d-spacing 11.2, 10.1, 3.8, and 3.7 Å, and 

to the directions 〈011〉 〈020〉 〈051〉 and 〈511〉 respectively [303]. Moreover, no peaks are detected 

at 2θ= 25.3°, 37.9°, 48.4°; which would disclose the existence of anatase TiO2 phase [304]. 

Therefore, the synthesis procedure was successful in both cases and titanium cations are included 

into the framework of the zeolite. Furthermore, the peak at 29.2° corresponding to d-spacing 

3.05 Å and the direction of 〈352〉 is an appropriate evidence of the incorporation of Ti into the 

framework [303]. 
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Figure 2.2. XRD Patterns for TS-1 with ratios Si/Ti = 25 and 100 

Therefore, the synthesis procedure was successful in both the cases and titanium cations are 

incorporated into the framework of the zeolite. 

3.1.2. SEM Images 

Regardless the morphology of the particles, SEM images show that all particles present 

orthogonal shape. In the Figure 2.3, TS-1 particles synthesized using different crystallization 

temperatures (A) 140 °C, B) 160 °C and C) 180 °C are depicted. In these images, no important 

differences can be observed between morphology of these samples. Prepared particles present 

narrow size distribution with the sizes between 800 nm and 1 µm. It brings the conclusion, 

crystallization temperature does not affect the morphology of the particles. 

  

 

Figure 2.3. TS-1 particles synthesized using different Tcrystallization A) 140 °C, B) 160 °C and C) 180 °C, samples 
synthesized using Si/Ti=100 and no aging. 

 

C) 

A) B) 
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In the Figure 2.4, the effect of the Si/Ti ratio on particle size can be perceived. At Si/Ti = 100, 

particle size observed is about 200 nm. However, at Si/Ti = 25, the particle size is about 

300 - 400 nm. 

  

Figure 2.4. TS-1 particles synthesized using different Si/Ti A) Si/Ti = 25 and B) Si/Ti = 100. Samples synthesized using 
taging = 7 days and Taging = 40 °C. 

 

The effects of aging time and temperature for samples Si/Ti=100 can be observed in Figure 2.5, 

Figure 2.6, and Figure 2.7. Solution aging at room temperature has no effect on morphology or 

particle size in the time tested in this work. However, solution aging undertaken at higher 

temperatures than Troom is affecting the size of obtained particles. When solutions are aged at 

room temperature, the resulting particles are the biggest ones with a particle size ranging from 1 

to 2 µm. The particle size is reduced when the solutions are aged at 40 °C; particles obtained from 

one day aged solution present a size of 800 nm and when the aging time increases to two and 

three days, then, the particle size decreases to 400-600 nm. The smallest size is obtained for the 

longest aging period tested when the particle size decreases to 200 nm approximately. However, 

when the aging temperature is increased to 80 °C, the aging time do not have an important 

influence on the particle size and all the particles are ranging between 400 and 600 nm. Moreover, 

the particle size is not reduced compared to particles from 40 °C solution, hence the aging at this 

temperature did not improve the morphology of the particles.  

  

A) 

 

B) 
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Figure 2.5. TS-1 particles synthesized using different aging time A) 1 day, B) 2 days C) 3 days and D) 7 days. Samples 

synthesized using Si/Ti = 100 and Taging = Troom. 
 

  

  
Figure 2.6. TS-1 particles synthesized using different aging time A) 1 day, B) 2 days C) 3 days and D) 7 days. Samples 

synthesized using Si/Ti = 100 and Taging = 40 °C. 

  

A) B) 

C) D) 

A) B) 

C) D) 
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Figure 2.7. TS-1 particles synthesized using different aging time A) 1 day,B) 2 days C) 3 days and D) 7 days. Samples 

synthesized using Si/Ti = 100 and Taging = 80 °C. 

 

A decrease of the particle size with the time can be observed when the Taging is 40 °C, it means that 

the solution is able to create some proto-nuclei with time, and the amount of them are increasing 

with the time, therefore during the crystallization procedure these proto-nuclei promote the 

nucleation over the crystal growth, hence the particle size is reduced. However, the lack of size 

differences for the different aging times when the Taging is 80 °C can be explained because the 

mother solution reaches the saturation concentration of the nuclei from the first day, and 

nucleation rate is not promoted anymore. Then, solutions during the crystallization time, those 

nuclei grow with a similar growth rate [305]. 

3.1.3. FTIR Spectra 

FTIR spectra shows that peak related to TS-1 can be seen in the band around 960 cm-1 which is 

related to the incorporation of Ti into the zeolite framework [12, 13]. Moreover, intensity of this 

band is reported to follow the concentration of Ti substituted into the zeolite framework, as it can 

be seen in the marked peak of Figure 2.8 where no more differences in the spectra can be 

observed. 

In the Figure 2.9, the FTIR spectra of the TS-1-25 particles (it is used as the example of TS-1 

spectrum) and the different silane coupling agents used for the surface functionalization can be 

observed. These spectra show that the band at 960 cm-1 can overlap the fingerprint peaks of the 

A) B) 

C) D) 
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functionalize samples due to the higher intensity of TS-1. Therefore, the best region to check the 

functionalization of the samples is using the peak between 3 000 cm-1 and 2 700 cm-1 related to 

the alkyl chains of the silane coupling agents and which cannot be overlap with any band from 

the TS-1 spectra.  

 
Figure 2.8. FTIR Spectra of TS-1 with different Si/Ti ratio 

 

 
Figure 2.9. FTIR spectra of the different silane coupling agents and TS-1(Si/Ti = 25). 

 

In the Figure 2.10, the amino modified samples spectra from 1 400 to 650 cm-1 can be observed. 

APTMS spectrum (A) the peaks related to the symmetric and asymmetric Si-O-C bands at 

1 070 cm-1 and 1 200 cm-1 and the band (750-810 cm-1) related to -NH bond deformation are 
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clearly observed. [306]. APTES and APMDES spectra (B and C) show strong absorptions peaks 

around 1 100-1 075 cm-1 together with a weak absorption at 1 165 cm-1 corresponding to Si–O–

C2H5 vibrations [307]. In these spectra the peak at 960 cm-1 of TS-1 related to Si-Ti bond is 

overlapped due to the presence of the amino silane coupling agents. For the APTMS and APTES 

modified samples, this overlapping is more pronounce than in the case of APMDES. However, in 

the case of APMDES, its presence is overlapped due to the strong peaks of TS-1 indicating that a 

lower modification was carried out. 

 
Figure 2.10. FTIR spectra of amino silane coupling agents in the range of 1400-650 cm-1 A) APTMS, B) APTES, C) 

APMDES. 
 

In the Figure 2.11, a detail from the modified samples spectra focused in the range from 3 200 cm-

1 to 2 700 cm-1 can be observed in order to check the presence of the alkyl groups on the surface 

of the TS-1 particles. The functionalized samples with the amino silane coupling agents display 

stronger peaks in this area than the modified samples with the glycidoxy ones, showing a lower 

reactivity of this type compounds in the tested conditions. 

Among the glycidoxy silane coupling agents only the samples modified using GPTMS has a week 

peak related to the C-H stretching at ∼2 940 cm-1. However, in the case of GPTES and GPDES there 

is no evidence of surface modification. Similar week vibrations to GPTMS can be observed in the 

APMDES samples showing a week functionalization of the particles. Among the amino silane 

coupling agents the strongest modifications can be observed for the APTMS and APTES samples 

compared to APMDES. It indicates that the number of reactive points is the most important 

parameter for the reaction of these compounds and the length of these groups is a secondary 

parameter to take into account. 

A) B) 

C) 
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Figure 2.11. FTIR spectra of functionalized samples using different silane coupling agents: A) APTMS, B) APTES, C) 
APMDES, D) GPTMS, E) GPTES, F) GPMDES. 

 

3.1.4. CO2 and CH4 Adsorption results 

In this section, the sorption capacity of the different particles is analyzed by CO2 and CH4 

adsorption isotherms. In the Figure 2.12, it can be seen that the crystallization temperature alters 

not only carbon dioxide adsorption but also the methane one. These different adsorption 

capacities are perceptible at higher pressures than 2 bar, and they are increasing with the 

increment of the pressure. At the highest pressure tested (900 kPa), CO2 adsorption of particles 

synthesized at the lowest Tcrystallization is higher and CH4 adsorption is considerably lower than the 

other samples. TS-1 particles synthesized at higher temperatures (160 °C and 180 °C) present 10 

and 15% lower CO2 adsorption respectively; and 16% higher CH4 adsorption, at this pressure. 

Hence the selectivity is reduced compare to TS-1 particles synthesized at 140 °C. Therefore, 

A) B) 

C) D) 

E) F) 
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Tcrystallization = 140 °C provides to TS-1 a sharper difference in adsorption and make this sample as 

preferred particles to be fillers in mixed matrix membranes for CO2/CH4 separation. 

 
Figure 2.12. Adsorption isotherms for CO2 and CH4 at 30 °C for TS-1-100 synthesized using different Tcrystallization. 

 

As it is explained in the introduction of this chapter, the surface modification of zeolites can 

dramatically decrease their sorption capacities. In the Figure 2.13 and Figure 2.14, carbon dioxide 

adsorption isotherms for the modified TS-1 with ratios Si/Ti = 100 and Si/Ti = 25 respectively, 

are presented. In the case of TS-1-100, the maximum adsorption loss (15% and 12%) are 

presented in the APTES and APTMS curves, respectively. On the contrary the losses are negligible 

for all glycidoxy silane coupling agents. TS-1-25 particles present higher losses in the adsorption 

capacity reaching the 21% in the case of APTMS, 15% for APTES and 18% for APMDES. Samples 

modified by glicidoxy silane coupling agents present slightly lower losses ranging from 10 to 19%. 

TS-1 with Si/Ti = 25 samples presents higher loss than samples Si/Ti = 100, it can be due to the 

higher amount of titanium in the framework of the zeolite, which facilitate the silanization 

process and the pore blockage is higher in this samples. 

Glycidoxypropyl silanes presents almost net adsorption and samples treated with aminopropyl 

silanes, adsorption is lower. These results are in agreement with FTIR spectra where any trace of 

silane coupling agent were detected. However, a small loss of adsorption can be observed for the 

most reactive glycidoxypropyl silanes (GPTMS and GPTES) which provide an evidence of small 

silanization of the sample. 

Regarding with the results of samples modified using aminopropyl silanes, they are also in 

agreement with FTIR spectra. The lowest adsorption isotherm is obtained for APTMS sample 

which is the most reactive silane coupling agent due to its three methoxy groups, after it is APTES 
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with three reactive points too, however it is less reactive due to the higher length of ethoxy than 

methoxy groups. Finally, APMDES only containing two reactive points shows the highest 

adsorption from amino silane coupling agents tested due to the lower concentration on the 

surface and the pore blockage of the zeolie. 

 
Figure 2.13. CO2 Adsorption isotherms at 30 °C of surface modified TS-1 Si/Ti = 100. 

 

 
Figure 2.14. CO2 Adsorption isotherms at 30 °C of surface modified TS-1 Si/Ti = 25. 

 

3.1.5. N2 Adsorption results 

Nitrogen adsorption measurement were used to evaluate the surface area of the samples applying 

the most common models: Brunauer–Emmett–Teller (BET) and Langmuir. 
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The results summarized in the Table 2.1 are in coherence with all above exposed. Amino silane 

coupling agents are more reactive than glycidoxy ones. As can be seen in the case of APTMS which 

introduces the component with three reactive points and very short groups, it is the most reactive 

species and with regards to its short groups is able to block effectively the majority of the pores 

of TS-1. Blocking of pores results in decreasing of accessibility internal pore structure and 

decreasing BET surface area to one fifth comparing to unmodified particles. 

In the case of glycidoxy silanes, the same trend is obtained. Nevertheless, differences between the 

silane coupling agent with two or three reactive points and the length of the alkoxy group do not 

have so great influence like they have in the amino silane coupling agents. 

Table 2.1. Surface area of TS-1 Si/Ti = 100 functionalized 

Sample BET Surface Area (m2/g) Langmuir Surface Area (m2/g) 

TS-1-100 492.0 ± 3.8 636.4 ± 5.2 
APTMS 102.5 ± 1.2 136.8 ± 0.8 
APTES 215.1 ± 2.4 287.5 ± 2.2 

APMDES 416.8 ± 4.3 566.7 ± 5.5 
GPTMS 416.9 ± 4.5 558.8 ± 5.8 
GPTES 434.7 ± 4.7 590.3 ± 6.1 

GPMDES 447.9 ± 5.0 609.1 ± 6.5 

 

3.2. Membrane characterization results 

3.2.1. SEM images 

The interaction between the particles and the polymer was evaluated by scanning electron 

microscopy (Figure 2.15). The dispersion of the particles shows clusters and sedimentation to a 

different degree. 

In the case of the trimethoxy silane coupling agents, amino and glycidoxy, sedimentation of the 

particles is the biggest issue. The reason of this sedimentation could be the high and the fast 

interaction of remained silanes coupling agents in the solution and the polymer which hinders 

the reaction of the modified particles with the polymer. Furthermore, the reticulation of the 

polymer could prevent the dissemination of the particles across the thickness of the membrane, 

pushing the particles outside of the matrix. 

APTES and GPTES modified samples show some clusters across the thickness of the membranes, 

and sedimentation lower than in the previous cases. APTES samples show a good interaction 

between the outer particles of the cluster and the polymer, and no void are formed around the 

clusters. However, the interaction of the particles in the GPTES sample shows a non-ideal 

interface between the polymer and the particles.  
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According to the APMDES sample, a good interaction between particles and the polymer can be 

observed, even though some aggregations appeared during the formation of the film. In this case, 

the sedimentation is inferior comparing to the other amino samples and a better dispersion is 

achieved, despite the agglomerations. 

Regarding the use of GPTES and GPMDES in the dope solution, the formation of voids inside 

matrix is one of the most significant facts. When it is coupled to the low surface modification of 

the particles and the sedimentation obtained, it shows that these compounds are not suitable for 

this application. 

 

 
Figure 2.15. SEM images of crosslinked membranes A) APTMS, B) APTES, C) APMDES, D) GPTMS, E) GPTES and F) 

GPMDES. 
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3.2.2. Chemical and thermal stability 

The thermo gravimetrical analyses (Figure 2.16) show that the different types of silane coupling 

agents, amino or glycidoxy, produce a different thermal behaviour. On one hand, MMMs 

manufactured with amino silane coupling agents show a similar thermal degradation profile. The 

first loss of weight till 110 °C is related to the evaporation of the sample moisture. Sencondly, the 

loss of weight up to 300 °C can be related to the evaporation of the silane coupling agents trapped 

among the polymeric chains and inside the inner pores of the zeolite. The boiling points of these 

compounds are 204.3 °C, 222.1 °C and 214.0 °C for APTMS, APTES and APMDES respectively. 

Finally, the main degradation at 500 °C aproximately is related to descomposition of the polymer. 

On the other hand, glycidoxy silane coupling agents show a different behavior due to the higher 

boiling point of GPTMS, GPTES and GPMDES which are 299.4 °C, 303.6 °C and 284.7 °C 

respectively. The mebranes loaded with TS-1 modified by GPTES and GPMDEs remain stable till 

300 °C, and then a continuous loss of weight starts, hence this loss of weigh is related to the 

evaporation of the unreacted remaining silane coupling agent in the membrane. In the case of 

GPTMS, due to the high reactivity of the methoxy groups, it has a higher thermal stability of the 

resultant membrane. The degradation from 400 °C to 600 °C is related to the decomposition of 

the polyimide. Furthermore, the final combustion at 900 °C, when the atmosphere is changed 

from N2 to air, exposes a deposit of 20 wt.% approxitemately related to the inorganic loading. 

 
Figure 2.16. TGA Analyses of the crosslinked MMMs with 20 wt.% loading of modified TS-1 Si/Ti=100 

 

Regarding the chemical stability, solvent uptaking capacity was evaluated. The results can be 

found in the Figure 2.17. As it can be seen in the figure, amine samples remain stable for the whole 

testing period. However, GPTMS and GPMDES samples start to swell during the first three hours, 

then the structure of the polymer starts to decompose, and the swelling decreases. The samples 
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remain stable at the 80% of their weight. The GPTES samples is unstable in THF and it looses 

weight with the time. This sample keeps stable weight at around 40% of its weight after 48 h, 

showing the lower degree of crosslinking. 

 
Figure 2.17. Solvent weight up-taken of crosslinked membranes 

 

3.2.3. Gas separation 

From the obtained membranes, only the membrane using APMDES presented the enough 

mechanical properties to withstand the pressure conditions of the test. The detailed values of the 

CO2 and CH4 permeabilities and the separation factors obtained using mixed gas (50/50 vol./vol) 

conditions at room temperature are summarized in the Table 2.2 and displayed in the Figure 2.18 

for an easier visualization of the CO2-induced plasticization behavior.  

Table 2.2. Separation factor, CO2 and CH4 permeability values of APMDES modified membrane. 

∆P (bar) P (CO2) (Barrer) P (CH4)(Barrer) Separation Factor 

10 29.4 ± 0.28 0.93 ± 0.03 31.7 ± 0.80 

20 26.8 ± 0.31 0.92 ± 0.06 29.1 ± 1.78 

30 28.2 ± 0.23 1.09 ± 0.04 26.0 ± 0.82 

40 27.9 ± 1.66 1.09 ± 0.09 25.7 ± 1.51 

 

As it can be seen from the data, overall carbon dioxide permeability decreases when pressure 

increases due to the gradual saturation of the micro-voids with increasing pressure as it is 

predicted by the dual-mode sorption model [139]. The maximum loss of CO2 permeability, at 

20 bar, is the 8.9% from the initial value (permeability at 10 bar). Afterwards, a slight increment 

of the CO2 permeability can be observed at 30 and 40 bar feed pressure. Concerning CH4 

permeability, it remains constant up to 20 bar, then it increases by a 17% at 30 and 40 bar 
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transmembrane pressure. The increment of the CH4 permeability at 30 bar is more significant 

than the CO2 permeability increase. Regarding the separation factor of the membrane, it 

decreases with the pressure increment showing a total descent of the 18% due to the increment 

of the CH4 permeability. The higher increment of CH4 permeability compared to the CO2 one can 

be due to the fact that when the CO2 is already dissolved into the polymeric, it increases the chain 

mobility and allows a faster diffusion of the CH4 molecules. Therefore, the separation factor 

decrease is more pronounced even though when the CO2 permeability does not undertake such a 

high increment. It shows that measuring the gas separation performance in mixed gas conditions 

shows a more complex behavior that must be taken into consideration and a slight CO2-induced 

plasticization can be observed from 20 bar feed pressure. This pressure is higher than the 

CO2-induced plasticization pressure of another commercial polyimide like Matrimid® (c.a. 10-12 

Barrer [308]). However, it is reported in literature that the CO2-induced plasticization pressure 

for 6FDA polyimides is around 20 bar [99,309] without any crosslinking treatment, showing a 

dramatic increase of the permeability. Although APMDES is able to decrease the increment of the 

CO2 permeability, there is still a certain loss in the separation factor. The reason can be the 

presence of unreacted APMDES which promotes a higher CO2 sorption due to the amine groups. 

It allows a certain movement of the polymeric chains and a slight increment of the CO2 and CH4 

permeability is observed. 

 

Figure 2.18. Gas separation performance of APMDES modified membrane at high pressure 
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4. Conclusions 

Suitable TS-1 fillers (Si/Ti = 100 and Si/Ti = 25) with narrow particle size distribution and mean 

size of particles about 200 nm and 400 nm were obtained using the optimized synthesis 

procedure where mother solution is aged at 40 °C for 7 days, and crystallization is carried out at 

140 °C. The SEM images showed that aging temperature at the longest aging time tested (7days) 

has the main effect on the morphology of the particles meanwhile the crystallization temperature 

influences gas adsorption properties. The samples crystallized at 140 °C showed the highest 

quantity of CO2 adsorbed and lower quantity of adsorbed CH4, which makes this temperature the 

best one for further synthesis.  

The surface functionalization of TS-1 particles showed a slight loss of CO2 adsorption compared 

with unmodified TS-1. Glycidoxy silane coupling agents showed very negligible results on 

adsorption measurements. The results are related to very low degree or no functionalization of 

TS-1, as supported by FTIR results which do not show any evidence of functionalization. On the 

other hand, functionalization by amino silane coupling agents was checked by FTIR spectroscopy 

and adsorption curves are notably influenced.  

Preparation of crosslinked membranes along with the modification of the TS-1 particles was 

tested. However, the necessary mixing conditions (short stirring time and low temperatures) to 

form the crosslinked membranes are not sufficient to disperse the particles homogenously. 

Furthermore, the mechanical properties of the majority of the membranes were not high enough 

in order to be used in natural gas applications. Only the sample obtained using APMDES as surface 

modifier and crosslinking agent was successfully tested for CO2/CH4 gas separation at high 

pressures. It shows a good gas separation performance with a maximum CO2 permeability of 

29.1 Barrer and a separation factor of 31.7. However, a slight CO2-induced plasticization can be 

observed from 20 bar due to the presence of unreacted APMDES. 
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Chapter 3. Titanosilicate (TS-1 and ETS-10) as fillers for 

Mixed Matrix Membranes for CO2/CH4 gas separation 

applications. 
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1. Introduction 

Introduction of inorganic fillers has emerged as a potential approach to overcome limitations of 

ceramic and polymeric membranes. Although silicalite particles have been widely studied 

[97,169,310–312], only a few studies using titanosilicate have been done for gas separation 

processes. For instance, Galve et al. studied MMM using microporous layered titanosilicate JDF-L1 

[284,313]. Nevertheless, it is worthy to note that final features of MMMs are not as simple as the 

mixture of properties of both materials. Complex changes in the structure of polymer and filler 

surfaces are formed.  

Using polyimides as continuous phase is becoming a widespread option for CO2 selective 

applications. These polymers present outstanding features in terms of thermal and chemical 

stability, besides good mechanical properties, and high selectivities with good permeabilities 

[108,133]. Matrimid® is a commercial thermoplastic polyimide with excellent mechanical, 

thermal and chemical properties. In the Figure 3.1, the chemical structure of Matrimid® is 

depicted. Matrimid® has been extensively used for the study of MMMs 

[171,201,232,259,269,314], therefore, it is a good material to use and compare the effect of the 

different fillers. 

 
Figure 3.1. Chemical structure of Matrimid® 

 

Zeolite and zeolite-like (zeotype) materials with their unique tetrahedral framework structures 

and compositions, uniform pores, well-defined acidity, cation exchange selectivity, and good 

thermal stability are widely used as commercial catalysts, ion exchangers, and adsorbents [315]. 

Microporous titanosilicate zeolites have some advantages over more conventional 

aluminosilicate zeolites: i) they are normally prepared under mild pH conditions, reducing the 

chance corrosion of the synthesis set-up, ii) the combination of octahedral and tetrahedral oxides 

gives the opportunity of isomorphous framework substitution and therefore, the tuning of 

adsorption properties while preserving its microporous structure [316]. 

In the Figure 3.2, the structure of Titanium silicate 1 (TS-1) can be seen. TS-1 zeolites belong to 

MFI framework zeolites. TS-1 are a crystalline zeotype material in which tetrahedral [TiO4] and 

[SiO4] units are arranged in an MFI structure. TS-1 was synthesized for the first time in 1986 by 

Tamarasso et al. [302]. Its structure can be described with pentasil units. These units are linked 
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to form pentasil chains, and mirror images of these chains are connected via oxygen bridges to 

form corrugated sheets with 10-rings. Each sheet is linked by oxygen bridges to the next to form 

the 3-dimensional structure [195]. This 3D structure is a system of interconnected channels 

parallel to [100] and [010] directions with elliptical ten-ring apertures of 5.1⨯5.5 Å and 

5.3⨯5.6 Å. It is based on ten oxygen ions per aperture with radii of 1.35 Å. There are four 

interconnections per unit cell, straight channels parallel to [010] connect in 90° angle with the 

sinusoidal channel along the [100] direction, in these intersections large cavities of 9 Å in 

diameter are created [317][318]. 

In previous works, Mirajkar et al. [319] investigated the influence of titanium content in the 

zeolite on the sorption properties of TS-1. They reached the conclusion that at higher content of 

Ti, higher was the sorption of the vapors studied: water, n-hexane, cyclohexane and n-butylamine. 

When there is more Ti incorporated into the silica matrix, the number of linkages Si-O-Ti also 

increases; hence the sorption capacity increases. They also observed that the incorporation of Ti 

(IV) species replacing Si (IV) increases the unit cell volume. In the work of Langerame et al. [320], 

it is explained that each Ti (IV) site of the framework chemisorbs two water molecules from 

atmosphere to adopt its preferential octahedral coordination. All these parameters can affect the 

performance of a MMM using TS-1 with different content of Ti. 

ETS-10 (Engelhard Corporation titanosilicate) is a zeotype synthesized for the first time in 1989 

by Kunicki et al. [321]. A more appropriate building block is taken as Si40Ti8O-16104 unit. It makes 

a charged framework. TiO6 octahedral are linked to each other forming a straight chain. These 

chains are parallel to the orthogonal channels and alternate in direction along the c-axis during 

the stacking. Rods composed by a titanium chain surrounded on both side by silicon five-rings 

are connected perpendicularly and generate seven-rings. As a result of the complete stacking of 

these rods, large 12-rings (7.6 ⨯ 4.9 Å) are encompassed [322]. ETS-10 structure is displayed in 

the Figure 3.2. 

 
Figure 3.2. A) Projection down the [110] axis of ETS 10 structure [31]*and B) Projection along [010] of MFI zeolite [32]. 

*Reprinted by permission from Macmillan Publishers Ltd: Nature (367, 347-351), copyright 1994. 

 

B) 

A) 
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The synthesis of small crystals of ETS-10 is important to get high-quality titanosilicate ETS-10 

membranes prepared with a good degree of crystal intergrowth and gas separation properties 

[164]. Changing the titanium source could lead to ETS-10 particles with different size. The 

smallest crystal sizes were obtained using TiO2-anatase while TiCl3 yielded the largest sizes [323]. 

Furthermore, it has been reported previously in the literature that ETS-10 is a basic material and 

can adsorb CO2 at low temperature, this property makes that ETS-10 membranes can separate 

CO2 from binary mixtures of CO2/N2 and CO2/H2 by preferential adsorption and diffusion of CO2 

[324]. Anson et al. [325] studied the adsorption capacity of ETS-10 and ETS-4 for carbon dioxide, 

methane and ethane. This zeolite showed high theoretical limiting selectivity based on Henry’s 

constant for CO2/CH4 (αETS-10 = 320 and αETS-4 = 350). 

In our work, we choose TS-1 with different content of titanium in the zeolite as filler for MMMs in 

order to check the influence of Ti on the performance of the different MMMs. In the other hand, 

ETS-10 has been chosen by its high limiting selectivity and the small particle size obtained for this 

work (around 650 nm).  

 

2. Experimental Procedure 

2.1. Materials 

Polymer used as continuous phase was commercial polyimide Matrimid® 5218 supplied by 

Huntsman Germany. It is a completed imidized thermoplastic polyimide with a molecular weight 

of 44 000 g/mol [253]. N-methyl-2-pyrrolidinone, NMP (99% extra pure) from Sigma Aldrich was 

chosen as solvent. 

For the synthesis of TS-1, used reactants were titanium (IV) n-butoxide 99% (TBOT) purchased 

from Acros Organist as titanium source, tetraethoxysilane 99.9% (TEOS) from Alfa Aesar as 

silicon source, and tetrapropylammonium hydroxide (TPAOH) solution (~20% wt. in water) 

from Fluka Analytical as template. Moreover, 2-propanol 99.9% from Fluka Analytical was used 

as solvent.  

The ETS-10 particles were synthesized using sodium chloride (Merck, 99% purity), potassium 

chloride (Merck, pro-analysis grade), sodium silicate (Merck, 25.5-28.5% SiO2 and 7.5-8.5% 

Na2O), potassium fluoride (Aldrich, 99% purity), titanium dioxide (anatase, Aldrich, 99.8% 

purity). All chemicals were used as received.  
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2.2. TS-1 synthesis 

TS-1 zeolites were prepared by hydrothermal synthesis as it is explained in Chapter 2 section 2.2. 

The molar ratio of the solution is 0.01 TiO2: 1 SiO2: 0.18 TPAOH: 75 H2O for the particles with 

Si/Ti = 100 and 0.04 TiO2: 1 SiO2: 0.18 TPAOH: 75 H2O for the particles with Si/Ti = 25. After 

hydrolysis, the solution was aged for 7 days at 40 °C and the hydrothermal synthesis was carried 

at crystallization temperature of 140 °C for 24 h.  

2.3. ETS-10 synthesis 

ETS-10 particles were synthesized by means of hydrothermal synthesis method to prepare a gel 

of molar composition 4.4 Na2O: 1.4 K2O: TiO2: 5.5 SiO5: 125 H2O. In a typical synthesis an aqueous 

solution consisted of 5.06 g of NaCl, 1.23 g of KCl and 23.22 g of deionized water was prepared. 

After that, 17.69 g of sodium silicate were added drop by drop avoiding to form a solid gel by 

means of increasing the stirring solution. This solution was vigorously stirred for 3 h in order to 

obtain a homogenous gel. 1.57 g of KF as potassium source were added and stirred till it was 

dissolved. Finally, 1.22 g of TiO2 were added and stirred for 1 h to obtain a milky homogenous gel 

of pH = 10.4. Gel was transferred to a Teflon® linen autoclave, placed inside the oven at 230 °C 

and maintained at this temperature for 24 h. Obtained product was washed and centrifuged at 

8000 rpm for 20 min until the discarded water had a pH between 9 and 10. 

2.4. Membrane preparation 

2.4.1. Pure Matrimid -PI membrane 

Membranes were prepared by solvent evaporation. Matrimid® 5218 powder was dried at 100 °C 

under vacuum overnight. A 10 wt.% solution was prepared using NMP as solvent. Dope solution 

was prepared by adding a third part of the total amount of polymer and stirring it for 2 h. Other 

third of the total polymer was added and mechanically stirred for 2 h. It was repeated once more 

to add the whole amount of polymer. Then, the dope solution was stirred for 24 h and sonicated 

for 1 h. Finally, the dope solution was cast on a flat glass plate using a 0.47 mm casting knife. 

Solvent was allowed to evaporate in a nitrogen box for 4 days. Obtained film was detached by 

water and dried for 24 h at 120 °C. 

2.4.2. Mixed Matrix Membranes (MMM) 

MMM samples were prepared similarly. Firstly, a particle suspension was prepared in NMP; the 

required amount of each titanosilicate was added to NMP and sonicated for 15 min, stirred for 

2 h, sonicated for 15 min again and then stirred overnight. Secondly, a third of the polymer was 

added and stirring for 2 h till it was dissolved and the dope solution was sonicated for 15 min. 
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This procedure was repeated twice and the final sonication was done for 1 h. Finally, the solution 

was cast onto a glass surface with a casting knife of 0.47 mm height and placed in a nitrogen box. 

Solvent was evaporated for 7 days. Samples were detached with water and dried at 120 °C for 

24 h. All sample thicknesses were measured using a digital micrometer Mitutoyo with 1 µm 

resolution. Sample thicknesses ranged between 20 and 60 µm. 

The necessary amount of zeolite for the different loadings was calculated using Eq.3.1 

𝑍𝑒𝑜𝑙𝑖𝑡𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑤𝑡. %) =  [
𝑤𝑡.𝑍𝑒𝑜𝑙𝑖𝑡𝑒

𝑤𝑡.𝑍𝑒𝑜𝑙𝑖𝑡𝑒+𝑤𝑡.𝑝𝑜𝑙𝑦𝑚𝑒𝑟
] · 100     Eq.3.1 

2.5. Characterization 

Different titanosilicates were characterized by scanning electron microscopy (SEM) Hitachi 

S4700 in order to check the morphology of the particles. Particle size and particle size distribution 

was calculated by means of Imaq Vision Builder software using different SEM micrographies.  

Crystallinity of the samples was studied by XRD analyses. They were carried out using XRD-

Diffractometer PANalytical X’Pert PRO (PANalytical Holland) using CuKα radiation with a voltage 

and current of 40 kV and 30 mA respectively.  

Carbon dioxide and methane adsorption isothermal measurements were carried out in 

Micromeritics ASAP 2050 Xtended Pressure Sorption Analyzer at 30 °C in the range of pressures 

from 0 to 900 KPa 

Chemical composition of the particles was studied by Atomic Emission Spectroscopy (AES) in 

order to determine the real content of Ti and the actual Si/Ti. AES analyses were carried out using 

Perkin Elmer 8000 Optima ICP-OES – Inductively Coupled Plasma Optical Emission Spectroscopy. 

Samples were dissolved using an equal mixture in volume of HF: HNO3: HCl using the protocol 

described previously in literature [326]. 

Chemical surface characterization of the zeolites was performance by X-Ray Photoelectron 

Spectroscopy (XPS). The X-ray photoelectron analysis was performed with an Axis Ultra DLD 

(Kratos Tech.). The spectra were excited by a monochromatized AlKα source (1 486.6 eV) run at 

15 kV and 10 mA. The binding energies were referenced to the internal C1s (284.9 eV) standard. 

Cross-sections of membranes were characterized using a Scanning Electron Microscope (SEM) 

JEOL-JSM-5600LV for investigating the compatibility of the different titanosilicates and the 

polymeric phase. Cross-sections were obtained by cryogenic fracture by immersion the samples 

in liquid nitrogen  

Thermal properties of membranes were investigated by Thermal Gravimetric Analysis (TGA) and 

Differential Scanning Calorimetry (DSC) using a Linseis STA 700LT. Analyses were carried out 
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using a sample between 4 and 7 mg placed in an alumina crucible. Simultaneous TGA and DSC 

analyses were carried out heating up the sample to 700 °C with a heating rate of 20 °C/min. under 

nitrogen flow of 20 ml/min. Temperature was hold at 700 °C for 30 min and then cooled down to 

50 °C at 20 °C/min. Glass transition temperature (Tg) was determined by DSC tests using the 

inflexion point in the step of specific heat curve. 

2.6. Gas separation evaluation 

Gas separation measurements were carried out in high throughput gas separation (HTGS) 

equipment [327]. Measurements were performed using mixed gas feed composed by 50/50 

vol./vol CO2/CH4 under 8 bar feed pressure at 35 °C. HTGS system was evacuated for 1 h and then 

feed stream was applied for 2 h before starting of measurements in order to reach the steady 

state of the membranes. Permeabilities were measured under constant-volume/variable-

pressure principle using Eq.3.2 and Eq.3.3 [73] where yi and xi are the molar fraction in the 

permeate and feed stream respectively, Vd is the calibrated permeate volume in cm3, l is the 

thickness of the membrane in cm, ∆P is the pressure difference between the applied feed pressure 

and downstream pressure in cmHg, A is the effective area of the membrane in cm2, R is the ideal 

gas constant (0.278 cm3·cmHg/(cm3(STP)K), and T is the operation temperature in K. 

𝑃𝐶𝑂2
=

𝑦𝐶𝑂2𝑉𝑑𝑙

𝑥𝐶𝑂2∆𝑃𝐴𝑅𝑇

𝑑𝑃

𝑑𝑡
         Eq.3.2 

𝑃𝐶𝐻4
=

𝑦𝐶𝐻4𝑉𝑑𝑙

𝑥𝐶𝐻4∆𝑃𝐴𝑅𝑇

𝑑𝑃

𝑑𝑡
         Eq.3.3 

Selectivity was determined through the composition of the permeate stream via a compact gas 

chromatograph (CGC, Interscience, Belgium) using Helium as carrier gas and thermal 

conductivity detector (TCD). Selectivity values were calculated through Eq.3.4 where xi and yi are 

the molar fractions in the feed and permeate stream respectively. 

𝛼𝐶𝑂2 𝐶𝐻4⁄ =
𝑦𝐶𝑂2

𝑦𝐶𝐻4
⁄

𝑥𝐶𝑂2
𝑥𝐶𝐻4

⁄
          Eq.3.4 

In order to compare the results easily and observe more clearly the influence of the different 

zeolite loading on the gas separation performance, the normalized permeabilities and 

selectivities are presented too. Normalized permeabilities and selectivities were calculated by 

Eq.3.5, Eq.3.6 and Eq.3.7 where the used values are obtained from the average of at least three 

different samples. 
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𝑃𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑(𝐶𝑂2) =
𝑃𝐶𝑂2
̅̅ ̅̅ ̅̅ ̅(𝑀𝑀𝑀)

𝑃𝐶𝑂2
̅̅ ̅̅ ̅̅ ̅(𝑀𝑎𝑡𝑟𝑖𝑚𝑖𝑑)

       Eq.3.5 

𝑃𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑(𝐶𝐻4) =
𝑃𝐶𝐻4
̅̅ ̅̅ ̅̅ ̅(𝑀𝑀𝑀)

𝑃𝐶𝐻4
̅̅ ̅̅ ̅̅ ̅(𝑀𝑎𝑡𝑟𝑖𝑚𝑖𝑑)

       Eq.3.6 

𝑆𝑒𝑝. 𝐹𝑎𝑐𝑡𝑜𝑟𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝑆𝑒𝑝.𝐹𝑎𝑐𝑡𝑜𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ (𝑀𝑀𝑀)

𝑆𝑒𝑝.𝐹𝑎𝑐𝑡𝑜𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ (𝑀𝑎𝑡𝑟𝑖𝑚𝑖𝑑)
      Eq.3.7 

 

3. Results and discussion 

3.1. Zeolite Characterization 

3.1.1. XRD 

The XRD patterns for as-synthesized TS-1 particles were already depicted in the Figure 2.2 

(Chapter 2, section 3.1.1). The MFI structure characteristic peaks for TS-1 at (2θ = 7.9°, 8.8°, 23.1°, 

23.9°, 24.4°) [303] can be seen. Moreover, peaks at 2θ = 25.3°, 37.9°, 48.4°; which would disclose 

the existence of anatase TiO2 phase, are not detected [304]. Further explanation can be found in 

the Chapter 2, section 3.1.1. 

In Figure 3.3, referential XRD pattern and diffractogram of prepared ETS-10 are shown. 

Diffractogram presents peaks that are in agreement with those published by other authors for 

ETS-10 [323,328,329]. The purity and crystallinity of synthesized ETS-10 was analyzed, it is also 

noted that there are no remains of the synthesis gel. On the other hand, the pattern of the solid 

prepared presents a peak related to quartz impurity [323] (labeled with an x), this was previously 

reported when using anatase as Ti source and a similar gel composition [330]. 

 
Figure 3.3. XRD Patterns of ETS 10. 
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3.1.2. Adsorption characterization  

Adsorption isotherms at 30 °C and in the range from 0 to 9 bar are depicted in the Figure 3.4. 

  
Figure 3.4. CO2 and CH4 adsorption isotherms of TS-1.100, TS-1.25 and ETS-10. 

 

The Langmuir coefficients were inferred from adsorption curves using the Eq.3.8, and they are tabulated in the  

Table 3.1. It can be observed as it is also seen from the isothermal curves that the adsorption of 

CO2 is higher for the TS-1-25 sample than for TS-1-100. Eq.3.8 

𝑞 =
𝑞𝑚𝑖𝐾𝑖𝑝

1+𝐾𝑖𝑝
          Eq.3.8 

 
Table 3.1. Calculated Langmuir Parameters. 

Particle Gas 
Langmuir Parameters 
qmi [mmol/g] Ki[1/atm] 

TS-1-100 
CO2 4.46 0.46 
CH4 2.21 0.31 

TS-1-25 
CO2 4.77 0.45 
CH4 2.11 0.31 

ETS-10 
CO2 1.78 1.25 
CH4 0.81 0.43 

 

3.1.3. SEM 

Figure 3.6 shows the SEM images of as-synthesized TS-1 and ETS-10 particles. Regardless the 

morphology of the TS-1 particles, SEM images show that all particles present an orthogonal shape 

and a narrow size distribution. The histograms show that the TS-1-100 follow a normal 

distribution centered at around 260 nm, the average particle size (N = 50) is 257 ± 25 nm. 

TS-1-25 particles show a mean particle size (N = 50) of 419 ± 30 nm and do not follow a normal 

distribution, exhibiting a broad range in particle size ranging from 350 to 475 nm. The ETS-10 

particles show a rhombohedral morphology and their size is 610 ± 67 nm. ETS-10 particles show 

the broadest distribution (N = 50) which ranges from 450 to 800 nm. The size of the particles 

synthesized in this work is in agreement with other small particle size reported in literature such 

as the results of the work of Faroldi et al. [331] where a ETS-10 the particle size reported is 400 
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- 600 nm. Casado et al. [323] reported a particle size of 320 x 410 nm. Lv et al. [330] reported 

bipyramidal particles of 500 nm. Histograms of the different particle size distribution can be 

observed in Figure 3.5.  
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Figure 3.5. Particle histograms A) TS-1-100, B) TS-1-25 and C) ETS-10 
 
 
 

 

 
Figure 3.6. SEM images of nanoparticles A) TS-1-100, B) TS-1-25 and C) ETS-10. 

 

B) 

C) 

A) 

A) 

B) 

C) 

A) 
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3.1.4. Chemical Characterization 

Table 3.2 shows the results obtained by AES-ICP and XPS analyses. AES-ICP results show the 

actual content of Ti in the zeolites, besides the real value Si/Ti. Regarding TS-1-100, actual Si/Ti 

is very close to the theoretical one. However, TS-1-25 shows a lower Si/Ti than the ratio of the 

mother solution. The maximum content of Ti in TS-1 corresponds to ca 2.4 atoms of Ti per unit 

cell which leads to a maximum Ti content of 1.98 wt.% [320] incorporated in the zeolite 

framework. For this reason the incorporation of Ti in the zeolite framework is limited. On the 

other hand, ETS-10 incorporates more Ti due to its different structure. Comparing Si/Ti in the 

bulk with Si/Ti in the surface, a large difference is found in the three zeolites. The higher content 

of Ti on the surface than in the bulk of the zeolite can be due to the segregation of TiO2 species 

(<5 nm) during the synthesis [332].  

Regarding XPS analyses (spectra are depicted in Figure 3.7), peaks at different binding energy 

(BE) are related to the different oxidation states and coordination of Ti in the zeolite. The peak at 

457 eV is assigned to Ti (III), the peaks at higher BE are assigned to Ti (IV), either in octahedral 

coordination as for pure TiO2, (peak 2 at 458,5 ev) or Ti (IV) in tetrahedral coordination (peak 3 

at 460  eV) [320]. Table 3.2 summarizes the XPS results after deconvolution of the peaks. 

Concerning ETS-10, all Ti is coordinated in octahedral position. The difference between Si/Ti in 

the bulk and Si/Ti in the surface suggests that part of Ti was segregated in form of TiO2 in the 

surface of the particles. Regarding TS-1, differences on the surface composition are found. A 

higher percentage of octahedral Ti is observed in TS-1-25 than in TS-1-100 which is related to the 

higher formation of TiO2 nanoparticles on the surface. The other main difference on the surface 

composition between the TS-1-100 and TS-1-25 is the percentage of Ti (III) related to peak 1. This 

difference can be due to the higher segregation of TiO2 which would cover the Ti (III) placed in a 

deeper position non-detectable by XPS.  
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Figure 3.7. XPS Spectra A) TS-1-100, B) TS-1-25 and C) ETS-10. 

 

Table 3.2. Surface and bulk chemical composition of titanosilicates. aData determined by AES-ICP analyses and bdata 
obtained by XPS analyes 

 
Si/Tia 

(bulk) 

Ti contenta 

[ wt. %] 

Si/Tib 

(Surface) 

BE Ti 2p 3/2b [atomic %] 

 
Peak 1 

457 [eV] 

Peak 2 

458.5 [eV] 

Peak 3 

460 [eV] 

TS-1-100 98.99 1.08 46.9 37 15 48 

TS-1-25 44.34 2.41 24.3 5 58 37 

ETS-10 11.49 9.60 3.6 -- 100 -- 

 

B) 

C) 

A) 
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3.2. Membrane Characterization 

3.2.1. TGA 

TGA curves for the different sets of MMMs can be seen in Figure 3.8. Thermal gravimetric analyses 

show an increase of the thermal stability as the inorganic loading increases. The first loss of 

weight till 120 °C is due to the moisture evaporation of samples. The weight losses corresponding 

to the moisture evaporation range between 0.5 – 2 wt.% lost. These losses are higher in the 

unfilled membrane than in the MMMs due to the hydrophobicity of the fillers [333]. The following 

pronounced weight reduction between 150 °C and 300 °C is related to the evaporation of rests of 

solvent (Tboil (NMP)= 204.3 °C). The NMP residue ranges from 3 wt.% to 6 wt.% for MMMs, 

however unfilled membranes show a higher residue of NMP reaching the 9 wt.%. It indicates that 

the main part of the NMP residue is placed in the polymeric matrix instead of the pores of the 

particles. The increase of mobility of the polymer chains with the increment of the temperature, 

promotes a desorption of the NMP trapped between the polymer chains [308]. The 

decomposition temperature (Td), calculated by the minimum of the first derivative, drops for 

MMMs compared to the unfilled Matrimid® membrane. Polyimide membrane shows a Td of 

526.2 °C and a weight loss of 22.3%, while the Td of the MMMs ranges between 514.1 °C and 

501.7 °C, and the weight loss varies between 20.3% and 12.4%. The slight decreases of Td of 

MMMs can be due to the introduction of defects into the membrane. Overall, MMMs containing 

titanosilicates are able to stand sufficiently high temperatures to operate in different work 

conditions.  
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Figure 3.8. TGA curves and their first derivatives for MMMs A) TS-1-100 B) TS-1-25 and C) ETS-10 

 

3.2.2. DSC analyses 

Glass transition temperatures of the different MMMs prepared in this work are listed in Table 3.3. 

The Matrimid® result is in agreement with literature [130]. DSC results show an increase of the 

Tg of the membrane with the increase of the inorganic loading because Matrimid® polymeric 

A) 

B) 

C) 
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chains are able to penetrate into the microporous zeolites [162,334]. ETS-10 pores (7.6 ⨯ 4.9 Å) 

are wider than TS-1 pores (5.1 ⨯ 5.5 Å). Therefore, a larger penetration of polymer chains into 

the ETS-10 pores is expected. It causes a bigger constriction of the polymeric chains, reducing its 

possibilities to move, and increases the Tg. Difference between TS-1-100 and TS-1-25 can be due 

to a different structure of their surface. Moretti et al. [332] studied the different chemical states 

of Ti inside of microporous TS-1 with different Ti content. According to this work, during the 

synthesis of TS-1 with higher amount of Ti, a higher amount of segregated TiO2 crystal (5 nm) 

undetectable by XRD are deposited at the external surface of the TS-1 crystallite. The TiO2 

nanoparticles bring a better adhesion of the particles, increasing the rigidity of the polymeric 

chains.  

Table 3.3. Glass transition temperatures of MMMs containing titanosilicate. 

Sample Zeolite (wt. %) Polymer (wt. %) Tg [°C]a 

Matrimid® 0 100 313.5 

TS1-100-10% 10 90 315.5 

TS1-100-20% 20 80 328.2 

TS1-100-30% 30 70 331.7 

TS1-25-10% 10 90 318.2 

TS1-25-20% 20 80 324.4 

TS1-25-30% 30 70 327.8 

ETS-10-10% 10 90 315.2 

ETS-10-20% 20 80 331.8 

ETS-10-30% 30 70 336.4 

a Typical error in DSC results varies from ±0.5 - 2 °C 

 

3.2.3. SEM 

In the Figure 3.9, SEM images of cross-sections of MMMs TS-1-100 with the different loadings and 

magnifications can be observed. In general terms, a good compatibility and dispersion between 

the polymeric matrix and the zeolite is achieved due to the mixing protocol. Although the interface 

between particle and polymer is sufficiently compatible, some of the particles present “a sieve in 

a cage" morphology in the higher magnification micrographics.  

In the Figure 3.10 SEM micrographics of MMMs TS-1-25 cross-sections are presented, these 

MMMs also show a good compatibility between the polymer and the zeolites, and good filler 

dispersion. It is worthy to point that even being the same type of zeolites, at high magnification 

the TS-1-25 compared to TS-1-100 shows a better interface with a reduction of "sieve in a cage" 

morphology cases.  
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Figure 3.9. SEM Images of MMM based on TS-1-100 at 10 000X and 2 000X respectively. A) and B) MMM loaded at 

10%wt. C) and D) at 20% wt. and E) and F) 30% wt. 

 

As it is shown on Figure 3.11, the structure of MMMs containing ETS-10 is influenced by 

sedimentation of ETS-10 particles due to their size (610 nm) which is approximately 2.5 times 

bigger than in the case of TS-1-100. In this case, the mixing protocol is not appropriate for this 

particle size, and more volatile solvent must be used. However, the compatibility between the 

zeolites and the polymer is good to provide a membrane free of interfacial voids. 
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Figure 3.10. SEM Images of MMM based on TS-1 (Si/Ti=25) at 10 000X and 3 500X respectively. A) and B) MMM loaded 

at 10 wt.%. C) and D) at 20 wt.%. and E) and F) 30 wt.%. 

 

In all images, characteristic fracture morphology of MMMs can be observed. Concavities where 

the particles are placed in the center of them appear during the fracture. Moreover, higher the 

inorganic loading is, smaller the concavities that are produced. A reason for the formation of those 

cavities is a plastic deformation around the particles during the break. Inorganic particles 

introduce a concentration of internal stress around the particles. When the bending stress is 

applied, a fast fragile fracture is produced around the particles due to the concentration of stress, 

but the rest of the matrix breaks as ductile material [162]. On the other hand, the greater 

compatibility of TS-1-25 than TS-1-100 is most probably due to the higher amount of TiO2 

nanoparticles [332] at the surface which promote a better adhesion between particles and the 
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carbonyl group from Matrimid®. It is in coherence with the XPS results explained previously 

which show a higher amount of TiO2 on the surface of TS-1-25 than on the TS-1-100 surface. 

 
Figure 3.11. SEM Images of MMM based on ETS-10 at 10 000X and 3 500X respectively. A) and B) MMM loaded at 

10%wt. C) and D) at 20% wt. and E) and F) 30% wt. 

 

3.2.4. Gas separation 

The incorporation of each titanosilicate leads to a different behavior of the MMMs due to the 

different adsorption behavior of the zeolites. The zeolites used have a pore diameter around 5 Å, 

the molecular sieving effect can be discarded for the separation of CO2 and CH4 with a kinetic 

diameter of 3.3 Å and 3.8 Å, respectively [253]. In Table 3.4, a summary of membrane 

performances is shown. 
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Table 3.4. Summary of permeabilities [Barrer] and separation factor of the different MMMs measured at ∆P=8bar, 35°C 
and 50/50 vol/vol CO2/CH4 feed composition. 

Sample Separation Factor PCO2 [Barrer] PCH4 
[Barrer] 

Matrimid® 25.5 ± 2.9 5.0 ± 0.3 0.20 ± 0.01 

TS1-100-10% 26.8 ± 2.7 7.2 ± 0.9 0.27 ± 0.05 

TS1-100-20% 26.3 ± 0.7 8.1 ± 1.1 0.31 ± 0.04 

TS1-100-30% 25.0 ± 0.7 9.6 ± 1.3 0.45 ± 0.15 

TS1-25-10% 31.5 ± 1.7 7.4 ± 0.2 0.24 ± 0.01 

TS1-25-20% 31.6 ± 1.4 7.9 ± 1.4 0.25 ± 0.03 

TS1-25-30% 30.8 ± 1.4 9.5 ± 1.2 0.31 ± 0.03 

ETS-10-10% 32.6 ± 1.7 5.8 ± 0.5 0.18 ± 0.02 

ETS-10-20% 33.3 ± 2.3 5.8 ± 0.5 0.18 ± 0.03 

ETS-10-30% 27.5 ± 1.5 6.2 ± 0.3 0.23 ± 0.01 

 

3.2.4.1. TS-1 (Si/Ti = 100) MMMs 

In Figure 3.12, graphs of absolute and normalized values of CO2 and CH4 permeabilities and 

separation factors are displayed. These membranes show an increment of 42.7%, 60.3% and 

90.1% of normalized CO2 permeabilities for 10 wt.%, 20 wt.% and 30 wt.% inorganic loading 

respectively. Regarding CH4 permeabilities, a lower increase than for the CO2 permeabilites is 

reached. MMMs of 10 wt.% and 20 wt.% of inorganic loading undergo an increment of 35.7% and 

53.8% respectively. However, in the MMM-30 wt.% a significant increase of CH4 permeability is 

obtained, reaching a value of 123.2% higher than the neat polyimide membrane. With respect to 

the separation factor, no significant increase is achieved. MMMs of 10 wt.% and 20 wt.% show a 

slight increase of separation factor, 5.3% and 3% respectively. MMMs with the highest inorganic 

content, presents a decrease of separation factor of 2%. This slight reduction comes as a result of 

the introduction of more defects such as voids around the particles and introduction of clusters 

due to the higher amount of inorganic filler in the membrane with the highest loading. Normalized 

CO2 permeability shows a clear trend following a linear increase with the inorganic loading. In 

the case of normalized CH4 permeability, the membrane using the 30 wt.% is clearly out of the 

trend. It can be explained by the introduction of clusters and voids, as it is observed in the SEM 

images (Figure 3.9 E and F). Consequently, the normalized separation factor is almost constant, 

with a slight decrease for the highest loading. 

The generally higher permeability for carbon dioxide than for methane is due to the better 

solubility of carbon dioxide. Addition of TS-1 leads to increase in both permeabilities. Different 

enhancement of permeabilities arises from the internal hydroxyl groups nests of TS-1 [320] that 

promote the polarization of CO2. This electrostatic interaction between the quadrupole moment 

of carbon dioxide and the surface functional groups enhances the adsorption of this gas [335]. 
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Methane is not a polarizable molecule, thus, increase of CH4 permeability is mainly due to the 

improvement of the diffusivity of methane through the inorganic zeolites. In case of MMM-

30 wt.%, the abrupt increase is because the introduction of a higher amount of defects (voids, 

clusters, “sieve in a cage morphologies” e.g.). An only slight improvement in separation factor is 

because permeabilities of both gases increase quasi in the same rate. 

 

 
Figure 3.12.Mixed gas permeabilities and separation factor of MMMs containing TS-1-100 measured at 35°C and 

ΔP = 8 bar A) absolute values, B) normalized. 

 

3.2.4.2. TS-1 (Si/Ti = 25) MMMs 

In the case of MMMs using TS-1-25, Figure 3.13, a different behavior than for TS-1-100 is 

observed. These MMMs present not only an increase of permeability but also an increment of 

selectivity. Regarding CO2 permeability, a continuous increment of performance is achieved. A 

permeability growth of 46.2%, 56.1% and 89.1% is accomplished for MMMs of 10 wt.%, 20 wt.%, 

and 30 wt.% respectively. Concerning CH4 permeability, increments are more reduced compared 

to MMMs TS-1-100. CH4 permeability only experiences an enlargement of 17.5%, 24.5% and 

54.6% with the increment of zeolite content. The larger differences in the increment of 

permeabilities cause the increase of separation factor around 20% for all the samples. 

A) 

B) 
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Normalized permeabilities (CO2 and CH4) show a linear increment with the increase of the 

inorganic loading. Normalized separation factor shows a step increment respect to the unfilled 

membrane independently of the inorganic loading for all the MMMs.  

When the content of Ti is higher, the number of linkages Si-O-Ti, which are more acidic than 

Si-O-Si, also increases. Therefore, when there is more Ti incorporated to the silica matrix; the 

sorption capacity increases. Furthermore, the incorporation of the larger sized Ti (IV) species 

replacing Si (IV) increases the unit cell volume, hence the volume-filling phenomenon is also 

contributing to increase of CO2 sorption [49]. Methane permeability does not show the same 

increment as carbon dioxide because the polar molecules are adsorbed in the metal centers 

avoiding the sorption of apolar molecules [336]. As a result, the separation factor increases. 

Moreover, the presence of the TiO2 nanoparticles on the surface of the TS-1-25 particles promotes 

a better adhesion between the particles and the polymeric matrix. It avoids the creation of defects 

such as “sieve in a cage” morphologies and it improves the separation performance of the 

membranes. 

.

 
Figure 3.13.Mixed gas permeabilities and separation factor of MMMs containing TS 1 25 measured at 35°C and 

ΔP =  8bar A) absolute values, B) normalized. 
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3.2.4.3. ETS-10 MMMs 

MMMs containing ETS-10 achieve the highest augmentation in separation factor with respect to 

the unfilled polyimide membrane, increasing it as high as 30.8% for 20 wt.% ETS-10 MMM. For 

10 wt.% MMM, the improvement achieved is 28.1%. However, for 30 wt.% MMM the increment 

of separation factor drops to 7.8% as a result of the introduction of defects (clusters, voids etc.) 

with the highest inorganic loading. Furthermore, for this 30 wt.% MMM an unexpected increment 

of both permeabilities is observed (22.4% and 7.8% increment for CO2 and CH4 permeabilities 

respectively), confirming the creation of an important number of defects inside the membrane 

(Figure 3.11 D and F). Regarding carbon dioxide permeability, a lower increase than for the other 

MMMs in this study is achieved. For 10 wt.% and 20 wt.% MMMs, CO2 permeability arose 15.8% 

and 15.1% respectively. On the contrary, methane permeability remains almost constant for 

10 wt.% and 20 wt.% MMMs showing a decrease of the 10% in both cases. Observing the 

normalized permeabilities, CO2 permeability shows a constant value for the MMMs with a slight 

increment respect to the unfilled membrane. On the contrary, CH4 permeability slightly decrease 

till 30 wt.% membrane when a sudden increment of both permeabilities coincides with the loss 

of selectivity. As it is explained previously, it is due to the imperfections observed in the SEM 

images. 

The high exchange capacity and the cations presented (Na+ and K+) in the framework of ETS-10 

promote the preferential adsorption of carbon dioxide against methane which entails a more 

improved separation factor than for the rest of MMMs studied in this work. The low increase of 

permeabilities is a consequence of the sedimentation of the zeolites inside the matrix. Moreover, 

ETS-10 has large pores (7.6 ⨯ 4.9 Å) which can be easily blocked by the intrusion of polymer 

chains. Decreasing of methane permeability can be due to rigidification of the polymer around 

the particle, increasing the tortuosity of the path and as a result, decreasing the permeability. 
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Figure 3.14. Mixed gas permeabilities and separation factor of MMMs containing ETS-10 measured at 35°C and ΔP = 

8bar A) absolute values, B) normalized. 

 

Sorribas et al. [337] studied the introduction of different ETS-10 particles into a commercial 

polysulfone from Aldrich, the obtained results exhibited similar behavior as the one presented in 

this work. CO2 permeability showed a slight increment of 1 Barrer with respect to the unfilled 

membranes, and the ideal selectivity presented an increment of 25%, as it can be also noted in 

the Figure 3.14. Loloie et al. [171] studied the influence of addition of ZSM-5 (an aluminosilicate 

MFI zeolite) into Matrimid® by means of single gas measurements at 10 bar and 35 °C. These 

results are in agreement with the results reported above. ZSM-5 increased the permeability only 

1.5 Barrer at the maximum inorganic load studied (7 wt.%), and ideal selectivity shows an 

increment with the inorganic load. Comparison of our system and other studies using layered 

titanosilicates (JDF-L1) [313] shows that the layered conformation of the zeolite besides its small 

pore size (3 Å) lead to an increment of the tortuosity of the path, decreasing the permeability and 

increasing the selectivity when the compatibility of the polymer is optimal, as it is the case for 

polyimides. However, the addition of JDF-L1 to polyamide PA6 [338] does not show any 

significant effect on the composite material due to the low permeability of unfilled polyamide. 

Combination of a mesoporous silica (MCM-41) and a layered titanosilicate (JDF-L1) using 6FDA 

A) 
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copolyimide was studied by Galve et al. [284] obtaining a combination of the different behaviors: 

an increment of selectivity due to the incorporation of the layered materials and an increment of 

the permeability due to the mesoporous materials. In the results obtained for TS-1-25 and ETS-10 

MMMs, an increment of permselectivity is also achieved.  

3.2.5. Application of MMMs Models 

As it is described in the Chapter 1, section 8, different models attempt to describe final 

permselectivity properties of the composite material [285]. Maxwell-Wagner-Sillar model is one 

of the most applied ones, in the following equations the extended Maxwell-Wagner-Sillar model 

is given: 

𝑃𝑒𝑓𝑓 = 𝑃𝑐
𝑛𝑃𝑑+(1−𝑛)𝑃𝑐−(1−𝑛)𝜑(𝑃𝑐−𝑃𝑑)

𝑛𝑃𝑑+(1−𝑛)𝑃𝑐+𝑛𝜑(𝑃𝑐−𝑃𝑑)
       Eq.3.9 

𝑃𝑒𝑓𝑓 = 𝑃𝑐
𝑃𝑑+2𝑃𝑐−2𝜑(𝑃𝑐−𝑃𝑑)

𝑃𝑑+2𝑃𝑐+𝜑(𝑃𝑐−𝑃𝑑)
= 𝑃𝑐

2(1−𝜑)+𝛼(1+2𝜑)

(2+𝜑)+𝛼(1−𝜑)
      Eq.3.10 

𝛼 =
𝑃𝑑

𝑃𝑐
           Eq.3.11 

Peff refers to the effective permeability of the membrane, Pd to the permeability of dispersed phase 

and Pc to the permeability of continues phase, respectively. The φ is the particle volumetric 

loading calculated using Eq.3.12 [287], where wf and wp are the weight of the filler and the 

polymer, respectively and ρ is the density either of the filler or polymer. The values of the 

densities for each phase were obtained from the literature. Densities of the MFI zeolite, ETS-10 

and polymer are 1 760 kg/m3 [339], 1 750 kg/m3 [340] and 1 220 kg/m3 [308], respectively. 

𝜑 =

𝑤𝑓
𝜌𝑓

⁄

𝑤𝑓
𝜌𝑓

⁄ +
𝑤𝑝

𝜌𝑝
⁄

         Eq.3.12 

The mass transfer in microporous material, especially in zeolites, is often referred to as 

configurational diffusion, which is characterized by its activated nature. The molecules can either 

retain a gaseous character in the micropores or they are adsorbed on the micropore surface [34]. 

The gas flux through microporous layer was calculated based on Eq.3.13: 

𝐽𝑖 = 𝜌𝑠𝑞𝑚𝑖
𝐷𝑖0

𝐿
 
ln (1+𝐾𝑖𝑝𝑖

𝐹)

ln (1+𝐾𝑖𝑝𝑖
𝑃)

  Eq.3.13 

where L is thickness of the layer, ρs the density of the layer (dispersed phase), D0i the corrected 

diffusion coefficient and pi is the partial pressure of the component i in the feed or in the permeate 

side, respectively. As far as our knowledge, there is a lack of consistent experimental data and 

values of corrected diffusivities of CO2 and CH4 in TS-1 neither ETS-10. For this reason, the 

Knudsen diffusion coefficient is assumed as D0i (Eq.3.14) for estimation of permeabilities of 

dispersed phase, as proposed in literature [341].  
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𝐷0𝑖 =
2𝑟

3
√

8𝑅𝑇

𝜋𝑀𝑖
          Eq.3.14 

The r in Eq.3.14 introduces the pore radius; M is the gas molecular weight and T the temperature. 

In order to calculate particle permeability, Langmuir constants qmi and Ki (Eq.3.8) tabulated in the 

Table 3.1 are used. Particle permeability is calculated using Eq.3.15. As the pressure in the 

permeate side is very low compared to the feed side, it can be neglected and the Eq.3.15 can be 

simplified to the final Eq.3.16.  

𝑃𝑑 =
𝐽𝑖𝐿

(𝑝𝑖
𝐹−𝑝𝑖

𝑃)
=

𝐷0𝑖𝑞𝑚𝑖𝜌𝑠

(𝑝𝑖
𝐹−𝑝𝑖

𝑃)

𝑙𝑛(1+𝐾𝑖𝑝𝑖
𝐹)

𝑙𝑛(1+𝐾𝑖𝑝
𝑖
𝑝

)
       Eq.3.15 

𝑃𝑑 =
𝐷0𝑖𝑞𝑚𝑖𝜌𝑠

𝑝𝑖
𝐹 𝑙𝑛(1 + 𝐾𝑖𝑝𝑖

𝐹)        Eq.3.16 

In order to evaluate the deviation of predicted values from experimental data, the relative error 

(RE) was calculated using Eq.3.17 [341]. 

%𝑅𝐸𝑖 =
𝑃𝑖

𝑐𝑎𝑙−𝑃𝑖
𝑒𝑥𝑝

𝑃𝑖
𝑒𝑥𝑝 ∙ 100         Eq.3.17 

As it can be observed in the qmi values for the different TS-1 particles, TS-1-25 shows a slightly 

higher adsorption for CO2 and lower for CH4 than TS-1-100. These results are in agreement with 

the results obtained from the evaluation of gas performance. However, the minor difference of 

the qmi for the TS-1 samples compared with the differences in the gas separation performance can 

be explained because of the filling pore effect of the zeolite. 

Table 3.5. Comparison of experimental data and data obtained from Maxwell model and their error deviation. 

Membrane 

Experimental Data Maxwell Model Data CO2 Error CH4 Error 
PCO2

 

[Barrer] 

PCH4
 

[Barrer] 

PCO2
 

[Barrer] 

PCH4
 

[Barrer] 
%RE %RE 

TS-1-100-10% 7.2 0.27 6.2 0.25 -13.5 -8.6 
TS-1-100-20% 8.1 0.31 7.7 0.31 -4.9 -1.6 
TS-1-100-30% 9.6 0.45 9.6 0.38 0.0 -15.5 
TS-1-25-10% 7.4 0.24 6.2 0.25 -15.7 2.8 
TS-1-25-20% 7.9 0.25 7.7 0.31 -2.3 22.0 
TS-1-25-30% 9.5 0.31 9.6 0.38 0.5 22.6 
ETS-10-10% 5.8 0.18 6.2 0.25 6.6 37.2 
ETS-10-20% 5.8 0.18 7.7 0.31 32.8 69.8 
ETS-10-30% 6.2 0.23 9.6 0.38 55.6 65.7 

 

Calculated permeabilities from Maxwell model are presented in Table 3.5. Predicted CO2 

permeability values for membranes filled with TS-1-100 particles are in good agreement with 

obtained experimental data, showing only a slight underestimation in range of relative error 

between 5 to 15%. With increasing content of filler the relative error is decreasing. CH4 
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permeabilities for TS-1-100 MMMs show similar underestimation but with opposite trend (the 

relative error is increasing with higher content of filler). In the case of TS-1-25 MMMs, CO2 

permeabilities also show a good agreement with the experimental data, however CH4 

permeabilities are overestimated by the Maxwell model. The relative error in this case is slightly 

higher. It can be explained by the same reasons exposed above. Additionally, the calculated data 

are not accounting for the competitive adsorption of CO2 and CH4. The biggest disagreement of 

calculated data is shown for ETS-10, it can be due to the sedimentation of the particles in these 

membranes. Maxwell model assumes an ideal morphology between both phases with 

homogenous dispersion of the dispersed phase. Moreover, this model assumes spherical 

particles. Although TS-1 particles show an ellipsoid shape which can be easier applied to this 

model, ETS-10 particles are trucked pyramidal shape. This issue can introduce some error in the 

estimation of the modelled data. Moreover, sedimentation of ETS-10 particles is the other reason 

of the important differences between experimental data and calculated permeabilities. If ETS-10 

MMMs are considered as two layers in series configuration, the theoretical permeabilities can be 

calculated using Eq.3.9 and n = 1. These results are presented in Table 3.6. 

Table 3.6. Comparison between calculated permeability of ETS-10 MMMs using extended Maxwell model (n = 1) and 
experimental data and their error deviation. 

Membrane 

Experimental Data Maxwell Model Data CO2 Error CH4 Error 
PCO2

 

[Barrer] 

PCH4
 

[Barrer] 

PCO2
 

[Barrer] 

PCH4
 

[Barrer] 
%RE %RE 

ETS-10-10% 5.8 0.18 5.4 0.22 7.0 -19.7 
ETS-10-20% 5.8 0.18 5.9 0.23 -2.0 -30.5 
ETS-10-30% 6.2 0.23 6.5 0.26 -6.1 -12.9 

 

An important reduction on the error is observed, obtaining very close results for CO2 

permeabilities. It means that the main source of the error corresponds to morphological 

characteristics of the membrane such as dispersion of filler (sedimentation, clusters etc.), or 

introduction of a third phase between dispersed and continuous phase (“sieve in a cage” 

morphologies, rigidified polymer around the particles).  

A comparison of relative errors showed in Table 3.5 and Table 3.6 for ETS-10 MMMs discloses a 

maximum error reduction up to 49.5% for CO2 permeability and 52.8% for CH4 permeability for 

ETS-10-30% membrane. In the case of ETS-10-20% membrane, the reduction is the 30.8% for 

CO2 permeability and 39.3% for CH4 permeability. Only in the case of ETS-10-10% membrane the 

error increases a 0.4% for CO2 permeability, but a reduction of the error is showed in CH4 

permeability of 17.5%. It can be concluded that the two layers material in series model leads the 

errors for ETS-10 MMMs in more acceptable ranges than using the Maxwell model when n = 1/3. 

Furthermore, this approach is in agreement with the morphology showed in the SEM 

micrographies. 
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In addition to Maxwell model, other models have been developed [285]. The Lewis-Nielsen 

(Eq.3.18 and Eq.3.19) model was developed initially for elastic modulus of composite materials 

where ϕm is the maximum packing volume fraction of the filler particles and usually its value is 

considered to be 0.64 for a random close packing of uniform spheres. ϕm expresses the relation 

with the particle size distribution, particle shape and aggregation of particles. 

𝑃𝑒𝑓𝑓

𝑃𝑐
=

1+2𝜑(𝛼−1)/(𝛼+2)

1−𝜓𝜑(𝛼−1)/(𝛼+2)
         Eq.3.18 

𝜓 = 1 + (
1−𝜙𝑚

𝜙𝑚
2 ) 𝜑         Eq.3.19 

Carbon dioxide and methane permeabilities were calculated using this model in order to check if 

it can express better than Maxwell model the behavior of the MMMs produced in this work. In the 

Table 3.7 the calculated permeabilities values as well as the relative error can be observed for 

comparison. 

Table 3.7. Comparison of experimental data and data obtained from Lewis-Nielsen model and their error deviation. 

Membrane 

Experimental Data 
Lewis-Nielsen Model 

Data 
CO2 

Error 
CH4 

Error 
PCO2

 

[Barrer] 

PCH4
 

[Barrer] 

PCO2
 

[Barrer] 

PCH4
 

[Barrer] 
%RE %RE 

TS-1-100-10% 7.2 0.27 6.2 0.25 -13.3 -8.4 
TS-1-100-20% 8.1 0.31 7.8 0.31 -3.2 0.2 
TS-1-100-30% 9.6 0.45 10.1 0.40 5.4 -11.0 
TS-1-25-10% 7.4 0.24 6.2 0.25 -15.5 3.0 
TS-1-25-20% 7.9 0.25 7.8 0.31 -1.0 23.7 
TS-1-25-30% 9.5 0.31 10.0 0.40 4.8 27.9 
ETS-10-10% 5.8 0.18 6.2 0.25 6.2 36.7 
ETS-10-20% 5.8 0.18 7.6 0.30 31.5 68.1 
ETS-10-30% 6.2 0.23 9.4 0.37 52.3 62.1 

 

Lewis-Nielsen model is able to predict the experimental values for carbon dioxide permeability 

of TS-1 MMMs with an acceptable range of error. In the case of methane permeability, relative 

errors arise up to 27.9%. However, ETS-10 MMMs calculated values highly differ from the 

experimental ones. It can be due to the sedimentation of the particles and the assumption of 

spherical shape particles. The relative errors of Maxwell and Lewis-Nielsen models are in the 

same range, showing that the dispersion of the fillers plays an important role in the prediction of 

the models. 

 

 

 



 

103 
 

4. Conclusions 

Three titanosilicate (TS-1-100, TS-1-25 and ETS-10) nanoparticles were synthesized and flat 

dense MMMs with significant inorganic loadings (10, 20 and 30 wt.%) were manufactured from 

these nanoparticles using Matrimid® as the matrix. Good dispersions were achieved for TS-1 

nanoparticles. Whereas ETS-10 nanoparticles, even though ETS-10 particles synthesized in this 

work (610 ± 67 nm) are in the range of the particle size reported in literature, were more settled 

during membrane preparation due to its bigger particle size compared with TS-1 particles. In 

terms of compatibility, TS-1-25 and ETS-10 particles showed a continuous interface with the 

polymeric matrix in SEM high-magnification images, while TS-1-100 showed some “sieve in a 

cage” morphologies. MMMs were tested at 50/50 vol./vol. CO2/CH4 feed composition, 35 °C and 

ΔP = 8bar. The gas separation results in the case of TS-1 MMMs revealed different behavior of 

these membranes. MMMs using TS-1-25 as filler showed a maximum increase of 89.1% of CO2 

permeability for the MMM with 30 wt.% of filler and 23.9% increase in separation factor for 

20 wt.% MMM. In the case of TS-1-100 only permeability increased significantly with a maximum 

increase of 90.1% in the case of 30 wt.% loading. These results showed that content of Ti inside 

TS-1 plays an important role in the gas separation performance, facilitating the permeability of 

carbon dioxide due to a different sorption capacity. High content of Ti inside the zeolite lead to 

increase CO2 adsorption. As a result, a high separation factor is achieved. Regarding ETS-10 

MMMs, both permeability and separation factor increased slightly with respect to the unfilled 

membranes, due to the deposition of the zeolite at the bottom of the membrane. Therefore, 

ETS-10 zeolites are not an appropriated filler using the preparation protocol established here. A 

high volatile solvent should be used in case of using ETS-10 like inorganic filler. In conclusion, it 

can be said that TS-1 (Si/Ti=25) is the most suitable filler to use in MMMs for gas separation 

applications.   
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Chapter 4. Development of 6FDA polyimides: Effect of 

benzoic acid content on gas separation performance and 

aging. 
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1. Introduction 

Achieving high permeation flux with high selectivity, improving carbon dioxide induced 

plasticization resistance, and long life time of membranes are some of remaining challenges to 

extent the membrane technology applications in natural gas processing [94]. Thin film composite 

membrane (TFC) in which the selective layer is made from a different material than the support, 

using high performance and more costly materials for manufacturing this skin layer is a good 

approach to apply expensive high-performance polymers like 6FDA polyimides in membrane 

technologies. 

Physical aging is associated with changes in the physical features of the polymer such as free 

volume, chain packaging or crystallinity which have a direct influence on gas separation 

performance [141]. For this reason, long-term studies are absolutely necessary in order to proof 

the applicability of these new polymers to industrial separations.  

Membrane thickness has an important effect on the long-term performance of a membrane. 

When, polysulfone and Matrimid® were aged at 35 °C in dry conditions [142]; the thinner film 

showed faster aging. Under the same conditions, the 6FDA-DAM thin films lost between 50% and 

70% of oxygen permeability after 200 h of aging; while the losses for 6FDA-mPDA films were 

between 15% and 25% [145]. Oxygen permeability for 6FDA-6FpDA:DABA (2:1) and 6FDA-

DAM:DABA (2:1) at 35 °C in vacuum decreased between 25% and 50% after 200 h of aging 

[146,147]. The addition of DABA plays a different role depending on diamines pair used for 

copolyimide synthesis.  

6FDA based polyimides have also tendency to plasticize when the amount of carbon dioxide 

dissolved in the polymer is high enough to increase the free volume and the segmental mobility 

of polymer chains. It produces a swelling of the polymer which results in increasing the 

permeation of the gases and decreasing the selectivity of the membrane. This swelling can be 

produced by highly condensable gases (e.g. CO2, H2O or H2S) and heavy hydrocarbons [130,131]. 

Polymer crosslinking is one of the major strategies to minimize membrane plasticization. 

Different procedures have been tested in polyimides such as thermal annealing, UV crosslinking 

or chemical crosslinking using diols or diamines [95]. Introduction of acidic groups through the 

synthesis using DABA, has been used as crosslinking point using different diols [100,136]. 

Moreover, Qiu et al. [309], crosslinked the copolyimide 6FDA-DAM:DABA (3:2) by thermal 

annealing under the Tg. Polymer crosslinking is achieved by means of decarboxylation of DABA 

moieties. 
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In this chapter, the synthesis of copolyimdes 6FDA-DAM:DABA using different ratios of diamines: 

(9:1), (3:1) and (2:1) (Figure 4.1) as well as the homopolyimide 6FDA-DAM is discussed. Thin film 

composite membranes were manufactured and thermally annealed (TA) at 300 °C for 1 h in order 

to improve CO2 induced plasticization resistance. Carbon dioxide introduces significant changes 

in the membrane behavior. For this reason, a study for long term performance of this kind of 

membrane is really needed in order to explore the future applications of this polymer. No long-

term study has been done so far using mixed gases conditions and medium transmembrane 

pressures. These parameters are more similar to the working conditions than aging studies at 

vacuum and room temperature. Therefore, the prepared TFC membranes were tested for 180 h 

at 35 °C using a 50/50 vol./vol. CO2/CH4 feed mixture at 8 bar of transmembrane pressure. Aging 

was executed under the same conditions, but transmembrane pressure set-point was 7 bar 

overnight due to laboratory safety requirements. As result, a more accurate behavior of long 

performance under working conditions can be disclosed and it is summarized in this chapter too. 

 
Figure 4.1. 6FDA-DAM:DABA (m:n) copolyimide structure of the prepared materials. 

 

2. Experimental part 

2.1. Materials 

Materials for synthesis of the different copolyimides were 1-methyl-2-pyrrolidone (NMP) 99.5% 

from Acros Organics, and (4,4’-hexafluoroisopropylidene) diphthalic anhydride (6FDA) 99%, 

2,4,6-trimethyl-1,3-diaminobenzene (DAM) 96%, and 3,5-diaminobenzoic acid (DABA) 98% 

from Sigma-Aldrich. 6FDA, DAM and DABA were dried under vacuum at 30 °C for more 5 h before 

use. NMP was used as received.  

For the preparation of the membrane support, Matrimid® 5218 was provided by Huntsman, NMP 

(99.5%) by Acros Organics, and tetrahydrofuran (THF) 99% by Sigma-Aldrich. All solvents were 

used as received. Crosslinker agent p-xylylenediamine >99.0% bought from Tokio Chemical 

Industry was used as received. Methanol >99.5% from Fisher Chemicals was used as crosslinking 

medium.  
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2.2. 6FDA polyimides synthesis 

Copolyimides were synthesized using a two-step polycondensation reaction: (i) synthesis of 

polyamic acid (PAA) and (ii) thermal imidization in solution. PAA was prepared from equimolar 

amounts of dianhydride and diamine under nitrogen atmosphere at room temperature. The 

molar ratios between diamines DAM:DABA were 2:1, 3:1 and 9:1 respectively . 6FDA-DAM 

polyimide was also synthesized.  

In a typical synthesis, 3 g of PAA was prepared as a 15 wt.% solution in NMP. The specific amounts 

of diamines (DAM first and DABA second) were introduced in a three necked round bottom flask 

with mechanical stirring. They were dissolved in 7 ml of NMP for 15 min. The corresponding 

amount of 6FDA was added to the flask and the rest of solvent (10 ml NMP) was added too. 

Because DAM is light sensitive, the mixture was reacted for 24 h at room temperature under 

nitrogen atmosphere in a dark environment. The PAA 15 wt.% in NMP solution was heated for 

24 h at 190 °C in order to get the polyimide (PI) by thermal imidization in solution. This reaction 

was carried out in nitrogen atmosphere using a condenser. After that, PI was precipitated in 

methanol, filtrated, washed with 50 ml of methanol and dried at 30 °C overnight. 

2.3. Support membrane preparation 

A Matrimid® dope solution consisting of 15 wt.% PI, 2 wt.% H2O, 62.25 wt.% NMP and 20.75 wt.% 

THF was stirred for 24 h at room temperature, and degassed for 24 h at room temperature. The 

2 wt.% of H2O was added in order to improve the porosity of the support [342,343]. PI solution 

was casted on a glass plate using a casting knife with a 200 μm gap. Solvent evaporation for 1 min 

was allowed in order to form a skin-layer of high polymer concentration avoiding the intrusion 

of the copolyimides into the pores. Matrimid® film was immersed in a water bath at room 

temperature for 3 min to form the porous support. After the immersion-precipitation, Matrimid® 

films were placed in a methanol bath for 10 min and then 24 h in a p-xylylenediamine/methanol 

(1:100 wt/v) crosslinker bath. Films were them rinsed with methanol to remove all traces of 

crosslinker agent. In order to ensure a complete solvent-exchange, polyimide membranes were 

immersed in an isopropanol (IPA) bath for 24 h and subsequently kept in IPA for further 

processing. 

2.4. Thin Film Composite Membrane preparation and thermal annealing treatment 

The TFC membranes were manufactured the day before testing, in order to avoid extra aging 

under storage conditions. Synthesized 6FDA copolyimides were dissolved in THF to produce 

1 wt.% and 5 wt.% solutions. Matrimid® films were rinsed with THF for some minutes to allow 

the exchange of isopropyl alcohol (storage medium) by THF and to avoid interfacial precipitation 
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of the selective layer. Then, Matrimid® supports were placed on a glass plate, 1 wt.% solution was 

poured over them and the glass plate was then tilted at 60° to remove the excess of 6FDA solution. 

This coating procedure was repeated once again using a 5 wt.% solution.  

The thermal annealing treatment was carried out by increasing the temperature till 300 °C using 

a rate of 5 °C/min. It was then held for 1 h at this temperature and finally, slowly cooled to RT 

overnight using a cooling rate of 0.3 °C/min. This thermal treatment was carried out in air 

atmosphere. Non-annealed samples were dried overnight at 80 °C to remove the rest of THF 

before testing. 

2.5. Polymer and Membrane Characterization 

2.5.1. FTIR and GPC 

In order to determine the molecular weight of the prepared copolyimides, gel permeation 

chromatography (GPC) in THF towards polystyrene standards was conducted using a Shimadzu 

10A apparatus with a tunable absorbance detector set at 254 nm. Final as-synthesized 

copolyimides were characterized using a FTIR Spectrometer IFS 66v/s from Bruker to confirm 

the complete imidization of PAA. Furthermore, FTIR-ATR analyses were carried out in order to 

check chemical changes in the top-layer after thermal rearrangement. 

2.5.2. SEM 

Cross-section and thickness of the selective layers of produced TFC membranes and supports 

were characterized by scanning electron microscopy (SEM) using Hitachi S4700 microscope. 

Samples were covered by a 20 nm Au/Pd layer prior to measurement to ensure sufficient electron 

removal from the surface of the sample. Samples of TFC membranes for cross-section 

measurements were prepared by manual fracture after immersion in liquid nitrogen for some 

seconds.  

2.5.3. Thermal properties 

Thermal properties of the as-synthesized polymer and Matrimid® supports were investigated. 

Thermal Gravimetric Analysis (TGA) using a Linseis STA 700LT was carried out to investigate the 

thermal stability of supports. TGA analyses were carried out using a ca. 10 mg samples placed in 

an alumina crucible, then they are heated up to 700 °C with a heating rate of 20 °C/min. under 

nitrogen flow of 20 ml/min. DSC analysis were carried out to investigate the glass transition 

temperature (Tg) of the as-synthesized copolyimides using Sensys Evo TG-DSC apparatus, from 

Setaram Instrumentation. In these analyses, around 10 mg of sample were placed in an aluminum 

crucible. Temperature profile applied consists of three cycles of heating-cooling from 30 to 400 °C 
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using 20 °C/min rate under 20 ml/min Ar flow. Then, Tg was determined by DSC tests using the 

inflexion point of specific heat curve in the second cycle and the value gas checked in the third 

cycle. 

2.5.4. Gas evaluation and aging  

The TFC membrane gas performance was evaluated in the same conditions as they are described 

in the Chapter 3, section 2.6.  

In order to evaluate the influence of the support on the TFC membrane performance, the 

permeance of the supports, thermally annealed and non-treated, was measured at 8 bars of 

transmembrane pressure and 35 °C using a CO2 as feed gas at 100 ml/min and calculated by the 

Eq.4.1. Furthermore the CO2 and CH4 permeances of TFC membranes were calculated from binary 

mixture experiment using Eq. 4.2 and Eq. 4.3 where yi and xi are the molar fraction of i component 

in the permeate and feed stream respectively, Vd is the calibrated permeate volume in cm3, ∆P is 

the difference of pressures between the applied feed pressure and downstream pressure in cmHg, 

A is the effective membrane area in cm2, R is the ideal gas constant 

(0.278 cm3 cmHg/(cm3(STP)K), and T is the operation temperature in K [89]. Permeances are 

reported in GPU (1 GPU = 10-6 cm3 (STP) / cm2·s·cmHg). 

Π =
𝑉𝑑

∆𝑃𝐴𝑅𝑇

𝑑𝑃

𝑑𝑡
          Eq.4.1 

Π𝐶𝑂2
= 𝑃𝐶𝑂2

/𝑙 =
𝑦𝐶𝑂2𝑉𝑑

𝑥𝐶𝑂2∆𝑃𝐴𝑅𝑇

𝑑𝑃

𝑑𝑡
        Eq. 4.2 

Π𝐶𝐻4
= 𝑃𝐶𝐻4

/𝑙 =
𝑦𝐶𝐻4𝑉𝑑

𝑥𝐶𝐻4∆𝑃𝐴𝑅𝑇

𝑑𝑃

𝑑𝑡
        Eq. 4.3 

However, due to the different properties of polymers used for preparation of selective layer, its 

thickness varies. In order to allow a proper comparison of performance data, the permeabilities 

of selective layer are also presented in Barrers (1 Barrer = 10-10 cm3 (STP)·cm / cm2·s·cmHg). In 

order to determine the thickness of the selective layer SEM images were used, as it is reported in 

literature [256]. CO2 and CH4 mixed gas permeabilities were calculated by the Eq. 3.2 and Eq. 3.3 

respectively, and the separation factor by the Eq. 3.4.  

Transmembrane pressure up to 8 bars was studied by CO2 single gas measurements using the 

steady-state apparatus described in more detail in Chapter 5, section 2.5.4. Membranes were 

stabilized for 2 h before measuring them using a feed flow of 40 ml/min (CO2 purity 99.998% 

purchased from SIAD). The permeance is calculated by Eq.4.4 where F is the flux through the 

membrane in cm3(STP), A is the area of membrane in cm2, and ∆P is the transmembrane pressure 

in cmHg. In order to compare the results and analyze the effect of pressure on the different TFC 
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membranes more easily, the results were normalized by the permeance measured at the initial 

pressure as it is expressed by Eq.4.5: 

Π𝐶𝑂2
=

𝐹

𝐴⋅∆𝑃
          Eq.4.4 

Π(𝐶𝑂2)𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒 =
(Π𝐶𝑂2)𝑃=𝑥

(Π𝐶𝑂2)𝑃=2
        Eq.4.5 

Evaluation of gas separation performance was carried out for 180 h. During this time, membranes 

were continuously under working conditions, e.g. 50/50 vol./vol. CO2/CH4, at 8 bar and 35 °C. 

However, due to safety requirements, transmembrane pressure was reduced to 7 bar overnight. 

The final transmembrane pressure profile can be seen in the Figure 4.2. Two samples of each type 

of membrane were measured in order to confirm the results. Difference between measured 

permeability of these two samples ranges from 0.1 to 2.2 Barrer and in all cases the relative error 

was lower than 5%. The error of measured separation factors ranges between 0.5% and 10%. 

 
Figure 4.2. Transmembrane pressure profile during aging. 

 

In order to follow the evolution of carbon dioxide permeability and separation factor of the 

membranes under the aging conditions the normalized values with respect to the initial 

measured values (t=0) were used (Eq.4.6 and Eq.4.7)  

𝑃(𝐶𝑂2)𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝑃(𝐶𝑂2)𝑡=𝑥

𝑃(𝐶𝑂2)𝑡=0
        Eq.4.6 

𝑆𝑒𝑝. 𝐹𝑎𝑐𝑡𝑜𝑟𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝑆𝑒𝑝.𝐹𝑎𝑐𝑡𝑜𝑟𝑡=𝑥

𝑆𝑒𝑝.𝐹𝑎𝑐𝑡𝑜𝑟𝑡=0
       Eq.4.7 
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3. Results and discussion 

3.1. Polymer characterization 

The FTIR spectra of as-synthesized copolyimides are depicted in the Figure 4.3. In all spectra, the 

main peaks for symmetric and asymmetric stretch of C=O at ~1 720 cm-1 and ~1 780 cm-1 as well 

as the peak at ~1 350 cm-1 for C-N can be seen, all of them characteristic of PI. Furthermore, a 

peak at ~720 cm-1 corresponding to the deformation of the imidization ring is observed. On the 

contrary, the peak at 1670 cm-1 from the CONH group of the PAA has totally disappeared [344].  

 
Figure 4.3. FTIR spectra of synthesized 6FDA-DAM:DABA polyimides 

 

GPC results are shown in Table 4.1. Medium molecular weight (Mw) polyimides are synthesized. 

The decrease of Mw with DABA content is related to the decrease of solubility of the PAA formed 

during the reaction. Addition of acidic groups increases interactions among polymer chains, 

deteriorating the solubility of the polymer and reducing the chain length. According to the 

literature, the difference of the Mw should not affect the long-term performance of the different 

TFC membranes obtained from the copolyimides [345]. 

Table 4.1. GPC results of synthesized copolyimides 

Sample Content of DABA Mw[g/mol] Mn [g/mol] Dm 

6FDA-DAM 0% 77 600 35 900 2.2 

6FDA-DAM:DABA (9:1) 10% 46 400 23 000 2.0 

6FDA-DAM:DABA (3:1) 25% 24 400 13 700 1.8 

6FDA-DAM:DABA (2:1) 33% 14 400 9 900 1.5 
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Regarding the thermal properties of the polymers, the Tg of as-synthesized and thermally 

annealed copolyimides are tabulated in Table 4.2. 

Table 4.2. Tg of as-synthesized and thermally annealed copolyimides 

Sample Tg As-synthesized PI [°C] Tg Thermally Annealed PI [°C] 

6FDA-DAM 344.5 ± 2.1 348.5 ± 0.7 

6FDA-DAM:DABA (9:1) 346.5 ± 0.7 349.5 ± 3.5 

6FDA-DAM:DABA (3:1) 350 ± 0.1 350 ± 1.4 

6FDA-DAM:DABA (2:1) 348.5 ± 0.7 353 ± 1.4 

The introduction of carboxylic group into the copolyimide increases the glass transition 

temperature of the polymer. However, the Tg of copolyimide (2:1), the polymer with the highest 

content of carboxylic acid, do not continue this trend and it is slightly lower than the copolyimide 

(3:1) due to the lower molecular weight of this copolyimide. Regarding the thermally annealed 

samples, their glass transition temperatures are slightly higher than the corresponding Tg of the 

as-synthesized copolyimides. It is due to the fact that charge-transfer complexes (CTC’s) are 

promoted during the treatment. The largest Tg change is carried out in the homopolyimide and 

the PI-(2:1). The increment of the 4 °C of PI-DAM-TA respect to the as-synthesized PI-DAM is due 

to a larger formation of the CTC’s during the thermal treatment, which are able to be form without 

any stereospatial limitation. However, the formation of the CTC’s is hindered due to restriction of 

the chain mobilities by the presence of the hydrogen bonds when carboxylic groups are 

introduced into the polyimide in the lower quantities. On the other hand, the PI-(2:1) with the 

highest content of –COOH groups present a Tg increment of 5 °C after thermal annealing due to 

the higher possibility to form more hydrogen bonds during the treatment. 

3.2. Support characterization 

3.2.1. SEM 

The supports used in this work (crosslinked and thermally annealed) were characterized by 

Scanning Electron Microscopy. Top layers and cross-section micrographs can be observed in the 

Figure 4.4 and Figure 4.5 respectively. Regarding support structure, SEM micrographs show a 

porous structure with finger-like macro-voids beneath a more spongy structure [346] with a skin 

selective layer. The protocol used for the preparation of the supports allows the formation of the 

skin layer, it avoids the penetration of the high-performance polymers into the support structure 

and it helps to produce a more uniform top layer. SEM images at high magnification show that the 

skin layer is less than 200 nm in the case of crosslinked supports and that it increases till 600 nm 

approximately after the thermal treatment. Regarding the difference between the crosslinked and 

the thermally annealed support, it can be observed that the thermal treatment produces a 
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densification of the support, not only in the skin layer but also over the cross-section. However, 

the macroporous structure does not collapse during the thermal treatment. 

 
Figure 4.4. Top layer of A) crosslinked and B) thermally annealed support at 20 000x 

 

 
Figure 4.5. Cross-section of crosslinked support at A)20 000x, C)2500x E) 700x and thermally annealed support at B) 20 

000x, D)2 500x and F) 700x. 
  

A) B) 

A) B) 

C) D) 

E) F) 
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3.2.2. Thermogravimetric analyses 

Crosslinked support, thermally annealed support and Matrimid® were evaluated by TGA 

analyses. The different obtained curves are depicted in the Figure 4.6 where the first decrease of 

the weight up to 100 °C is related to the evaporation of moisture and rest of isopropyl alcohol 

(b.p. 82.6 °C) where supports were kept. The mass loss in this range of temperatures is negligible 

for the thermal annealed support because any rest the isopropyl alcohol was evaporated during 

the thermal treatment. The next pronounced weight reduction between 150 °C and 300 °C is 

related to the evaporation of rests of NMP solvent (b.p. 204.3 °C) which is more pronounce is the 

non-crosslinked support than in the crosslinked one, and it disappears for the thermally annealed 

support. It can be seen that the crosslinking procedure increases the overall thermal stability of 

the material compared to the non-treated Matrimid® support. Furthermore, the thermal 

annealed crosslinked support presents the highest thermal stability up to 400 °C when the final 

decomposition of the polymer takes place. Regarding the overall mass loss, crosslinked support 

loss is approximately a 10% less than the normal Matrimid® material and similar to the thermally 

annealed support, hence the use of crosslinked support is more suitable than the non-treated 

support in order to proceed with the thermal treatment. 

 
Figure 4.6. TGA analyses of support materials. 
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3.3. Membrane characterization 

3.3.1. SEM 

In TFC membranes, the compatibility between porous support and top layer is a key issue in order 

to achieve the selectivity. SEM images of our manufactured membranes also reveal also reveal an 

excellent compatibility between the synthesized polyimides and the Matrimid® support, mainly 

due to the similarity between both materials and the preparation protocol. Applying a first diluted 

solution on the support improves the wettability when the more concentrated solution is applied. 

Moreover, TFC membranes keep the structure after thermal treatment and the support 

membrane does not collapse. SEM images of untreated and thermally rearranged of the different 

TFC membranes using 6FDA-DAM, 6FDA-DAM:DABA (9:1), 6FDA-DAM:DABA (3:1), and 6FDA-

DAM:DABA (2:1) can be observed in the Figure 4.7, Figure 4.8, Figure 4.9 and Figure 4.10 

respectively. The thickness of top layer was evaluated from different membranes and it ranges 

between 2 and 5 µm for all the membranes. 

 

 

 
Figure 4.7. SEM micrographies of cross-section TFC membrane and detail of top layer. A) and B) 6FDA-DAM, C) and 

D) 6FDA-DAM – TA 

  

A) B) 

C) D) 
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Figure 4.8. SEM micrographies of cross-section TFC membrane and detail of top layer. A) and B) 6FDA-DAM:DABA (9:1), 

C) and D) 6FDA-DAM:DABA (9:1) – TA 

 

 

 
Figure 4.9. SEM micrographies of cross-section TFC membrane and detail of top layer. A) and B) 6FDA-DAM:DABA (3:1), 

C) and D) 6FDA-DAM:DABA (3:1) – TA 

  

A) B) 

C) D) 

A) B) 

C) 

 

D) 
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Figure 4.10. SEM micrographies of cross-section TFC membrane and detail of top layer. A) and B) 6FDA-DAM:DABA 

(2:1), C) and D) 6FDA-DAM:DABA (2:1) - TA  
 

In order to evaluate the thickness of the membrane, three different specimens of the each 

membrane were analyzed in SEM. Then, images from three different spots were acquired in order 

to have a more accurate measurement of the top layer. Mean thickness of top selective layers from 

the different type of membranes ranges between 2 and 6 µm (Table 4.3) with and error of 

standard deviation lower than the 10%. 

3.3.2. FTIR characterization 

FTIR spectra were used to determine chemical changes in the selective layer during the thermal 

annealing process and to check the crosslinking of the membrane support. In the spectra of the 

crosslinked support (Figure 4.11), a big peak related to the amide opened ring can be seen at 

~1 660 cm-1. However, peaks at 1 720 cm-1 and 1 780 cm-1 still remain, confirming that polyimide 

rings are still present because they are not accessible for the reaction with the diamine. The 

crosslinked support allows the application of the 6FDA solutions to form the selective layer of 

TFC membrane using a strong solvent like THF without losing the top layer and the structure of 

the support.  

No significant changes in the chemical structure of the selective layer have taken place during the 

thermal annealing. However, changes in the range between 3 200 cm-1 and 3 400 cm-1 related to 

the weak vibrations of carboxylic group [347] are observed, as it is depicted in the Figure 4.12. 

This band becomes weaker after thermal annealing as reported in literature [309]. However, it is 

A) B) 

C) D) 
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not totally removed, therefore complete crosslinking is not achieved. On the contrary, the 

integrity of the heterocyclic rings can be checked in the fingerprint region (500 cm-1 – 1 500 cm-1) 

of the spectra, as it can be observed in the Figure 4.11 for the different pair of non-treated PI-

(2:1) and the PI-(2:1)-TA spectra. 

 
Figure 4.11. FTIR spectra of the crosslinked support, the selective 6FDA-DAM:DABA (2:1) layer and the thermally 

rearranged (TR) 2:1 top layer. 
 

 

Figure 4.12. Comparison of FTIR spectra of TA membranes and neat membranes in -COOH range. A) 6FDA-DAM, B) 
6FDA-DAM:DABA (9:1). C) 6FDA-DAM:DABA (3:1) and D) 6FDA-DAM:DABA (2:1) 

  

A) B) 

C) D) 
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3.3.3. Gas transport properties and membrane aging 

3.3.3.1. Permeance measurements 

Permeance is an important engineering parameter in order to evaluate the overall capacity of the 

membrane itself, to process large fluxes. As it can be seen in the Table 4.3, the permeances of TFC 

membranes are in the range of other asymmetric membranes reported in literature [111,348].  

However, thermally annealed TFC membranes show an important decrease in the permeance due 

to the formation of a greater number of charge-transfer complexes (CTC’s) [349] a type of intra 

and intermolecular bond in the polyimide. It is formed by the approach of the electron donor and 

electron acceptor moieties of the polyimide. A high enough electron density allows the formation 

of CTC’s, which increase the packing density and decrease the free volume of the polymer, hence 

the permeance decreases. The introduction of –COOH improves the CO2 permeance of the 

thermally annealed TFC membranes compared to the DAM-TA. The formation of hydrogen bond 

among the polymeric chains hinders their segmental mobility and decreases the creation of CTC’s 

[350]. Therefore, the permeance reduction is lower for the copolyimide TFC membranes than for 

DAM polyimide membrane. These results are in agreement with the Tg data obtained by DSC. 

Table 4.3. Permeance and separation factors of TFC membranes based on 6FDA-DAM:DABA. 

Membrane DAM DAM-TA 9:1 9:1-TA 3:1 3:1-TA 2:1 2:1-TA 

ΠCO2 [GPU] 4.87 2.78 5.48 4.97 4.50 4.24 5.37 3.85 

ΠCH4 [GPU] 0.18 0.08 0.20 0.16 0.13 0.12 0.17 0.11 

Thickness [µm] 3.9 2.0 4.9 4.5 6.1 5.0 3.2 3.3 

 

The flux through the support was measured at 8 bars of transmembrane pressure and 35 °C using 

CO2. The non-treated Matrimid® support shows a permeance 62.5 ± 0.9 GPU, meanwhile the 

thermally annealed support reduced their permeance to 38.3 ± 0.3 GPU, which is a reduction of 

the 39%. The permeance of the support is one order higher comparing to the TFC membrane. 

Therefore, the effect of the support on the final TFC membrane performance can be neglected. 

Consequently, the main resistance to the transport of components and separation efficiency is 

obtained through the application of the top layer.  

Effect of transmembrane pressure on the different manufactured TFC membranes can be 

observed in the Figure 4.13 where the single gas measurements are presented. The increment of 

the transmembrane pressure produces a decrease of the permeance as it is predicted by the dual-

sorption model due to the gradual saturation of the Langmuir sites. TFC membranes (DAM, 9:1 

and 3:1) without any treatment show a very similar behavior. They are very sensitive to the 

increment of pressure showing an overall permeance reduction around the 80%. However, the 
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2:1 TFC membrane presents a totally different behavior. This membrane shows the typical CO2-

induced plasticization behavior when the permeance rapidly increase with the pressure after a 

minimum (4 bar). The drastic behavior changes of the 2:1 TFC membrane respect to the rest of 

the membranes can be due to the higher presence of –COOH and the lower molecular of the 

copolyimide. The higher presence of carboxylic groups would promote the sorption of the CO2 

and the lower molecular weight of the polymer facilitates the polymer chain motions, decreasing 

the CO2-induced plasticization resistance. 

On the contrary, all thermally annealed TFC membranes present very similar behavior. TFC 

membranes reveal also the typical dual-sorption behavior and an overall permeance reduction 

ranging from the 40% to the 60%. The minor drop of the permeance with the increase of the 

pressure compared to the non-treated membranes is due to the reduction of the free volume 

during the thermal treatment, it results not only in a reduction of the permeance (Table 4.3) but 

also in a lower sensitivity to the changes of pressures [350]. It is worthy to mention that, in this 

case too, the TFC membrane with the highest content of carboxylic acid (2:1) presents the most 

different curve compared to the rest of the samples. The reason can be attributed to the higher 

number of –COOH available groups which still are able to promote a major sorption of CO2 

molecules, hence a higher saturation of the polymer decreasing the overall permeability in a 

higher degree. 
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Figure 4.13. Effect of transmembrane pressure on A) non-treated and B) thermally annealed TFC membranes measured 

in single gas conditions at 30 °C. 

 

3.3.3.2. Effect of DABA content and thermal annealing 

Permeabilities and separation factors of different membranes are summarized in Table 4.4. The 

introduction of DABA strongly affects the permeability of the membrane, in the case of 9:1 and 

3:1 membranes. Addition of carboxylic group almost doubles CO2 permeability without loss in 

separation factor. However, when the content of DABA is high (6FDA-DAM:DABA 2:1), 

permeabilities decrease again, but they are still higher than the permeability of the 

homopolyimide. 

After the thermal annealing a reduction of permeabilities is observed in all membranes. The 

highest CO2 permeability drop was observed for DAM sample where the DAM-TA membrane had 

63% lower permeability comparing to the DAM sample. In the case of 6FDA-DAM:DABA 9:1 

membrane, the reduction is 12%. The 3:1-TA membrane decreases its permeability 23% with 

respect to the non-annealed sample. The membrane with the highest DABA content showed a 

26% permeability reduction. As the permeability is decreased by the thermal annealing, the 

separation factor increases. Homopolyimide and copolyimide 9:1 increase their separation factor 

by 27% and 24% respectively. The separation factor increment of 6FDA-DAM:DABA 2:1 

membrane is 13%, whereas in the case of 3:1 ratio it remains constant.  

A) 

B) 
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As mentioned above, the highest decrease of the permeability occurs in the 6FDA-DAM TFC 

membrane. It is due to the fact that thermal annealing produces the formation CTC’s [349]. These 

bonds decrease the chain mobility of the polymer, increase the packing density and reduce the 

free volume. As a result, the permeability decreases due to a lower diffusivity of the gas through 

the polymer and the diffusive selectivity increases. This phenomenon can take place even below 

the Tg [351] and in the case of 6FDA-DAM TFC membrane, where polymer chains are able to form 

this bond without any steric impediment, explains the strong change in the permeability of the 

membrane. 

On the contrary, when DABA moiety is added, it incorporates some hydrogen bonds points which 

prevent the polymeric chains to align properly to form CTC’s. The severe difference in the 

variation of performance between neat and thermal annealed of 6FDA-DAM polyimide and 

6FDA-DAM:DABA (9:1) copolyimide is the result of the introduction of these hydrogen bonds. 

Nevertheless, copolyimides synthesized using higher amounts of DABA are more sensitive to 

thermal annealing. Permeabilities decrease in a higher extent, as the DABA content is increased. 

It indicates a higher degree of packing when more carboxylic groups are available, as confirmed 

in the FTIR spectra where the band between 3100 cm-1 and 3400 cm-1 shows a higher reduction 

when the content of DABA in the polymer is higher. 

Table 4.4. Permeabilites of TFC membranes based on 6FDA-DAM:DABA estimated from SEM thickness. 

Sample DAM DAM-TA 9:1 9:1-TA 3:1 3:1-TA 2:1 2:1-TA 

PCO2 

[Barrer] 
15.1 ± 0.6 5.6 ± 0.7 26.9 ± 0.5 23.5 ± 1.1 27.45 ± 0.5 21.2 ± 2.2 17.2 ± 0.7 12.7 ± 0.1 

PCH4 

[Barrer] 
0.6 ± 0.1 0.2 ± 0.02 1.0 ± 0.2 0.8 ± 0.05 0.8 ± 0.03 0.6 ± 0.08 0.5 ± 0.07 0.4 ± 0.01 

Sep.Factor 28.2 ± 5.3 35.6 ± 0.5 27.8 ± 4.9 34.3 ± 2.1 35.1 ± 0.8 35.5 ± 0.8 31.8 ± 3.1 36.1 ± 0.3 

 

3.3.3.3. Aging behavior 

Permselectivity of different TFC membranes was monitored during 180 h under working 

conditions to check the long-term performance of these fluorinated copolyimides. In the Figure 

4.14, evolution of normalized carbon dioxide permeability and separation factor during the aging 

period can be seen for each pair of TFC membranes. In general, all membranes show a slight loss 

of permeabilities over the studied timeframe. It is worthy to point out that feed pressure has a 

large influence in the aging behavior of thin films. Long-term analysis conducted at high CO2 

partial pressure (24 atm) greatly differs from the analysis carried out at 8 atm. At higher 

pressures, the aging of the thin films is more pronounced than at low pressures. Furthermore, the 

thin films under a CO2 partial pressure of 24 atm present a larger plasticization due to the sorbed 

CO2 [352]. The 6FDA-DAM TFC membrane loses 5.6% of permeability, and the separation factor 
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increases 3.4%. However, the corresponding annealed membrane only loses 3.3% of the 

permeability and the separation factor increases 2.2%. As mentioned above, thermal annealing 

restricts the mobility of the polymer chains due to the formation of CTC’s decreasing diffusivity 

of the gas species, hence decreasing the permeability and increasing the selectivity. Furthermore, 

CTC’s form intermolecular bounds between the polymer chains that avoid the rearrangement of 

the chains and prevent aging. However, polymer chains are not fully fixed so they still are capable 

to reorganize themselves.  

In the case of TFC made from 6FDA-DAM:DABA (9:1) the same behavior is observed, although 

aging is faster than in 6FDA-DAM TFC membranes. The CO2 permeability of the 9:1 membrane 

decreased 5.8% and for the 9:1-TA TFC membrane, the drop is 3.8%. The aging rate of thermally 

treated membranes are lower than that of untreated membranes and their separation factor 

remains constant during the whole aging time. It is worthy to note that the separation factor 

increased slightly in the first 24 h, and then remained almost constant. Nevertheless, the 

separation factor of the untreated TFC membrane increased constantly.  

For 6FDA-DAM:DABA (3:1) TFC membranes, a different behavior was observed. CO2 permeability 

increased in the first 24 h and then it started to decrease. This can be due to a competition of two 

different phenomena: plasticization and aging. During the first hours, the selective layer swells 

due to the exposure to carbon dioxide and the permeability increases. After this initial period, the 

membrane experiences the aging phenomena which overcome the plasticization and 

permeability starts to decrease. Comparing the initial and final values of permeabilities there are 

no differences. However, when taking into account the increase of permeability during first 24 h, 

then the permeability loss after that period is 2.5%. The 3:1-TA sample presents a drop of 

permeability by 4.3%, while its separation factor presents the same type of curve as for the 9:1 

membrane. 

The 6FDA-DAM:DABA (2:1) membranes do not present the aging behavior. In this case, carbon 

dioxide permeability increases continuously with time and the separation factor remains 

constant. During the measured time period, the CO2 permeability increases 3.7%. As the 

plasticization behavior overall suppresses the aging, the separation factor remains constant 

during the whole time. However, 2:1-TA membrane is aged during this procedure and its 

permeability loss is 3.4%, while the separation factor increases 3.3% after 180 h. 
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Figure 4.14. Normalized carbon dioxide permeabilities (PCO2) and separation factor of different TFC membranes. A) 

6FDA-DAM, B) 6FDA-DAM:DABA (9:1), C) 6FDA-DAM:DABA (3:1) and D) 6FDA-DAM:DABA (2:1) 

 

When the performance of the different membranes is compared (Figure 4.15), a better 

understanding of the role of the carboxylic group is achieved. Incorporation of DABA has a 

significant effect on the aging performance and plasticization behavior. Non-thermally annealed 

TFC-membranes present a combination of aging and plasticization behavior. 

A) 

B) 

C) 

D) 
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As observed from the FTIR spectra, the content carboxylic groups decrease after thermal 

treatment. For this reason, TFC-TA membranes do not suffer from plasticization. 6FDA-DAM-TA 

polyimide is able to pack more efficiently than the 6FDA-DAM:DABA during the thermal 

annealing and it makes these TFC membranes less sensitive to aging. On the contrary, the DABA 

moiety in copolyimides is able to promote decarboxylation [309] and crosslink the polymer. 

Crosslinking avoids a dense packaging of the chains. However, as it is confirmed in the FTIR 

spectra, the copolyimides are not totally crosslinked, hence they are still able to rearrange 

themselves and decrease the performance slightly.  

 

 
Figure 4.15. Comparison of aging behavior of A) neat TFC and B) thermally annealed TFC membranes 

 

Aging experiments carried out at ambient conditions lead to dramatic losses of membrane 

performance as it is seen in literature [146,147,353,354]. However, when TFC membranes are 

aged under mixed gas and moderate pressure conditions, which are more similar to the final 

working requirements, they keep their features at least for the duration of these experiments. 

This is due to the fact that carbon dioxide swells the polymer matrix avoiding the rearrangement 

of the polymer chains and preventing the aging the membrane [353,355].  

A) 

B) 
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Complex interactions between swelling and aging take place when thin film are exposed for long 

periods to CO2 or mixed gases (CO2/CH4, CO2/N2) [352,356,357]. Glassy polymers which present 

slow dynamics due to the gassy state cannot respond immediately during the conditioning of a 

membranes to any external condition. For example, the concentration of the plasticizing 

penetrant results in a competition between aging and plasticization. Although the physical aging 

dominates at long times, the presence of CO2 can modified the physical aging kinetics of the glassy 

polymer [357]. Matrimid® polyimide thin films previously aged in dry conditions measured at 

50/50 CO2/CH4 up to 48 atm total pressure showed that longer-aged films present a lower CO2-

induced plasticization resistance and a more pronounce plasticization behavior than the thin 

films aged for shorter times. The aged films need more dilation to accommodate the sorbing 

penetrant molecules, i.e., the CO2 partial molar volume is higher in aged films than in non-aged 

films [352]. These works disclose that previous history of the final commercial membranes and 

working conditions play an important role in the long-time performance of the membrane which 

must to be taken into account. 

 

4. Conclusions 

TFC Membranes based on 6FDA-DAM:DABA copolyimides with different contents of carboxylic 

acid were successfully prepared. Good adhesion between the selective layer and the Matrimid® 

support was achieved. TFC Membranes were thermally annealed in order to promote 

decarboxylation of the DABA moiety, crosslinking of the selective layer and to prevent the aging 

of the selective layer. TFC Membranes were placed under working conditions of a 50/50 vol./vol. 

CO2/CH4 feed at 8 bar for 180 h. During this period, 6FDA-DAM, 6FDA-DAM:DABA 9:1, 

6FDA-DAM:DABA 3:1 lost 5.6%, 5.8% and 2.5% of the initial CO2 permeability, respectively. In 

the case of 6FDA-DAM:DABA 2:1, CO2 permeability increased 3.7%. During the tested time, two 

different phenomena were assumed to take place in the untreated TFC membranes: plasticization 

and aging. The content of DABA influenced plasticization behavior hindering the realignment of 

the polymeric chains, hence avoiding the aging of the membrane; higher carboxylic group content 

made the polymer swelling more pronounced and it avoided the aging of the selective layer. 

TFC membranes were thermally annealed for 1 h at 300 °C without collapsing either porous 

support or selective layer. TFC membranes entailed to a partial crosslinking of the copolyimide 

by means of decarboxylation of DABA moieties. These membranes showed less aging than the 

neat membranes and no plasticization behavior. The partial decarboxylation caused a lower CO2 

solubility and a more fixed polymer chains which avoided the plasticization of the selective layer. 
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Overall, the drop of gas separation performance during the experiment of all TFC membranes was 

less pronounced than the studies of aging carried out at ambient conditions. This is due to the fact 

that being continuously under working conditions, polymer chains swelled due to carbon dioxide 

presence and they were not be able to rearrange themselves as fast as in ambient conditions. For 

these reasons, 6FDA based polyimides are potential candidates for industrial applications 

without losing their gas transport properties during an extended period of time. 
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Chapter 5. MMMs based on 6FDA copolyimide and SSZ-16 

zeolite. Effect of pressure and feed composition. 
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1. Introduction 

Polyimides are one of the most suitable polymer for gas separation applications [358–360] due 

to their remarkable permselectivity features compared to the other glassy polymers and the 

possibility to be synthesized from a great variety of commercial aromatic dianhydrides and 

diamines which allow to design the structure of the polymer [96,119,186,361]. Polyimides 

synthesized using 4,4-(Hexafluoroisopropylidene)diphtalic anhydre (6FDA) have caught the 

attention of many researchers [109,362–365] due to their outstanding permselecitivity 

properties promoted by the presence of -CF3 groups and the aromatic rings as it was discussed in 

the Chapter 1, section 6.4.6.1. 

The introduction of inorganic fillers for the production of MMMs has been a milestone to improve 

the performance of the polymeric membranes [101,241,284,366] helping to overcome the 

Robeson upper bound [128]. The membrane performance is improved not only in terms gas 

separation performance but also aging [367] and plasticization resistance [308]. Zeolites as 

inorganic filler for MMMs have been extensively studied [160,188,189,210,216,368], however, no 

studies have implemented using the SSZ-16 zeolite. This type of zeolite is very suitable for 

CO2/CH4 due to its pore structure. Its 3D structure creates two different kind of cages: a small one 

called gmelinite (GME) and a large AFT cage (Figure 5.1). The gmelinite cage is about 0.34 nm 

length and 0.66 nm width while the AFT cage is much bigger and is composed of nine 8-ring 

windows. [369] 

 
Figure 5.1. SSZ-16 zeolite structure [369]. 

 

In this chapter, MMMs composed of 6FDA-DAM:DABA (3:1) and SSZ-16 zeolite for CO2/CH4 

separation applications are studied. SSZ-16 zeolite has not been used for this type of application 

so far. Effect of different parameters on membrane stability and performance is studied: (i) the 

content of filler (5, 10 and 15 wt.% loading); (ii) the effect of feed pressure (2, 4, 6, and 8 bar); 

(iii) and the effect of the feed composition in mixed gas conditions (25/75, 50/50 and 75/25 

vol./vol. CO2/CH4).  
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2. Experimental Procedure 

2.1. Materials 

For the synthesis of the 6FDA polyimide the following monomers are used: (4,4’-

hexafluoroisopropylidene) diphthalic anhydride (6FDA), 2,4,6-trimethyl-1,3-diaminobenzene 

(DAM) 96%, and 3,5-diaminobenzoic acid (DABA) 98%. Before using the 6DFA and DABA 

monomers were dried overnight at 110 °C and DAM at 80 °C. Solvents (1-methyl-2-pyrrolidone 

(NMP) ≥99% and tetrahydrofuran ≥99.9%) were used as received. All these chemicals were 

purchased from Sigma-Aldrich. Methanol 99.8% (Penta) was used as received too.  

Chemicals for the synthesis of the SSZ-16 and its corresponding organic structure directing agent 

(OSDA) were: 1,5-dibromopentane 97%, trimethylamine 99.5%, sodium hydroxide 98%, 

aluminum nitrate nonahydrate 98%, ethanol (reagent grade), and colloidal silica LUDOC AS 30%. 

All the chemicals were used as received without further purification. Except for aluminum nitrate 

nonahydrate (Fluka), all the chemicals were purchased from Sigma-Aldrich. 

2.2. Synthesis of polyimide 

The copolyimide was synthesized using a two-step polycondensation reaction consisting of 

synthesis of polyamic acid (PAA) followed by thermal imidization in solution state as it is 

described in the Chapter 4 section 2.2 . PAA was prepared from equimolar amounts of 

dianhydride and diamine under nitrogen atmosphere at room temperature. The molar ratio 

between diamines DAM:DABA was 3:1. In the Figure 5.2, the chemical structure of the 

as-synthesized polyimide is depicted.  

 
Figure 5.2. Chemical structure of the as-synthesized polyimide 

 

2.3. Synthesis of SSZ-16 

The synthesis of the SSZ-16 zeolite have been realized in the J.Heyrovsky Institute of Physical 

Chemistry of the Academy of Science of Czech Republic and is described in the article entitled 

“Static in-situ hydrothermal synthesis of small pore zeolite SSZ-16 (AFX) using heated and pre-

aged synthesis mixtures”[369].  

3 1 
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Deionized water was used as solvent, the colloidal silica LUDOX AS 30 as silica source, and 

Al(NO3)3.9H2O as alumina source in order to produce the synthesis mother solution with the 

following molar composition: 3 OSDA:0.5 Al2O3:15 Na2O:30 SiO2:1200 H2O. Then, the mixture 

was vigorously stirred at 80 °C for seven days. Crystallization was performed in a Teflon-lined 

autoclave under static conditions (autogenous pressure) for seven days at 160 °C. The zeolite 

particles are filtered and washed in water afterwards. To purify them, firstly a solution of 0.001 M 

NaOH and a shaker are employed to dissolve the OSDA salts and removed the impurities. 

Secondly, they are repeatedly concentrated and dispersed in water. In order to remove the 

organic template, the zeolite is positioned in a quartz vessel and pre-heated at 120 °C in nitrogen 

flow for two hours. Then, it was calcined at 550 °C for 16 h, the first  nitrogen gas flow and the 

following next 8  using air flow [369]. 

2.4. MMMs preparation 

Firstly, SSZ-16 zeolite presented high degree of agglomeration and intergrowth forming 10 µm 

clusters. In order to break those clusters and obtain smaller particles, a particle suspension in 

NMP was prepared and sonicated for 1 h using the ultrasonic homogenizer Bandelin Sonoplus 

HD2200. For preventing the appearance of particle agglomeration during the drying, a solvent 

exchange of the zeolite solution was undertaken to obtain the zeolite in THF medium. The 

concentration of the filler in the THF solution was determined, and the required amount of 

solution was transferred to prepare the MMMs with 5, 10 and 15 wt.% loading. The necessary 

amount of zeolite for the different loadings was calculated using Eq.5.1 

Secondly, the required solution of SSZ-16 zeolite in THF for each membrane was sonicated for 

15 min in a normal ultrasonic bath at 38 kHz. Then, a third of the polymer was added and the 

mixture was stirred for 2 h till complete dissolution of polymer was reached followed by 15 min 

sonication period. This procedure was repeated twice till the total amount of polymer was added. 

The prepared dope solution was then stirred overnight. Before casting, the final sonication was 

done for 1 h. Finally, the solution was cast onto a glass surface in a closed space with a THF 

saturated atmosphere. Solvent was evaporated for 2-3 days at room temperature. Samples were 

detached with water and dried at 80 °C for 24 h. Sample thickness was measured using a digital 

InSize® micrometer with 1 µm resolution. Sample thicknesses ranged between 20 and 30 µm. 

𝑍𝑒𝑜𝑙𝑖𝑡𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑤𝑡. %) =  [
𝑤𝑡.𝑍𝑒𝑜𝑙𝑖𝑡𝑒

𝑤𝑡.𝑍𝑒𝑜𝑙𝑖𝑡𝑒+𝑤𝑡.𝑝𝑜𝑙𝑦𝑚𝑒𝑟
] · 100     Eq.5.1 
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2.5. Characterization 

2.5.1. Zeolite characterization 

SSZ-16 zeolite were characterized by scanning electron microscopy (SEM) Hitachi S4700 in order 

to check the morphology of the particles. Furthermore, crystallinity of the samples was studied 

by XRD analyses. XRD-Diffractometer PANalytical X’Pert PRO (PANalytical Holland) was 

employed using CuKα radiation with a voltage and current of 40 kV and 30 mA respectively  

In order to know the sorption capacity of the zeolite, carbon dioxide and methane adsorption 

isothermal measurements were carried out with Micromeritics ASAP 2050 Xtended Pressure 

Sorption Analyzer at 25 °C in the range of pressures from 0 to 900 KPa. Furthermore, BET surface 

was analyzed by nitrogen adsorption using Micromeritics ASAP 2020 Xtended Pressure Sorption. 

The density of the polymer was determined using a pycnometer (Picnomatic Thermo) at 20 °C ± 

0.01 °C. A known amount of sample was placed in the analysis cell and demoisturized using He as 

a dry gas by a series of pressurization cycles. The sample was pressurized up to 2 bar for 20 

pressure-expanding cycles into the reference chamber using He as dry gas. The sample volume 

was calculated by the difference in the two chambers. The density of the SSZ-16 particles obtained 

was 1.84 ± 0.006 cm3/g. 

2.5.2. Polymer characterization 

Final as-synthesized copolyimide was characterized by FTIR spectroscopy using Bruker IFS 

66v/s to confirm the complete imidization of PAA. The spectra were collected from 400 to 

4000 cm-1 wavenumbers. 

The density of the polymer was also determined using a helium pycnometer (Picnomatic Thermo) 

at 20 °C ± 0.01 °C under the same protocol than for the zeolite analyses. The resulting density of 

1.49 ± 0.01 cm3/g was obtained. 

 

2.5.3. Membrane characterization 

The cross-section of prepared membranes was characterized using a Scanning Electron 

Microscope (SEM) JEOL-JSM-5600LV to investigate the compatibility of the SSZ-16 particles and 

the polymeric phase. Cross-sections were obtained by immersion of the samples in liquid 

nitrogen for several minutes and fracture the membrane inside the liquid nitrogen. 

Thermal properties of membranes were investigated by Thermal Gravimetric Analysis (TGA) and 

Differential Scanning Calorimetry (DSC) using a Linseis STA 700LT and Sensys Evo TG-DSC 

(Setaram Instrumentation) apparatus, respectively. TGA analyses were carried out using a 
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sample around 10 mg placed in an alumina crucible heating up the sample to 700 °C with a 

heating rate of 20 °C/min. under nitrogen flow of 20 ml/min. Temperature was hold at 700 °C for 

30 min and a 20 ml/min air flow was introduced in order to combust the sample and obtain the 

inorganic residue. In order to carry out the DSC analysis, the sample of 10 mg in weight was placed 

in an aluminum crucible. The applied temperature profile consists of three cycles of heating-

cooling from 30 to 450 °C using 20 °C/min rate under 20 ml/min Ar flow. The glass transition 

temperature (Tg) was determined by DSC tests using the inflexion point of specific heat curve in 

the second cycle and the Tg value was verified in the third cycle. DSC analyses were carried out by 

triplicate. 

2.5.4. Gas separation evaluation 

Carbon dioxide/methane gas separation analyses of the membranes were performed using the 

Wicke-Kallenbach method in a laboratory scale module containing a pressure-rise permeation 

apparatus. The scheme of the setup is presented in the Figure 5.3. The analyses are realized in 

steady state conditions using a mixture of carbon dioxide and methane as the feed gas and helium 

as sweeping gas. Flowrates and pressure are set by flow and pressure controllers (Bronkhorst). 

The permeate gas is analysed by a FOCUS-GC gas chromatograph equipped with methanizer and 

flame ionization detector (FID). 

 
Figure 5.3. Gas separation setup diagram. 

 

In order to disclosed the effect of the feed concentration and transmembrane pressure on the gas 

separation performance of prepared MMMs, the measurements were performed at room 
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temperature using mixed gas feed with different composition (25/75, 50/50 and 75/25 vol./vol 

CO2/CH4) and different transmembrane pressure (2, 4, 6, and 8 bar) for each feed composition.  

CO2 and CH4 permeabilities (𝑃𝐶𝑂2
, 𝑃𝐶𝐻4

) in Barrer under mixed gas conditions were calculated 

using the Eq.5.2 and Eq.5.3, respectively. Where yi and xi are the molar fractions of the 

corresponding gas i in the permeate and retentate, respectively. Fs is the calibrated sweep flow in 

cm3 (STP)/s, l is the thickness of the membrane in cm, A is the area of the membrane in cm2, and 

Pf and Pp the pressure of the feed and the permeate side, respectively, in cmHg. These equations 

are derivate from the mass balance of the cell, assuming that the increment of the permeate flow 

is negligible compared to the Fs. 

Meanwhile, the separation factor of the membrane was calculated from the Eq.5.4. 

𝑃𝐶𝑂2
=

𝑦𝐶𝑂2  𝐹𝑠 𝑙

𝐴(𝑥𝐶𝑂2𝑃𝑓−𝑦𝐶𝑂2𝑃𝑝)
        Eq.5.2 

𝑃𝐶𝐻4
=

𝑦𝐶𝐻4  𝐹𝑠 𝑙

𝐴(𝑥𝐶𝐻4𝑃𝑓−𝑦𝐶𝐻4𝑃𝑝)
        Eq.5.3 

𝛼𝐶𝑂2 𝐶𝐻4⁄ =
𝑦𝐶𝑂2

𝑦𝐶𝐻4
⁄

𝑥𝐶𝑂2
𝑥𝐶𝐻4

⁄
          Eq.5.4 

 

3. Results and discussion 

3.1. Polymer characterization 

The FTIR spectra of as-synthesized PI and PAA are depicted in the Figure 5.4. Regarding PAA 

spectrum, different representative peaks can be observed: (i) the broad band between 3 500 and 

2 500 cm-1 related to bond stretching of –COOH and –NHCO-; (ii) the stretching vibration of the 

C=O at ~1 720 cm-1; (iii) the bending vibration of N-H bond inside of the amide group at 

~1 630 cm-1; and (iv) the peak at ~1 510 cm-1 related to the carbonyl group in the amide bond –

CONH- [370]. 

In the case of PI spectrum, the characteristic peaks of PI can be observed the symmetric and 

asymmetric stretch of C=O at ~1 720 cm-1 and ~1 780 cm-1 as well as the peak at ~1 350 cm-1 for 

C-N. Furthermore, a peak at ~720 cm-1 corresponding to the deformation of the imidization ring 

is observed. On the contrary, the peak at 1 630 cm-1 from the PAA and the broad band between 

3 500 and 2 500 cm-1 have totally disappeared [344].  
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Figure 5.4. FTIR spectra of as-synthesized PAA and PI 

 

3.2. SSZ-16 characterization 

3.2.1. Adsorption isotherms 

The adsorption isotherms are depicted in the Figure 5.5. N2 isotherm is used to calculate the 

textural properties of the SSZ-16 zeolite which are tabulated in the Table 5.2. The curve shows 

the characteristic shape of isotherm type I according to the IUPAC classification for the 

microporous materials. It shows a rapid adsorption at very low relative pressures and a long 

plateau during the whole range of pressure tested. It is important to note that the hysteresis loop 

is negligible, which means that the presence of mesoporous is also negligible, showing a narrow 

distribution of the pore size.  

The BET surface area is not as high as for other new porous materials mentioned in Chapter 1, 

section 7.1.3. However, it is still in the range of different zeolite like TS-1 [371], ZSM-5 [348] or 

other 8-membered ring zeolite [369]. 

Regarding CO2 adsorption, the different Langmuir coefficients used to fit the experimental curve 

are shown in the Table 5.1, the best equation to describe the behavior of SSZ-16 zeolite is the dual 

site Langmuir model (Eq.5.6) rather than the single-site Langmuir model (Eq.5.5): 

𝑞 = 𝑞1
𝑏1𝑝

1+𝑏1𝑝
          Eq.5.5 

𝑞 = 𝑞1
𝑏1𝑝

1+𝑏1𝑝
+ 𝑞2

𝑏2𝑝

1+𝑏2𝑝
         Eq.5.6 
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Table 5.1. Langmuir coefficients for CO2 adsorption isotherm of SSZ-16 zeolite 

 Single-site Langmuir Dual-site Langmuir 

q1 60.83 113.47 

b1 8.48·10-2 3.76·10-4 

q2  48.86 

b2  1.86·10-1 

𝑆𝑆𝐸 = ∑(𝑋𝑒𝑥𝑝 − 𝑋𝑐𝑎𝑙)2

𝑛

𝑖=1

 524.2 55.2 

 

Table 5.2. SSZ-16 textural properties. 

Sample 
Density 
[cm3/g] 

BET surface 
[m2/g] 

Langmuir surface 
[m2/g] 

Pore Volume 
[cm3/g] 

SSZ-16 1.84 ± 0.01  288.5 ± 9.0 469.9 ± 23.3 0.17 

 

 

  

 
Figure 5.5. Adsorption isotherms A) N2 at 77K (filled symbols - adsorption, open symbols - desorption) and B) CO2 (filled 

symbols) and CH4 (open symbols) at 298K. 

 

B) 

A) 
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3.3. SEM analyses 

Scanning electron microscopy was used to analyze the morphology of the particles and to 

estimate their particle size. As it can be observed in the Figure 5.6 (A), the size distribution of the 

particles is inhomogeneous, some big clusters of few µm, around 3-5 µm, can be detected (black 

circles). These clusters are intergrowth crystals of zeolite which are very difficult to be dispersed.  

In the Figure 5.6 (B), the particles can be observed in more detail and their size can be estimated. 

The particle size distribution is ranging from 200 to 800 nm. Therefore, the particle size 

distribution is very wide, which can bring some problems for the formation of a homogenous and 

well dispersed MMMs. The reason of this broad size distribution is that the sonication is only able 

to separate the particles which are not intergrowth, as it can be observed there are big 

intergrowth clusters which are not able to be separated by this method.  

 

 
Figure 5.6. SSZ-16 zeolitic particles at A) 5 000 and B) 40 000 magnification 

 

 

A) 

B) 
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In the Figure 5.7, the cross-section and the details at high magnification to see the compatibility 

of the filler and polymeric matrix are shown. It can be observed that MMMs show a good 

compatibility of the fillers with the polymeric matrix and no “sieve in a cage” morphologies are 

detected. The particles are well integrated in the polymer matrix due to the mixing protocol which 

allows an intimate contact between the particles and the dope solution. 

The particles are very well distributed along the whole cross-section without showing any 

sedimentation for the 5 wt.% MMMs. In the case of 10 wt.% MMMs, some defects can be observed 

at the bottom of the membranes, where some aggregations of bigger particles and clusters are 

found. There, the interface between the polymeric phase and the zeolitic clusters is poorer than 

the compatibility with the isolated and smaller particles. Finally, for MMMs with the highest 

inorganic loading (15 wt.%) a higher sedimentation, than in the case of 10 wt.% MMMs, is 

observed and thus additional defects are present in membranes.  

The smaller particles below 500 nm are very well integrated and also well distributed along the 

cross-section. The concavities obtained during the cryogenic break is the typical fracture 

morphology of the composite materials. The concavities are formed around the particles because 

they work like stress concentration points where the facture is originated. For the 15 wt.% 

MMMs, it is observed that the fracture around the particles is more fragile, the plastic deformation 

around the particles is less pronounced than in the case of the 5 and 10 wt.% MMMs.  
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Figure 5.7. Cross-section and detail at high magnification images of 5 wt.% MMMs (A, B), 10 wt.% MMMs (C, D) and 15 

wt.% MMMs (E, F). 

 

3.4. Thermal analysis: TGA and DSC 

Glass transition (Tg) and decomposition (Td) temperatures of prepared membranes are 

summarized in the Table 5.3. The Tg of the unfilled polyimide membrane (364 °C) is consistent 

with the published data [103,150]. DSC analyses reveal that the introduction of the zeolite 

increases the Tg of the polymer from 364 °C up to 382 °C due to the restriction of the polymeric 

chain movements. It is also an indication of the good interaction between the continuous and the 

dispersed phase. However, MMMs with 15 wt.% loading do not experience an increment of the Tg 

A) B) 

C) D) 

E) F) 
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comparing to MMMs-10%. The Tg of this MMM reminds similar to the 10 wt.% loading which 

indicates that the contact between the two phases is not improved in a higher degree with the 

increment of the inorganic loading. The increment of Tg for the membrane with the highest 

inorganic loading is limited by introduction of new defects as it can be seen in the SEM images.  

Table 5.3. Tg and Td of the different MMMs synthesized. 

Sample Tg [°C] Td [°C] 

PI 364 515 

PI-5% 370 545 

PI-10% 382 545 

PI-15% 381 537 

 

TGA analysis of the filler, unfilled membrane and MMMs are presented in the Figure 5.8. Two 

different decomposition steps can be observed on SSZ-16 curve. The first weight diminution with 

a 5.8% loss up to 100 °C is related to the evaporation of the moisture. The second step up to 

350 °C, where the total weight loss is 15.4%, is related to the decomposition of OSDA residue 

present in pores of the zeolite. Regarding the decomposition profile of the polyimide, the first 

decrease of 2% up to 100 °C is associated to the evaporation of the adsorbed moisture. The weight 

loss of 10.1% in the temperature range from 350 to 490 °C is related to the decarboxylation of 

the DABA moiety of the polyimide when the carbon dioxide and/or carbon monoxide are released 

[372]. The last loss corresponding to the decomposition of the backbone of the polymer initiates 

at 490 °C and ends around 630 °C. During this transformation, 88.5 % of the sample is 

decomposed. 

In the MMMs TGA curves, the weight loss up to 100 °C related to the evaporation of moisture and 

trapped solvent (THF b.p. 66 °C) is the 7.8, 5.8 and 4.7% for the 5, 10, and 15 wt.% MMMs 

respectively. The decrease of weight loss with increasing content of zeolitic phase may indicate 

that the most of the solvent trapped on the MMMs is confined among the polymeric phase. The 

next step of weight loss follows in the range of 100-350 °C. These losses, 5.0, 6.6 and 5.9% for the 

5, 10 and 15 wt.% MMMs respectively, are related to the decomposition of the remaining OSDA 

present in SSZ-16, and the beginning of the decarboxylation of the polymer. Afterwards, the main 

decarboxylation reaction takes place till 490 °C, and then the final decomposition of the backbone 

of the polymer starts.  

The incorporation of this filler increases the thermal resistance of the polymer due to the 

restriction of the polymeric chains movement as can be seen from increase of decomposition 

temperature of the MMMs comparing to unfilled membrane. The major increment can be seen for 
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the MMMs with 5 and 10 wt.% loading. In the case of the 15 wt.% MMMs, a decrease of the 

decomposition temperature is obtained compared to the other MMMs. It is due to the fact that the 

highest loading introduced a lot of defects into the membrane which decrease its overall stability. 

This data are in agreement with other studies available in literature [372–374].  

 
Figure 5.8. TGA analyses graph. 

 

3.5. Gas separation evaluation 

The gas separation results show that election of the materials was fruitful due to the exceptional 

increment of the performance of these MMMs. The summarized performance of the different 

membranes can be observed in the Figure 5.9, Figure 5.10, and Figure 5.11and for the 25/75, 

50/50 and 75/25 CO2/CH4 feed composition respectively. Furthermore, the detailed values of 

mixed gases permeabilities and separation factor are tabulated in the Table 5.4. 
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Figure 5.9. Gas separation at 25/75 CO2/CH4 composition 

 

 
Figure 5.10. Gas separation at 50/50 CO2/CH4 composition 
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Figure 5.11. Gas separation at 75/25 CO2/CH4 composition 

 

3.5.1. Effect of inorganic loading 

The results obtained for pure copolyimide membrane are consistent with previous works 

[99,374]. The CO2 permeability ranges from 212 Barrer, at the lowest pressure and the highest 

CO2 feed concentration, to 129 Barrer, at the highest pressure and the lowest CO2 feed 

concentration. This reduction of CO2 permeability (approximately 40%) is showing relatively 

high sensitivity of these copolyimide to the different pressures and feed compositions. The 

maximum variation of the separation factor of the unfilled membranes in the measured range of 

the feed pressures and compositions, about the 25% (from 37 to 28), was obtained by variation 

of the pressure at the 75/25 CO2/CH4 feed composition (Figure 5.11). 

The MMMs with 5 and 10 wt.% loading show an exceptional increase of permeabilities without 

loss of separation. However, the results 15 wt.% loading MMMs show a large drop of the 

separation factor due to the introduction of many defects in the morphology of the membrane.  

MMMs with 5 wt.% of inorganic filler show an increment of the carbon dioxide and methane 

permeabilities of almost twofold for every work conditions keeping the same separation factor 

than the unfilled membrane. In this case, CO2 permeability ranges from 230 to 380 Barrer and the 

separation factor from 32 to 38 for the different feed pressures and compositions. MMMs with 

10 wt.% of zeolite loadings have a similar behavior than the 5 wt.% MMMs. They present a good 

separation factor remaining around 30 (between 28 and 33) and great carbon dioxide 

permeability ranging from 250 to 390 Barrer. Finally, 15 wt.%-MMMs present CO2 permeabilities 
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ranging from 210 to 325 Barrer and the separation factor from 10 to 18. The large decrease on 

the separation factor is due to the introduction of defects on the membrane.  

It can be observed that the introduction of the fillers causes a great increment on the permeability 

of the membrane. However, the increment of the zeolite content does not carry out a proportional 

increment on the permeability. Furthermore, the introduction of the higher concentration of 

zeolite brings a slight rigidification of the continuous phase compare to the MMMs with lowest 

inorganic loading. This behavior is also observed for the 15 wt.% MMMs compared to the 10 wt.% 

MMMs, however it is less pronounced at the higher transmembrane pressures (6 or 8 bar) than 

at the lowest one (2 bar). 

3.5.2. Effect of transmembrane pressure 

In all the cases (i.e. different inorganic loadings and different feed composition) a decrease of CO2 

permeability is observed when the transmembrane pressure increases. The decrease of the 

permeability is related to the dual sorption model [375] of the polymer. When the pressure 

increases, the free volume of the polymer is saturated and the diffusion of CO2 decreases, so the 

overall permeability decreases. 

When comparing the CO2 permeability of the different loaded MMMs at 2 and 8 bar, a smaller 

difference in these permeabilities is observed at 8 bar than at 2 bar. For example, at 50/50 

composition the difference between 5 wt.%-MMMs and 15 wt.%-MMMs at 2 bar is 50 Barrer, 

364.8 vs. 314.9, a reduction of the 14%. However, this difference is only of almost 20 Barrer at 

8 bar which means a decrease of the 9%.  

The CH4 permeability of the pure polymeric membranes decreases with the increment of pressure 

till 4-6 bar, depending on the feed composition. But the further increase of pressure over this limit 

results in slight increase of permeability, especially at 75/25 CO2/CH4 feed composition. This 

behavior is characteristic for membrane plasticization. It seems that the dissolved carbon dioxide 

promotes increase of the free volume of the polymer, increasing the CH4 permeability of the 

membrane and leading to a reduction of the separation factor. Furthermore, this trend is more 

pronounced when the CO2 concentration is higher. This behavior was also observed by Gleason 

et al. [376] when TR-polyimide membranes were analyzed under mixed conditions. Although CO2 

permeability does not show any sign of plasticization up to high pressures, the CH4 permeability 

is affected at much lower pressures. It is consistent with the free volume theory where the 

mobility of a bigger molecules like CH4 is more sensitive to the change of the free volume than the 

smaller CO2. Therefore, mixed-gas CH4 permeability would be a more sensitive indicator of 

plasticization than mixed-gas CO2 permeability. 
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However, when the SSZ-16 particles, even at 5 wt.% loading, are added to the polymeric matrix 

this phenomenon is avoided. This is due to the fact that the zeolitic particles hinder the polymeric 

chain movement. As a result of it, the separation factor decreases with the increases of the 

transmembrane pressure for the unfilled membranes, but it is kept almost constant for the MMMs 

with 5 and 10 wt.% loading.  

3.5.3. Effect of feed composition 

The general trends above described for the different transmembrane pressure and the influence 

of filler content can be applied to each feed composition analyzed. Despite this the general 

performance of the different membranes do not deviate very much for the different feed 

compositions tested, which is consistent with the data available in the literature [114]. Therefore, 

these membranes can adapt easily to the fluctuations of the feed composition of the well, keeping 

a constant performance and allowing an easier operation. 

In all the cases the observed separation factor slightly increases with increasing molar fraction of 

CO2 which demonstrates that the membranes can be used at hard working conditions without 

losing its separation capacity. 

It is worthy to note that the phenomenon of the increment of CH4 permeability with the pressure 

described in the previous section (3.5.2) is more evident when the CO2 molar fraction of the feed 

is higher. It is in agreement with the literature which show that a lower CH4 permeability is 

observed when the CH4 content in the feed is increased [143]. Therefore, the presence of high 

plasticizer gases, like the CO2, is the critical variable to take into account. 

This phenomenon has been defined by Pinneau et al. as “CH4-creep” [113]. The “CH4-creep” 

denotes the increment of mixed-gas CH4 permeability with the increment of the CO2 partial 

pressure although the mixed-gas CO2 permeability do not undergo any increment at that 

pressures. It has been observed on Matrimid® membranes at very low CO2 pressures [143].  
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Table 5.4. Gas separation data for the different membranes at different pressures and feed composition 

 P 

[bar] 

Feed gas composition CO2/CH4  

25/75 50/50 75/25 

Sep.Fac 
P(CO2) 

[Barrer] 

P(CH4) 

[Barrer] 
Sep.Fac 

P(CO2) 

[Barrer] 

P(CH4) 

[Barrer] 
Sep.Fac 

P(CO2) 

[Barrer] 

P(CH4) 

[Barrer] 

PI 

2 34.5 ± 3.1 191.7 ± 18.3 5.6 ± 0.1 35.9 ± 1.5 199.4 ± 17.9 5.6 ± 0.3 37.8 ± 2.7 212.3 ± 21.0 5.7 ± 0.2 

4 36.2 ± 2.4 155.1 ± 13.0 4.3 ± 0.3 34.7 ± 1.4 151.6 ± 11.9 4.4 ± 0.2 36.2 ± 1.7 161.5 ± 10.9 4.5 ± 0.4 

6 33.8 ± 4.3 139.4 ± 10.2 4.2 ± 0.3 31.6 ± 2.4 135.5 ± 9.2 4.3 ± 0.3 31.3 ± 2.1 143.8 ± 9.5 4.7 ± 0.5 

8 30.2 ± 6.5 129.5 ± 7.8 4.5 ± 0.8 28.2 ± 2.7 129.0 ± 7.7 4.8 ± 0.9 28.1 ± 5.2 134.5 ± 9.2 5.0 ± 1.0 

PI-

5% 

2 33.5 ± 2.1 378.8 ± 17.2 11.4 ± 0.7 34.8 ± 1.4 364.8 ± 30.5 10.5 ± 0.5 38.6 ± 2.3 368.4 ± 47.2 9.6 ± 0.9 

4 34.1 ± 3.2 302.4 ± 20.8 8.9 ± 0.6 35.2 ± 1.7 282.5 ± 27.8 8.0 ± 0.5 37.0 ± 5.0 281.0 ± 40.4 7.7 ± 0.7 

6 33.6 ± 3.8 249.2 ± 21.7 8.1 ± 0.6 33.5 ± 3.3 247.4 ± 30.8 7.4 ± 0.3 34.7 ± 4.6 247.5 ± 37.3 7.2 ± 0.6 

8 32.6 ± 4.3 249.2 ± 22.7 7.7 ± 0.6 32.4 ± 3.1 229.8 ± 31.2 7.1 ± 0.3 34.1 ± 1.8 233.5 ± 35.0 6.9 ± 0.7 

PI-

10% 

2 28.8 ± 2.7 391.5 ± 51.9 13.7 ± 1.9 28.6 ± 3.6 340.0 ± 42.3 12.0 ± 0.7 32.9 ± 1.9 370.9 ± 39.7 11.5 ± 1.1 

4 29.8 ± 3.1 278.3 ± 27.1 9.4 ± 0.6 30.0 ± 2.6 270.7 ± 30.8 9.0 ± 0.4 33.5 ± 2.3 286.7 ± 27.8 8.6 ± 0.3 

6 30.4 ± 3.0 246.4 ± 26.5 8.1 ± 0.3 30.6 ± 2.2 246.8 ± 23.5 8.1 ± 0.3 31.5 ± 0.9 257.6 ± 19.1 8.3 ± 0.5 

8 30.7 ± 2.7 231.6 ± 24.0 7.6 ± 0.3 30.9 ± 1.8 234.4 ± 19.7 7.6 ± 0.3 31.4 ± 0.7 247.6 ± 16.3 7.9 ± 0.4 

PI-

15% 

2 10.8 ± 1.5 301.0 ± 58.5 25.5 ± 7.8 16.2 ± 3.6 314.9 ± 51.9 21.3 ± 8.0 18.4 ± 4.4 325.9 ± 48.6 19.6 ± 7.3 

4 11.0 ± 2.7 254.2 ± 42.3 25.6 ± 10.2 13.0 ± 4.1 242.4 ± 35.9 21.8 ± 9.7 15.4 ± 4.4 252.5 ± 36.6 18.7 ± 7.7 

6 10.6 ± 3.2 232.4 ± 39.1 25.3 ± 11.3 12.6 ± 4.1 223.9 ± 34.2 20.9 ± 9.7 14.2 ± 4.1 226.4 ± 31.4 18.2 ± 7.5 

8 11.1 ± 4.0 217.9 ± 38.0 24.1 ± 12.1 12.3 ± 4.0 210.2 ± 31.7 20.1 ± 9.1 13.3 ± 4.1 211.9 ± 26.3 18.3 ± 7.7 
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4. Conclusions 

A novel zeolite, SSZ-16, was used to obtain a new type of MMMs using the copolyimide 6FDA-

DAM:DABA (3:1) as continuous phase. Self-standing dense membranes with different filler 

content (5, 10, and 15 wt.%) were manufactured. These new MMMs were characterized by SEM, 

TGA, DSC and they were tested at different mixed gas conditions. The membranes were evaluated 

at different transmembrane pressures (2, 4, 6 and 8 bar) and feed compositions (25/75, 50/50 

and 75/25 vol./vol. CO2/CH4). 

The copolyimide was successfully synthesized as it is shown by the FTIR spectra where a full 

imidization was confirmed. Furthermore, the molecular weight of the copolyimide was high 

enough to ensure the good mechanical properties to form flexible films without defects. 

The SSZ-16 particles were synthesized in conglomerates which were disaggregated by a powerful 

sonication, obtaining particles between 200 and 800 nm. However, big clusters about 3-5 µm are 

still presented in the membranes. Prepared particles presented high crystallinity and a 

microporous structure.  

The manufactured MMMs had a good particle distribution along the cross-section of the 

membrane, though some aggregates were deposited in the higher loaded MMMs. Moreover, some 

defects are introduced in highest loaded MMMs and the separation performance drastically 

dropped. No defects or “sieve in a cage” morphologies are detected for the small particles which 

demonstrates very good compatibility between the polymeric matrix and filler. The presence of 

defect in the case of aggregates, shows that the decrease of the particle size is an important factor 

to improve the incorporation of SSZ-16 particles and obtain defect free membranes. Furthermore, 

the addition of SSZ-16 has positive effect on thermal properties of MMMs. Addition of SSZ-16 

improved the thermal properties of membranes comparing to the unfilled ones. The increase of 

the Tg and decomposition temperature were observed. 

In terms of gas separation performance, the prepared MMMs showed a great enhancement 

comparing to the neat membranes, permeabilities were doubled meanwhile the separation factor 

was maintained almost at the same level. The best performance was achieved by the 5 wt.% 

MMMs. When higher amount of filler is introduced, the rigidification of the polymer around the 

particle is produced and the permeability is reduced compared to the lowest loading MMMs.  

When the transmembrane pressure increases, CO2 permeabilities decrease for all the cases due 

to the dual-sorption behavior of glassy polymers. However, CH4 permeability of neat membranes 

underwent an increment of the permeability at high pressures (6 and 8 bar) resulting in decrease 

of the separation factor. This phenomenon was not observed in MMMs because the particles 
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hinder the mobility of the polymeric chains avoiding the swelling due to the CO2 presence. 

Therefore, CH4 permeability is a more sensitive indicator of plasticization than CO2 under the 

mixed gas conditions. This behavior is more pronounce when the partial pressure of CH4 is lower, 

showing that is the presence of CO2 which promotes the faster diffusion of CH4 due to the 

increment of the free volume caused by the sorption of CO2 into the polymeric matrix.  

Furthermore, the performance of the membranes is very similar for the different feed 

concentrations, showing that the membranes can keep a stable performance at different 

conditions. Consequently, these membrane can ensure a stable process even under a fluctuating 

source. 

In conclusion, the incorporation of SSZ-16 particles doubled permeability of the membrane, 

without losing its separation factor, at the same time, the particles avoided the loss of separation 

factor in mixed gas conditions at high pressures where the CH4 permeability increases compared 

to the unfilled membrane. 
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1. General conclusions 

In this work, different approaches to improve the gas separation performance of the current 

membranes have been studied. As explained in Chapter 1, the incorporation of different fillers to 

improve the membrane permselectivity, an optimal crosslinking procedure to ensure the 

chemical stability and avoid CO2-induced plasticization or the long-time performance of the 

membranes, are still remaining issues which need to be solved. Preparation of MMMs has been 

proven to be a good strategy to overcome some of these drawbacks. However, the introduction of 

a dispersed phase into the polymer can bring other problems like “sieve-in-a-cage” morphologies 

or rigidification of the polymeric phase. Particle surface modification is a powerful strategy to 

improve the contact between the continuous and the dispersed phase and avoid the formation of 

“sieve in a cage” morphologies. However, it can bring additional complications, such as blockage 

of the pores, reduction of the filler sorption properties or introduction of an extra-phase between 

particles and continuous phase.  

The particle functionalization approach was followed in Chapter 2. Firstly, TS-1 particles with 

different Ti content were synthesized under different conditions (e.g. crystallization temperature 

or time and temperature aging). Secondly, the optimized particles were functionalized using 

amino and glycidoxy silane coupling agents. Furthermore, the silane coupling agents were used 

as crosslinker in order to obtain a membrane with higher performance. The results showed that 

the reactivity and the number of reactive groups of this type of compounds have also a great 

influence on the final sorption capacity of the modified filler. Glycidoxy silane coupling agents 

were less effective not only for the surface modification of the particles but also as crosslinker 

agents for the polyimide. On the contrary, amino silane coupling agents showed better results in 

terms of particle functionalization and crosslinking. The membranes made from the polyimide 

6FDA-DAM:DABA (9:1) and TS-1 functionalized by APMDES showed good mechanical and 

chemical properties, and good plasticization resistance at high pressures (up to 40 bar), showing 

the potential of APMDES as crosslinking agent to avoid CO2-induced plasticization. 

The synthesis of MMMs using titanosilicates (TS-1 and ETS-10) as fillers (Chapter 3) showed the 

importance not only of the porous and sorption properties of the filler but also its surface 

characteristics. These elements play a determining role in the overall gas separation performance 

due to the interface that the particles create with the polymer. Therefore, surface composition of 

particles which can differ from the bulk is also an important parameter to be taken into account. 

The differences in the chemical composition of TS-1 produced a different behavior in the overall 

gas separation performance. A high content of Ti in the mother solution of the zeolitic synthesis 

influenced the composition of the surface by increasing the content of TiO2 which promoted a 

better adhesion between the zeolite and the polymer. Furthermore, the improvement of the 
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compatibility of these two phases increased the selectivity of the MMMs. The MMMs using TS-1 

particles with lower content of Ti were only able to improve the permeability of the polymer but 

not the selectivity. On the other hand, the ETS-10 particles showed a stronger improvement of 

the separation factor of the MMMs than TS-1 particles, but the permeability enhancement was 

insignificant due to the sedimentation of the particles.  

New polymers with advanced properties for gas separation need to be developed in order to 

extend the use of membranes in industrial applications. As reviewed in Chapter 1, 6FDA 

polyimides show a good assortment of chemical, thermal, mechanical and gas separation 

properties.  

In Chapter 4, thin film composite membranes were prepared using 6FDA-DAM:DABA 

copolyimides with different diamine ratios (9:1, 3:1 and 2:1) to study the influence of the content 

of carboxylic groups on the performance of the membranes and the 180 h long-term 

permselectivity under CO2/CH4 conditions. Because 6FDA polyimides are very sensitive to aging, 

their performance over a longer period was studied. These membranes were thermally annealed 

to improve their aging and CO2-induced plasticization resistance. The membranes showed a slight 

decrease in the permeability over the tested period due to the carbon dioxide swelling of the 

polymer which restricts the movement of the polymeric chains and their rearrangement.  

Consequently, the membrane aging can be prevented by the presence of soluble gases (i.e. CO2) 

among the polymeric chains during the usage of the membrane. In the case of the thermally 

annealed membranes, the permeability loss during the analysis time is even smaller than for the 

non-treated membranes. The formation of the CTC’s prevents the movement of the polymeric 

chains and reduces aging. Finally, the content of carboxylic groups has a crucial influence on the 

behavior of non-thermally treated membranes. The TFC membranes with the highest content of 

DABA showed an increment of permeability with time due to the increment of CO2 dissolved into 

the membrane promoted by the presence of -COOH groups.  

One of these types of copolyimides, 6FDA-DAM:DABA (3:1), was utilized to prepare a new type of 

MMMs using SSZ-16 zeolite as filler (Chapter 5). The gas separation results disclosed that the 

introduction of SSZ-16 incremented twofold the permeability of the membrane without losing 

their separation efficiency. 

Furthermore, the membranes were studied at different pressures and different feed 

compositions. The polymeric membranes tested in different mixed gas conditions and at different 

pressure showed an increment in CH4 permeability at 6 and 8 bar, decreasing the separation 

factor. This was due to the presence of CO2 which is dissolved into the polymeric matrix, 

increasing the free volume available inside the polymer. This swelling allows for a faster diffusion 
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of CH4, and hence CH4 permeability increases, and separation factor diminishes. This 

phenomenon occurs without any CO2 permeability any indication of plasticization effect. 

Therefore, CH4 permeability is a more sensitive parameter to evaluate the plasticization of a 

membrane than the commonly used, CO2 permeability. 

Furthermore, SSZ-16 particles were able to stop this phenomenon and MMMs presented the 

typical dual-sorption behavior of glassy polymers, where the permeability decreases when the 

transmembrane pressure increases not only in the case of CO2 permeability but also for CH4 

permeability in mixed gas conditions. These MMMs were able to keep a stable performance for 

the different feed compositions measured, showing their adaptability to the different natural gas 

sources (i.e. bio gas, different natural gas wells). 

2. Contribution to the field 

Membrane technology is a field in continuous development due to the wide range of applications 

in which they can be used, i.e. food processing, water treatment, gas separation… In this context, 

many researchers are focusing their efforts of improving those processes thanks to the 

possibilities that membranes offer.  

In order to contribute to the field of gas separation membranes, several analyses have been 

presented in this work. Firstly, a new approach for the use of silane coupling agents not only as 

surface modifier but also as crosslinking agents was studied. Although the difficulties to arrange 

a suitable protocol to obtain well dispersed particles and to ensure the mechanical properties to 

produce self-standing membranes need to be overcome.  

To contribute to the development of MMM production, different new fillers were studied (TS-1, 

ETS-10 and SSZ-16). These MMMs showed that the interaction of the filler with the polymer is 

one of the most important factors which determines the final gas separation performance of the 

membrane. Furthermore, the incorporation of the filler stabilizes the membrane in mixed gas 

conditions and may improve the performance of the polymeric membranes in mixed gas 

conditions where the polymeric membranes can undergo plasticization even at low pressures. 

Highly permeable membranes can undergo an increment of CH4 permeability in mixed gas 

conditions at lower transmembrane pressure than the commonly reported plasticization 

pressure related to the CO2 permeability. Therefore, mixed gas CH4 permeability is a more 

sensitive and accurate indicator of the plasticization behavior. 

Another important contribution for the final application of the gas separation membranes is that 

the storage time of highly permeable membranes based on the new 6FDA polyimides would be 

an important factor to take into account. As it has been proven, the aging of this membranes in 
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ambient conditions has dramatic effect on the permeability. The accomplished work in Chapter 4 

shows that 6FDA membranes aged with a lower velocity when they are put down under CO2 gas 

conditions than in ambient atmosphere.  

3. Future work 

An outstanding effort has been done in the synthesis of new polymers, not only 6FDA polyimides 

but also PIMs or TR-polymers, and the production of MMMs with new fillers. Therefore, a deeper 

analysis needs to be carried out to discard the materials which have not sufficient chemical, 

thermal or mechanical stability to withstand the requirements of the final applications.  

In these terms, studies using saturated steams or more complex gas feeds would be very 

advantageous to obtain a wider view on the potential and limitations of each new material. As 

was observed in this work, the interaction of the different gases of the feed composition with the 

membrane material can change the performance of the material. 

As it has been explained in the Chapter 4, the aging in working conditions may differ from the 

aging at ambient conditions. Longer analyses under the presence of CO2 or mixed gas conditions 

would be very useful for discerning the potential of the new membranes. 

Finally, a closer cooperation with process engineers for a profound understanding of the needs of 

the process and the role that membranes must play in the overall process is very important to 

adequate the membrane properties to the characteristic of the process: vacuum requirements, 

flux recirculation, temperature properties etc.  
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Abbreviations and units 

 Abbreviations 

2,6-DAT 2,6-toluene diamine 

6FDA (4,4’-Hexafluoroisopropylidene) diphthalic anhydride 

6FmDA (4,4’-Hexafluoroisopropylidene) m-diamine 

6FpDA (4,4’-Hexafluoroisopropylidene) p-diamine 

ABA 4-amino benzoic acid 

AES Atomic Emission Spectroscopy 

APMDES 3-aminopropylmethyldiethoxysilane 

APTES 3-aminopropyltriethoxysilane 

APTMS 3-aminopropyltrimethoxysilane 

BAPAF 2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane 

BET Brunauer-Emmett-Teller 

BPDA 3,3',4,4'-Biphenyltetracarboxylic dianhydride 

BTDA  3,3',4,4'-benzophenone tetracarboxylic dianhydride 

CA Cellulose Acetate 

CBM Coal Bed Methane 

COF Covalent Organic Framework 

CTC Charge Transfer Complex 

DABA 3,5-diaminobenzoic acid 

DAM 2,4,6-trimethyl-1,3-diaminobenzene 

DAP 2,4-diaminophenol dihydrochloride 

DAR 4,6-diaminoresorcinol dihydrochloride 

DSC Differential Scanning Calorimetry 

Durene 2,3,5,6-tetramethyl-1,4-phenylene diamine 

EG Ethylene glycol 

ETS-10 Engelhard Corporation titanosilicate 10 

FSU Former Soviet Union 

FTIR-ATR Fourier-Transformed Infrared Attenuated total reflection 

GHGs greenhouse gasses 

GMST global mean surface temperature 

GO Graphene oxide 

GPC Gel Permeation Chromatography 

GPMDES 3-glycidoxypropylmethyldiethoxysilane 

GPTES 3-glycidoxypropyltriethoxysilane 

GPTMS 3-glycidoxypropyltrimethoxysilane 

GSU Gas Sweetening Unit 

GTL Gas To Liquid 

HAB 3,3’-dihydroxy-4,4’-diamino-biphenyl 

HBPIs Hyperbranched polyimides 

IL Ionic liquids 

IPCC Intergovernmental panel on climate change 

LNG Liquefied Natural Gas 

MMMs Mixed Matrix Membranes 
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MOFs Metal Organic Frameworks 

mPDA m-phenylenediamine 

MWCNT Multi-wall carbon nanotube 

NDA 1,5-naphthalene 

NMP n-methyl-2-pyrrolidone 

ODA 4,4’-Oxydianiline 

ODPA 4,4'-Oxydiphthalic dianhydride 

OECD Organization for Economic Cooperation and Development 

ONA 4,4’-diphenyleneoxide 

OPEC Organization of the Petroleum Exporting Countries 

OSDA Organic Structure Directing Agent 

PAA Polyamic Acid 

PAEK Poly(arylene ether ketone) 

PAFs Porous Aromatic Frameworks 

PALS Positron annihilation Lifetime Spectroscopy  

PBI Polybenzimidazole 

PBO polybenzoxazole 

PBOA poly(benzoxazole-co-amide) 

PBT Polybenzothiazole 

PC Polycarbonate 

PDMS Polydimethylsiloxane 

PDPA poly(diphenylacetylene) 

PEBA Poly(ether-block-amide) 

PEG polyethylene glycol 

PES Polyethersulfone  

PI Polyimide 

PIL Poly-ionic liquid 

PIM Polymers of Intrinsic Microporosity 

PMDA Pyromellitic dianhydride 

PMP Poly-4-methylpentyne  

POSS Polyhedral oligomeric silsesquioxane 

PPO Polyphenylene oxide 

PSA Pressure Swing Adsorption 

PSf Polysulfone 

PTFE Polytetrafluoroethylene 

PTMSP Poly-1-trimethylsilyl-1-propyne 

PTMSPA poly-1-phenyl-2-(p-trimethylsilylphenyl)acetylene 

PVAc Polyvinyl acetate  

PVAm Polyvinyl amine 

PYRR Polypyrrolone 

SEM Scanning Electron Microscopy 

SSE Sum of Squared Errors of prediction 

TBOT titanium (IV) n-butoxide 

TEOS Tetraethoxysilane 

TFC Thin Film Composite 

TFN Thin Film Nanocomposite 

TGA Thermogravimetric analyses 
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THF Tetrahydrofuran 

TPAOH Tetrapropylammonium hydroxide 

TR Thermally rearranged 

TS-1 Titanosilicate 1 

WMO World Meteorological Organization 

XDR X-Ray Diffraction 

XPS X-Ray Photoelectron Spectroscopy 

 

 

 Units 

Barrer  10-10 (cm3(STP)·cm)/(cm2·s·cmHg) 

bcm  billion cubic meter 

BTU  British Thermal Unit of Energy 

GPU  10-6 cm3(STP)/(cm2·s·cmHg) 

GtC  gigatonnes of carbon (1 GtC = (109 tonnes C = 3.67 Gt carbon dioxide) 

Kyr  1000 years 

PgC  petagrams of carbon (1 PgC = 1 GtC) 

ppm  parts per million 

psia  pound per square inch absolute 

scf  Standard cubic feet of gas 

tcm  trillion cubic meter 

  



 

165 
 

References 

[1] IPCC, in: T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. 
Xia, V. Bex, P. M. Midgley (Eds.), Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change, Cambridge University Press, Cambridge, United Kingdom and 
New York, NY, USA, 2013, pp. 1–30. 

[2] www.wmo.int, CO2 concentrations top 400 parts per million throughout northern 
hemisphere. World Meteorological Organization (WMO). Press Release No. 991. Available 
at: http://www.wmo.int/pages/mediacentre/press_releases/pr_991_en.html. Accessed 
October 15, 2015. 

[3] U. Cubasch,, D. Wuebbles,, D. Chen,, M.C. Facchini,, D. Frame,, N. Mahowald,, J.-G. Winther, 
in: T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. 
Bex, P. M. Midgley (Eds.), Climate Change 2013: The Physical Science Basis. Contribution 
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, Cambridge University Press, Cambridge, United Kingdom and New York, 
NY, USA, 2013, pp. 119–158. 

[4] M. Wang,, A.S. Joel,, C. Ramshaw,, D. Eimer,, N.M. Musa, Appl. Energy 158 (2015) 275–91. 
10.1016/j.apenergy.2015.08.083. 

[5] International Energy Agency, Medium-Term Market Report 2014: GAS, OECD/IEA 
publishing, Paris, France, 2014. 

[6] International Energy Agency, Gas Medium-Term Market Report 2013, OECD/IEA 
publishing, Paris, France, 2013. 

[7] I.E. Agency, Resources to Reserves 2013, OECD, 2013. 

[8] B. Shimekit,, H. Mukhtar, Advances in Natural Gas Technology, InTech Open, London, 
United Kingdom, 2012, pp. 235–70. 

[9] R.H. Hugman,, E.H. Vidas,, P.S. Springer, Chemical composition of discovered and 
undiscovered natural gas in the Lower-48 United States. Project Summary. Final report, 1 
November 1988-31 March 1990, 1990. 

[10] V.A. Skorobogatov,, V.S. Yakushev,, E.M. Chuvilin, Permafr. - 7th Int. Conf. (Proceedings), 
Yellowknife (Canada), Collect. Nord. (55) (1998) 1001–7. 

[11] S. Faramawy,, T. Zaki,, A.A.E. Sakr, J. Nat. Gas Sci. Eng. (2016) 34–54. 
10.1016/j.jngse.2016.06.030. 

[12] S. Mokhatab,, W.A. Poe, Handbook of Natural Gas Transmission and Processing, Gulf 
Professional Pub, Waltham, USA, 2012. 

[13] J.G. Speight, Shale Gas Production Processes, Elsevier Inc., Amsterdam, The Netherlands, 
2013. 

[14] X.Y. Chen,, H. Vinh-Thang,, A.A. Ramirez,, D. Rodrigue,, S. Kaliaguine, RSC Adv. 5(31) (2015) 
24399–448. 10.1039/C5RA00666J. 

[15] M. Scholz,, T. Melin,, M. Wessling, Renew. Sustain. Energy Rev. 17 (2013) 199–212. 
10.1016/j.rser.2012.08.009. 

[16] M. Pöschl,, S. Ward,, P. Owende, Appl. Energy (2010) 3305–21. 
10.1016/j.apenergy.2010.05.011. 

[17] S. Basu,, A.L. Khan,, A. Cano-Odena,, C. Liu,, I.F.J. Vankelecom, Chem. Soc. Rev. 39(2) (2010) 
750–68. 10.1039/b817050a. 

  



 

166 
 

[18] M.G. Buonomenna,, J. Bae, Renew. Sustain. Energy Rev. 43 (2015) 1343–98. 
10.1016/j.rser.2014.11.091. 

[19] K. Petroleum Studies,, S. Al-Fattah,, M. Barghouty,, B. Dabbousi, Carbon Capture and 
Storage, CRC Press, 2011. 

[20] M. Economides,, K. Glowacki,, R.G. Kashmiri,, J. V. LaBlanc,, J.P. Langlinais,, C. Nathan,, O. 
Salzberg,, F. Preston,, C.S. Russell,, A.K. Shahraki,, P. Permadi,, F.E. Beck,, D.E. Boone,, R. 
DesBrandes,, A.K. Wojtanowicz,, P.W. Johnson,, S. Miska,, A. Mujeeb, Standard Handbook of 
Petroleum and Natural Gas Engineering, Gulf Professional Pub, Waltham, USA, 2004. 

[21] D.M. D’Alessandro,, B. Smit,, J.R. Long, Angew. Chemie - Int. Ed. (2010) 6058–82. 
10.1002/anie.201000431. 

[22] J.C. Abanades,, B. Arias,, A. Lyngfelt,, T. Mattisson,, D.E. Wiley,, H. Li,, M.T. Ho,, E. Mangano,, 
S. Brandani, Int. J. Greenh. Gas Control (2015) 126–66. 10.1016/j.ijggc.2015.04.018. 

[23] M. Olivares-Marín,, M.M. Maroto-Valer, Greenh. Gases Sci. Technol. 2(1) (2012) 20–35. 
10.1002/ghg.45. 

[24] J.-R. Li,, R.J. Kuppler,, H.-C. Zhou,, R.J.K. and H.-C.Z. Jian-Rong Li, Chem. Soc. Rev. 38(5) 
(2009) 1477–504. 10.1039/b802426j. 

[25] D.F. Sanders,, Z.P. Smith,, R. Guo,, L.M. Robeson,, J.E. McGrath,, D.R. Paul,, B.D. Freeman, 
Polym. (United Kingdom) 54(18) (2013) 4729–61. 10.1016/j.polymer.2013.05.075. 

[26] S. Sridhar,, B. Smitha,, T.M. Aminabhavi, Sep. Purif. Rev. 36(2) (2007) 113–74. 
10.1080/15422110601165967. 

[27] T. Graham, J. Chem. Soc. 20 (1867) 235–88. 

[28] R.M. Barrer, Diffusion in and through solids, Cambridge University Press, 1951. 

[29] P. Meares, J. Am. Chem. Soc. 76(13) (1954) 3415–22. 

[30] J.M.S. Henis,, M.K. Tripodi, Sep. Sci. Technol. 15(4) (1980) 1059–68. 
10.1080/01496398008076287. 

[31] R.W. Baker, Membrane Technology and Applications, John Wiley & Sons, Ltd, Chichester, 
UK, 2012. 

[32] A. Fick, Ann. Der Chemie Und Pharm. 102(1) (1857) 97–101. 10.1002/jlac.18571020112. 

[33] M. Mulder, Basic principles of membrane technology, Kluwer Academic Publishers, 
London, United Kingdom, 1991. 

[34]  a. J. Burggraaf, J. Memb. Sci. 155(1) (1999) 45–65. 10.1016/S0376-7388(98)00295-6. 

[35] S. Alexander Stern, J. Memb. Sci. 94(1) (1994) 1–65. 10.1016/0376-7388(94)00141-3. 

[36] J.G. Wijmans,, R.W. Baker, J. Memb. Sci. 107(1–2) (1995) 1–21. 10.1016/0376-
7388(95)00102-I. 

[37] R.W. Baker, Ind. Eng. Chem. Res. 41(6) (2002) 1393–411. 10.1021/ie0108088. 

[38] R.W. Baker,, B.T. Low, Macromolecules 47(20) (2014) 6999–7013. 10.1021/ma501488s. 

[39] T.-S.N. Chung, Advanced Membrane Technology and Applications, John Wiley & Sons, Inc., 
Hoboken, NJ, USA, 2008, pp. 821–39. 

[40] M. Scholz,, M. Wessling,, J. Balster, Membrane Engineering for the Treatment of Gases: 
Volume 1: Gas-separation Problems with Membranes, Vol. 1, The Royal Society of 
Chemistry, Cambridge, United Kingdom, 2011, pp. 125–49. 

[41] E. Favre, Comprehensive Membrane Science and Engineering, Elsevier, Amsterdam, The 
Netherlands, 2010, pp. 155–212. 

[42] D.T. Coker,, B.D. Freeman,, G.K. Fleming, AIChE J. 44(6) (1998) 1289–302. 
10.1002/aic.690440607. 



 

167 
 

[43] P. Bernardo,, E. Drioli,, G. Golemme, Ind. Eng. Chem. Res. 48(10) (2009) 4638–63. 
10.1021/ie8019032. 

[44] H. Strathmann, AIChE J. 47(5) (2001) 1077–87. 10.1002/aic.690470514. 

[45] T. deV. Naylor, Polymer membranes : materials, structures and separation performance, 
Rapra Technology Ltd., Shawbury, Shrewsbury, United Kingdom, 1996. 

[46] Y. Kase, Advanced Membrane Technology and Applications, John Wiley & Sons, Inc., 
Hoboken, NJ, USA, 2008, pp. 581–98. 

[47] H.B. Park,, Y.M. Lee, Advanced Membrane Technology and Applications, John Wiley & Sons, 
Inc., Hoboken, NJ, USA, 2008, pp. 633–69. 

[48] C.A. Scholes,, G.W. Stevens,, S.E. Kentish, Fuel 96 (2012) 15–28. 
10.1016/j.fuel.2011.12.074. 

[49] Y. Okamoto,, F. Mikeš,, K. Koike,, Y. Koike, Handbook of Fluoropolymer Science and 
Technology, John Wiley & Sons, Inc., Hoboken, NJ, USA, 2014, pp. 377–91. 

[50] Squire EN; DuPont, Amorphous copolymers of perfluoro-2,2-dimethyl-1,3-dioxole. United 
States Pat. No. US 4754009, 1998. 

[51] T.C. Merkel,, I. Pinnau,, R. Prabhakar,, B.D. Freeman, Materials Science of Membranes for 
Gas and Vapor Separation, John Wiley & Sons, Ltd, Chichester, UK, 2006, pp. 251–70. 

[52] N. Belov,, Y. Nizhegorodova,, A. Zharov,, I. Konovalova,, V. Shantarovich,, Y. Yampolskii, J. 
Memb. Sci. 495 (2015) 431–8. 10.1016/j.memsci.2015.08.037. 

[53] Y. Okamoto,, H. Zhang,, F. Mikes,, Y. Koike,, Z. He,, T.C. Merkel, J. Memb. Sci. 471 (2014) 412–
9. 10.1016/j.memsci.2014.07.074. 

[54] T. Masuda,, E. Isobe,, T. Higashimura,, K. Takada, J. Am. Chem. Soc. 105(25) (1983) 7473–
4. 

[55] A. Morisato,, I. Pinnau, J. Memb. Sci. 121(2) (1996) 243–50. 10.1016/S0376-
7388(96)00183-4. 

[56] K. Tsuchihara,, T. Masuda,, T. Higashimura, J. Am. Chem. Soc. 113(22) (1991) 8548–9. 

[57] T. Sakaguchi,, Y. Shinoda,, T. Hashimoto, Polym. (United Kingdom) 55(26) (2014) 6680–5. 
10.1016/j.polymer.2014.10.077. 

[58] P.M. Budd,, N.B. McKeown, Polym. Chem. 1(1) (2010) 63. 10.1039/b9py00319c. 

[59] L.M. Costello,, D.R.B. Walker,, W.J. Koros, J. Memb. Sci. 90(1–2) (1994) 117–30. 
10.1016/0376-7388(94)80039-1. 

[60] J.E. Mark, Polymer data handbook, Oxford University Press, New York, USA, 1999. 

[61] D.R. Pesiri,, B. Jorgensen,, R.C. Dye, J. Memb. Sci. 218(1–2) (2003) 11–8. 10.1016/S0376-
7388(03)00129-7. 

[62] S.C. Kumbharkar,, Y. Liu,, K. Li, J. Memb. Sci. 375(1–2) (2011) 231–40. 
10.1016/j.memsci.2011.03.049. 

[63] S.H. Han,, J.E. Lee,, K.J. Lee,, H.B. Park,, Y.M. Lee, J. Memb. Sci. 357(1–2) (2010) 143–51. 
10.1016/j.memsci.2010.04.013. 

[64] K. Zhang,, J. Liu,, S. Ohashi,, X. Liu,, Z. Han,, H. Ishida, J. Polym. Sci. Part A Polym. Chem. 
53(11) (2015) 1330–8. 10.1002/pola.27565. 

[65] H.B. Park,, C.H. Jung,, Y.M. Lee,, A.J. Hill,, S.J. Pas,, S.T. Mudie,, E. Van Wagner,, B.D. Freeman,, 
D.J. Cookson, Science 318(5848) (2007) 254–8. 10.1126/science.1146744. 

[66] C.P. Ribeiro,, B.D. Freeman,, D.S. Kalika,, S. Kalakkunnath, J. Memb. Sci. 390–391 (2012) 
182–93. 10.1016/j.memsci.2011.11.042. 

  



 

168 
 

[67] D.R. Walker,, W.J. Koros, J. Memb. Sci. 55(1–2) (1991) 99–117. 10.1016/S0376-
7388(00)82329-7. 

[68] S.C. Kumbharkar,, P.B. Karadkar,, U.K. Kharul, J. Memb. Sci. 286(1–2) (2006) 161–9. 
10.1016/j.memsci.2006.09.030. 

[69] M. Sadeghi,, M.A. Semsarzadeh,, H. Moadel, J. Memb. Sci. 331(1–2) (2009) 21–30. 
10.1016/j.memsci.2008.12.073. 

[70] K.A. Berchtold,, R.P. Singh,, J.S. Young,, K.W. Dudeck, J. Memb. Sci. 415–416 (2012) 265–70. 
10.1016/j.memsci.2012.05.005. 

[71] B. Comesaña-Gándara,, A. Hernández,, J.G. de la Campa,, J. de Abajo,, A.E. Lozano,, Y.M. Lee, 
J. Memb. Sci. 493 (2015) 329–39. 10.1016/j.memsci.2015.05.061. 

[72] S. Kim,, J.G. Seong,, Y.S. Do,, Y.M. Lee, J. Memb. Sci. 474 (2015) 122–31. 
10.1016/j.memsci.2014.09.051. 

[73] R. Swaidan,, X. Ma,, E. Litwiller,, I. Pinnau, J. Memb. Sci. 447 (2013) 387–94. 
10.1016/j.memsci.2013.07.057. 

[74] M. Calle,, C.M. Doherty,, A.J. Hill,, Y.M. Lee, Macromolecules 46(20) (2013) 8179–89. 
10.1021/ma4014115. 

[75] H.J. Jo,, C.Y. Soo,, G. Dong,, Y.S. Do,, H.H. Wang,, M.J. Lee,, J.R. Quay,, M.K. Murphy,, Y.M. Lee, 
Macromolecules 48(7) (2015) 2194–202. 10.1021/acs.macromol.5b00413. 

[76] Y. Zhuang,, J.G. Seong,, W.H. Lee,, Y.S. Do,, M.J. Lee,, G. Wang,, M.D. Guiver,, Y.M. Lee, 
Macromolecules 48(15) (2015) 5286–99. 10.1021/acs.macromol.5b00930. 

[77] M. Calle,, Y.M. Lee, Macromolecules 44(5) (2011) 1156–65. 10.1021/ma102878z. 

[78] Y.S. Do,, J.G. Seong,, S. Kim,, J.G. Lee,, Y.M. Lee, J. Memb. Sci. 446 (2013) 294–302. 
10.1016/j.memsci.2013.06.059. 

[79] X. Ma,, O. Salinas,, E. Litwiller,, I. Pinnau, Polym. Chem. 5(24) (2014) 6914–22. 
10.1039/C4PY01221F. 

[80] N. Du,, H.B. Park,, M.M. Dal-Cin,, M.D. Guiver, Energy Environ. Sci. 5(6) (2012) 7306–22. 
10.1039/C1EE02668B. 

[81] H. Shamsipur,, B.A. Dawood,, P.M. Budd,, P. Bernardo,, G. Clarizia,, J.C. Jansen, 
Macromolecules 47(16) (2014) 5595–606. 10.1021/ma5011183. 

[82] S. Li,, H.J. Jo,, S.H. Han,, C.H. Park,, S. Kim,, P.M. Budd,, Y.M. Lee, J. Memb. Sci. 434 (2013) 
137–47. 10.1016/j.memsci.2013.01.011. 

[83] S.H. Han,, N. Misdan,, S. Kim,, C.M. Doherty,, A.J. Hill,, Y.M. Lee, Macromolecules 43(18) 
(2010) 7657–67. 10.1021/ma101549z. 

[84] N.B. McKeown,, P.M. Budd, Chem. Soc. Rev. 35(8) (2006) 675–83. 10.1039/b600349d. 

[85] P.M. Budd,, E.S. Elabas,, B.S. Ghanem,, S. Makhseed,, N.B. McKeown,, K.J. Msayib,, C.E. 
Tattershall,, D. Wang, Adv. Mater. 16(5) (2004) 456–9. 10.1002/adma.200306053. 

[86] P.M. Budd,, K.J. Msayib,, C.E. Tattershall,, B.S. Ghanem,, K.J. Reynolds,, N.B. McKeown,, D. 
Fritsch, J. Memb. Sci. 251(1–2) (2005) 263–9. 10.1016/j.memsci.2005.01.009. 

[87] P.M. Budd,, B.S. Ghanem,, S. Makhseed,, N.B. McKeown,, K.J. Msayib,, C.E. Tattershall, Chem. 
Commun. (Camb). (2) (2004) 230–1. 10.1039/b311764b. 

[88] B.S. Ghanem,, N.B. McKeown,, P.M. Budd,, D. Fritsch, Macromolecules 41(5) (2008) 1640–
6. 10.1021/ma900898m. 

[89] R. Swaidan,, B.S. Ghanem,, E. Litwiller,, I. Pinnau, J. Memb. Sci. 457 (2014) 95–102. 
10.1016/j.memsci.2014.01.055. 

  



 

169 
 

[90] H. Zhao,, Q. Xie,, X. Ding,, J. Chen,, M. Hua,, X. Tan,, Y. Zhang, J. Memb. Sci. 514 (2016) 305–
12. 10.1016/j.memsci.2016.05.013. 

[91] N. Du,, G.P. Robertson,, I. Pinnau,, M.D. Guiver, Macromolecules 43(20) (2010) 8580–7. 
10.1021/ma101930x. 

[92] S. Kanehashi,, S. Sato,, K. Nagai, Membrane Gas Separation, John Wiley and Sons, 2010, pp. 
1–27. 

[93] L.S. White, Membrane Gas Separation, John Wiley & Sons, Ltd, Chichester, UK, 2010, pp. 
313–32. 

[94] Y. Xiao,, B.T. Low,, S.S. Hosseini,, T.S. Chung,, D.R. Paul, Prog. Polym. Sci. 34(6) (2009) 561–
80. 10.1016/j.progpolymsci.2008.12.004. 

[95] K. Vanherck,, G. Koeckelberghs,, I.F.J. Vankelecom, Prog. Polym. Sci. 38(6) (2013) 874–96. 
10.1016/j.progpolymsci.2012.11.001. 

[96] K. Tanaka,, K.-I. Okamoto, Materials Science of Membranes for Gas and Vapor Separation, 
John Wiley & Sons, Ltd, Chichester, UK, 2006, pp. 271–91. 

[97] T. Suzuki,, Y. Yamada, J. Polym. Sci. Part B Polym. Phys. 44(2) (2006) 291–8. 
10.1002/polb.20692. 

[98] Z.P. Smith,, D.F. Sanders,, C.P. Ribeiro,, R. Guo,, B.D. Freeman,, D.R. Paul,, J.E. McGrath,, S. 
Swinnea, J. Memb. Sci. 415–416 (2012) 558–67. 10.1016/j.memsci.2012.05.050. 

[99] W. Qiu,, L. Xu,, C.-C. Chen,, D.R. Paul,, W.J. Koros, Polymer (Guildf). 54(22) (2013) 6226–35. 
10.1016/j.polymer.2013.09.007. 

[100] C. Staudt-Bickel,, W. J. Koros, J. Memb. Sci. 155(1) (1999) 145–54. 10.1016/S0376-
7388(98)00306-8. 

[101] M. Rezakazemi,, A. Ebadi Amooghin,, M.M. Montazer-Rahmati,, A.F. Ismail,, T. Matsuura, 
Prog. Polym. Sci. 39(5) (2014) 817–61. 10.1016/j.progpolymsci.2014.01.003. 

[102] B.T. Low,, Y. Xiao,, T.S. Chung, Polymer (Guildf). 50(14) (2009) 3250–8. 
10.1016/j.polymer.2009.04.059. 

[103] J.D. Wind,, C. Staudt-Bickel,, D.R. Paul,, W.J. Koros, Macromolecules 36(6) (2003) 1882–8. 
10.1021/ma025938m. 

[104] C. Fuhrman,, M. Nutt,, K. Vichtovonga,, M.R. Coleman, J. Appl. Polym. Sci. 91(2) (2004) 
1174–82. 10.1002/app.13189. 

[105] C. Tsvigu,, E. Pavesi,, M.G. De Angelis,, M. Giacinti Baschetti, J. Memb. Sci. 485 (2015) 60–8. 
10.1016/j.memsci.2015.02.032. 

[106] R. Recio,, L. Palacio,, P. Prádanos,, A. Hernández,, Á.E. Lozano,, Á. Marcos,, J.G. de la Campa,, 
J. de Abajo, J. Memb. Sci. 293(1–2) (2007) 22–8. 10.1016/j.memsci.2007.01.022. 

[107] J. Vaughn,, W.J. Koros, Macromolecules 45(17) (2012) 7036–49. 10.1021/ma301249x. 

[108] J.D. Wind,, D.R. Paul,, W.J. Koros, J. Memb. Sci. 228(2) (2004) 227–36. 
10.1016/j.memsci.2003.10.011. 

[109] S.-H. Park,, K.-J. Kim,, W.-W. So,, S.-J. Moon,, S.-B. Lee, Macromol. Res. 11(3) (2003) 157–62. 
10.1007/BF03218346. 

[110] N. Alaslai,, B. Ghanem,, F. Alghunaimi,, E. Litwiller,, I. Pinnau, J. Memb. Sci. 505 (2016) 100–
7. 10.1016/j.memsci.2015.12.053. 

[111] K.J. Kim,, S.H. Park,, W.W. So,, D.J. Ahn,, S.J. Moon, J. Memb. Sci. 211(1) (2003) 41–9. 
10.1016/S0376-7388(02)00316-2. 

  



 

170 
 

[112] Z.P. Smith,, G. Hernández,, K.L. Gleason,, A. Anand,, C.M. Doherty,, K. Konstas,, C. Alvarez,, 
A.J. Hill,, A.E. Lozano,, D.R. Paul,, B.D. Freeman, J. Memb. Sci. 493 (2015) 766–81. 
10.1016/j.memsci.2015.06.032. 

[113] R. Swaidan,, B. Ghanem,, E. Litwiller,, I. Pinnau, J. Memb. Sci. 475 (2015) 571–81. 
10.1016/j.memsci.2014.10.046. 

[114] X.Y. Chen,, S. Kaliaguine, J. Appl. Polym. Sci. 128(1) (2013) 380–9. 10.1002/app.37728. 

[115] S. Hess,, C. Staudt, Desalination 217(1–3) (2007) 8–16. 10.1016/j.desal.2007.01.011. 

[116] C. Cao,, R. Wang,, T.S. Chung,, Y. Liu, J. Memb. Sci. 209(1) (2002) 309–19. 10.1016/S0376-
7388(02)00359-9. 

[117] M. Askari,, Y. Xiao,, P. Li,, T.-S. Chung, J. Memb. Sci. 390–391 (2012) 141–51. 
10.1016/j.memsci.2011.11.030. 

[118] Q. Liu,, M. Galizia,, K.L. Gleason,, C.A. Scholes,, D.R. Paul,, B.D. Freeman, J. Memb. Sci. 514 
(2016) 282–93. 10.1016/j.memsci.2016.04.043. 

[119] Y. Li,, X. Wang,, M. Ding,, J. Xu, J. Appl. Polym. Sci. 61(5) (1996) 741–8. 10.1002/(SICI)1097-
4628(19960801)61:5<741::AID-APP4>3.0.CO;2-O. 

[120] Z. Qiu,, G. Chen,, Q. Zhang,, S. Zhang, Eur. Polym. J. 43(1) (2007) 194–204. 
10.1016/j.eurpolymj.2006.09.009. 

[121] J. Peter,, B. Kosmala,, M. Bleha, Desalination 245(1–3) (2009) 516–26. 
10.1016/j.desal.2009.02.015. 

[122] J. Peter,, A. Khalyavina,, J. Kříž,, M. Bleha, Eur. Polym. J. 45(6) (2009) 1716–27. 
10.1016/j.eurpolymj.2009.03.003. 

[123] J. Fang,, H. Kita,, K.I. Okamoto, Macromolecules 33(13) (2000) 4639–46. 
10.1021/ma9921293. 

[124] Y. Chen,, Q. Zhang,, W. Sun,, X. Lei,, P. Yao, Polym. Int. 63(4) (2014) 788–95. 
10.1002/pi.4594. 

[125] X. Lei,, M. Qiao,, L. Tian,, Y. Chen,, Q. Zhang, J. Phys. Chem. C 120(5) (2016) 2548–61. 
10.1021/acs.jpcc.5b11667. 

[126] J. Fang, J. Memb. Sci. 182(1–2) (2001) 245–56. 10.1016/S0376-7388(00)00571-8. 

[127] L.M. Robeson, J. Memb. Sci. 62(2) (1991) 165–85. 10.1016/0376-7388(91)80060-J. 

[128] L.M. Robeson, J. Memb. Sci. 320(1–2) (2008) 390–400. 10.1016/j.memsci.2008.04.030. 

[129] B.D. Freeman, Macromolecules 32(2) (1999) 375–80. 10.1021/ma9814548. 

[130]  a. Bos,, I.G.M. Pünt,, M. Wessling,, H. Strathmann, J. Memb. Sci. 155(1) (1999) 67–78. 
10.1016/S0376-7388(98)00299-3. 

[131] E.S. Sanders, J. Memb. Sci. 37(November 1986) (1988) 63–80. 10.1016/S0376-
7388(00)85069-3. 

[132] M. Wessling,, I. Huisman,, T. Vanderboomgaard,, C.A. Smolders, J. Polym. Sci. Part B-
Polymer Phys. 33(9) (1995) 1371–84. DOI 10.1002/polb.1995.090330907. 

[133] A. Bos,, I.G.M. Pünt,, M. Wessling,, H. Strathmann, Sep. Purif. Technol. 14(1–3) (1998) 27–
39. 10.1016/S1383-5866(98)00057-4. 

[134] L. Makaruk,, H. Polańska,, T. Mizerski, J. Appl. Polym. Sci. 23(7) (1979) 1935–42. 
10.1002/app.1979.070230704. 

[135] A.F. Ismail,, W. Lorna, Sep. Purif. Technol. 27(3) (2002) 173–94. 10.1016/S1383-
5866(01)00211-8. 

[136] J.D. Wind,, C. Staudt-Bickel,, D.R. Paul,, W.J. Koros, Ind. Eng. Chem. Res. 41(24) (2002) 
6139–48. 



 

171 
 

[137] C.C. Chen,, W. Qiu,, S.J. Miller,, W.J. Koros, J. Memb. Sci. 382(1–2) (2011) 212–21. 
10.1016/j.memsci.2011.08.015. 

[138] G. Dong,, H. Li,, V. Chen, J. Memb. Sci. 369(1–2) (2011) 206–20. 
10.1016/j.memsci.2010.11.064. 

[139] S. Shahid,, K. Nijmeijer, J. Memb. Sci. 470 (2014) 166–77. 10.1016/j.memsci.2014.07.034. 

[140] M.S. Suleman,, K.K. Lau,, Y.F. Yeong, Chem. Eng. Technol. 39(9) (2016) 1604–16. 
10.1002/ceat.201500495. 

[141] J.M. Hutchinson, Prog. Polym. Sci. 20(4) (1995) 703–60. 10.1016/0079-6700(94)00001-I. 

[142] B.W. Rowe,, B.D. Freeman,, D.R. Paul, Polymer (Guildf). 50(23) (2009) 5565–75. 
10.1016/j.polymer.2009.09.037. 

[143] J. Xia,, T.-S. Chung,, D.R. Paul, J. Memb. Sci. 450 (2014) 457–68. 
10.1016/j.memsci.2013.09.047. 

[144] C.J. Ellison,, J.M. Torkelson, Nat. Mater. 2(10) (2003) 695–700. 10.1038/nmat980. 

[145] L. Cui,, W. Qiu,, D.R.R. Paul,, W.J.J. Koros, Polymer (Guildf). 52(15) (2011) 3374–80. 
10.1016/j.polymer.2011.05.052. 

[146] J.H. Kim,, W.J. Koros,, D.R. Paul, Polymer (Guildf). 47(9) (2006) 3104–11. 
10.1016/j.polymer.2006.02.079. 

[147] J.H. Kim,, W.J. Koros,, D.R. Paul, Polymer (Guildf). 47(9) (2006) 3094–103. 
10.1016/j.polymer.2006.02.079. 

[148] S. Harms,, K. Rätzke,, F. Faupel,, N. Chaukura,, P.M. Budd,, W. Egger,, L. Ravelli, J. Adhes. 
88(7) (2012) 608–19. 10.1080/00218464.2012.682902. 

[149] R. Swaidan,, B. Ghanem,, E. Litwiller,, I. Pinnau, Macromolecules 48(18) (2015) 6553–61. 
10.1021/acs.macromol.5b01581. 

[150] L. Cui,, W. Qiu,, D.R. Paul,, W.J. Koros, Polymer (Guildf). 52(24) (2011) 5528–37. 
10.1016/j.polymer.2011.10.008. 

[151] Q. Liu,, A.T. Shaver,, Y. Chen,, G. Miller,, D.R. Paul,, J.S. Riffle,, J.E. McGrath,, B.D. Freeman, 
Polymer (Guildf). 87 (2016) 202–14. 10.1016/j.polymer.2016.01.075. 

[152] C.H. Lau,, X. Mulet,, K. Konstas,, C.M. Doherty,, M.-A.A. Sani,, F. Separovic,, M.R. Hill,, C.D. 
Wood, Angew. Chemie Int. Ed. 55(6) (2016) 1998–2001. 10.1002/anie.201508070. 

[153] C.H. Lau,, P.T. Nguyen,, M.R. Hill,, A.W. Thornton,, K. Konstas,, C.M. Doherty,, R.J. Mulder,, L. 
Bourgeois,, A.C.Y. Liu,, D.J. Sprouster,, J.P. Sullivan,, T.J. Bastow,, A.J. Hill,, D.L. Gin,, R.D. 
Noble, Angew. Chemie - Int. Ed. 53(21) (2014) 5322–6. 10.1002/anie.201402234. 

[154] W.F. Yong,, K.H.A. Kwek,, K.-S. Liao,, T.-S. Chung, Polymer (Guildf). 77 (2015) 377–86. 
10.1016/j.polymer.2015.09.075. 

[155] C.H. Lau,, K. Konstas,, A.W. Thornton,, A.C.Y. Liu,, S. Mudie,, D.F. Kennedy,, S.C. Howard,, A.J. 
Hill,, M.R. Hill, Angew. Chemie - Int. Ed. 54(9) (2015) 2669–73. 10.1002/anie.201410684. 

[156] S.J.D. Smith,, C.H. Lau,, J.I. Mardel,, M. Kitchin,, K. Konstas,, B.P. Ladewig,, M.R. Hill, J. Mater. 
Chem. A 4(27) (2016) 10627–34. 10.1039/C6TA02603F. 

[157] M.G.M. Süer,, N. Baç,, L. Yilmaz, J. Memb. Sci. 7388(94) (1994) 77–86. 10.1016/0376-
7388(94)00018-2. 

[158] E. Okumus,, T. Gurkan,, L. Yilmaz, Sep. Sci. Technol. 29(18) (1994) 2451–73. 
10.1080/01496399408002203. 

  



 

172 
 

[159] T. Battal,, N. Baç,, L. Yilmaz, Sep. Sci. Technol. 30(11) (1995) 2365–84. 
10.1080/01496399508013117. 

[160] V. Martin-Gil,, A. López,, P. Hrabanek,, R. Mallada,, I.F.J. Vankelecom,, V. Fila, J. Memb. Sci. 
523(December 2015) (2017) 24–35. 10.1016/j.memsci.2016.09.041. 

[161] X.Y. Chen,, O.G. Nik,, D. Rodrigue,, S. Kaliaguine, Polymer (Guildf). 53(15) (2012) 3269–80. 
10.1016/j.polymer.2012.03.017. 

[162] Y. Zhang,, K.J. Balkus,, I.H. Musselman,, J.P. Ferraris, J. Memb. Sci. 325(1) (2008) 28–39. 
10.1016/j.memsci.2008.04.063. 

[163] T. Pechar,, S. Kim,, B. Vaughan,, E. Marand,, M. Tsapatsis,, H. Jeong,, C. Cornelius, J. Memb. 
Sci. 277(1–2) (2006) 195–202. 10.1016/j.memsci.2005.10.029. 

[164] I. Tiscornia,, S. Irusta,, C. Tellez,, J. Coronas,, J. Santamaria,, C. Téllez,, J. Coronas,, J. 
Santamaría, J. Memb. Sci. 311(1–2) (2008) 326–35. 10.1016/j.memsci.2007.12.028. 

[165] M. Fang,, C. Wu,, Z. Yang,, T. Wang,, Y. Xia,, J. Li, J. Memb. Sci. 474 (2015) 103–13. 
10.1016/j.memsci.2014.09.040. 

[166] D.Q. Vu,, W.J. Koros,, S.J. Miller, J. Memb. Sci. 211(2) (2003) 311–34. 10.1016/S0376-
7388(02)00429-5. 

[167] G.M. Nisola,, A.B. Beltran,, D.M. Sim,, D. Lee,, B. Jung,, W.-J. Chung, J. Polym. Res. 18(6) (2011) 
2415–24. 10.1007/s10965-011-9655-x. 

[168] R. Xing,, W.S.W. Ho, J. Memb. Sci. 367(1–2) (2011) 91–102. 10.1016/j.memsci.2010.10.039. 

[169] A.B. Beltran,, G.M. Nisola,, E. Cho,, E.E.D. Lee,, W.-J. Chung, Appl. Surf. Sci. 258(1) (2011) 
337–45. 10.1016/j.apsusc.2011.08.061. 

[170] X. Li,, Y. Cheng,, H. Zhang,, S. Wang,, Z. Jiang,, R. Guo,, H. Wu, ACS Appl. Mater. Interfaces 
7(9) (2015). 10.1021/acsami.5b00106. 

[171] M. Loloei,, M. Omidkhah,, A. Moghadassi,, A.E. Amooghin, Int. J. Greenh. Gas Control 39 
(2015) 225–35. 10.1016/j.ijggc.2015.04.016. 

[172] J.C. Jansen,, G. Clarizia,, P. Bernardo,, F. Bazzarelli,, K. Friess,, A. Randová,, J. Schauer,, D. 
Kubicka,, M. Kacirková,, P. Izak, Sep. Purif. Technol. 109 (2013). 
10.1016/j.seppur.2013.02.034. 

[173] Z.V. Singh,, M.G. Cowan,, W.M. McDanel,, Y. Luo,, R. Zhou,, D.L. Gin,, R.D. Noble, J. Memb. Sci. 
509 (2016). 10.1016/j.memsci.2016.02.034. 

[174] Y. Ban,, Z. Li,, Y. Li,, Y. Peng,, H. Jin,, W. Jiao,, A. Guo,, P. Wang,, Q. Yang,, C. Zhong,, W. Yang, 
Angew. Chemie - Int. Ed. 54(51) (2015) 15483–7. 10.1002/anie.201505508. 

[175] C. Casado-Coterillo,, A. Fernández-Barquín,, B. Zornoza,, C. Téllez,, J. Coronas, RSC Adv. 
5(124) (2015) 102350–61. 10.1039/C5RA19331A. 

[176] L. Hao,, P. Li,, T. Yang,, T.S. Chung, J. Memb. Sci. 436 (2013) 221–31. 
10.1016/j.memsci.2013.02.034. 

[177] Y.C. Hudiono,, T.K. Carlisle,, J.E. Bara,, Y. Zhang,, D.L. Gin,, R.D. Noble, J. Memb. Sci. 350(1–
2) (2010) 117–23. 10.1016/j.memsci.2009.12.018. 

[178] J. Ma,, Y. Ying,, X. Guo,, H. Huang,, D. Liu,, C. Zhong, J. Mater. Chem. A 00(19) (2016) 1–8. 
10.1039/C6TA02611G. 

[179] D.F. Mohshim,, H. Mukhtar,, Z. Man, Sep. Purif. Technol. 135 (2014) 252–8. 
10.1016/j.seppur.2014.08.019. 

[180] R. Lin,, L. Ge,, H. Diao,, V. Rudolph,, Z. Zhu, ACS Appl. Mater. Interfaces 8(46) (2016). 
10.1021/acsami.6b11074. 

[181] A. Jomekian,, B. Bazooyar,, R.M. Behbahani,, T. Mohammadi,, A. Kargari, J. Memb. Sci. 524 



 

173 
 

(2017) 652–62. 10.1016/j.memsci.2016.11.065. 

[182] T. Suzuki,, Y. Yamada, Polymer Preprints, Japan, Vol. 54, 2005, p. 1462. 

[183] B. a. McCool,, W.J. DeSisto, Adv. Funct. Mater. 15(10) (2005) 1635–40. 
10.1002/adfm.200400293. 

[184] G.H. Hong,, D. Song,, I.S. Chae,, J.H. Oh,, S.W. Kang, RSC Adv. 4(10) (2014) 4905. 
10.1039/c3ra46506c. 

[185] T. Zhou,, L. Luo,, S. Hu,, S. Wang,, R. Zhang,, H. Wu,, Z. Jiang,, B. Wang,, J. Yang, J. Memb. Sci. 
489 (2015) 1–10. 10.1016/j.memsci.2015.03.070. 

[186] S. Fu,, E.S. Sanders,, S.S. Kulkarni,, W.J. Koros, J. Memb. Sci. 487 (2015) 60–73. 
10.1016/j.memsci.2015.03.079. 

[187] D.Q. Vu,, W.J. Koros,, S.J. Miller, 41(3) (2002) 367–80. 

[188] D. Bastani,, N. Esmaeili,, M. Asadollahi, J. Ind. Eng. Chem. 19(2) (2013) 375–93. 
10.1016/j.jiec.2012.09.019. 

[189] C.I. Chaidou,, G. Pantoleontos,, D.E. Koutsonikolas,, S.P. Kaldis,, G.P. Sakellaropoulos, Sep. 
Sci. Technol. 47(7) (2012) 950–62. 10.1080/01496395.2011.645263. 

[190] B. Zornoza,, T. Rodenas,, C. Téllez,, J. Coronas,, J. Gascon,, F. Kapteijn, Procedia Engineering, 
Vol. 44, 2012, pp. 2121–3. 

[191] T. Rodenas,, M. Van Dalen,, E. García-Pérez,, P. Serra-Crespo,, B. Zornoza,, F. Kapteijn,, J. 
Gascon, Adv. Funct. Mater. 24(2) (2014) 249–56. 10.1002/adfm.201203462. 

[192] T. Rodenas,, M. Van Dalen,, P. Serra-Crespo,, F. Kapteijn,, J. Gascon, Microporous 
Mesoporous Mater. 192 (2014) 35–42. 10.1016/j.micromeso.2013.08.049. 

[193] T. Rodenas,, I. Luz,, G. Prieto,, B. Seoane,, H. Miro,, A. Corma,, F. Kapteijn,, F.X. Llabrés i 
Xamena,, J. Gascon, Nat. Mater. 14(1) (2015) 48–55. 10.1038/nmat4113. 

[194] A. Sabetghadam,, B. Seoane,, D. Keskin,, N. Duim,, T. Rodenas,, S. Shahid,, S. Sorribas,, C. Le 
Guillouzer,, G. Clet,, C. Tellez,, M. Daturi,, J. Coronas,, F. Kapteijn,, J. Gascon, Adv. Funct. 
Mater. 26(18) (2016) 3154–63. 10.1002/adfm.201505352. 

[195] H. van Bekkum,, J.C. Jacobs, P.A., Flanigen, E.M., Jansen, Introduction to Zeolite Science and 
Practice, Elsevier B.V., Amsterdam, The Netherlands, 2001. 

[196] R. Lobo, Handbook of Zeolite Science and Technology, CRC Press, 2003, p. . 

[197] L.B. McCusker,, D.H. Olson,, C. Baerlocher, Atlas of Zeolite Framework Types, 2007. 

[198] T.T. Moore,, W.J. Koros, J. Mol. Struct. 739(1–3) (2005) 87–98. 
10.1016/j.molstruc.2004.05.043. 

[199] R. Mahajan,, W.J. Koros, Ind. Eng. Chem. Res. 39(8) (2000) 2692–6. 10.1021/ie990799r. 

[200] T.W. Pechar,, S. Kim,, B. Vaughan,, E. Marand,, V. Baranauskas,, J. Riffle,, H.K. Jeong,, M. 
Tsapatsis, J. Memb. Sci. 277(1–2) (2006) 210–8. 10.1016/j.memsci.2005.10.031. 

[201] T. Khosravi,, S. Mosleh,, O. Bakhtiari,, T. Mohammadi, Chem. Eng. Res. Des. 90(12) (2012) 
2353–63. 10.1016/j.cherd.2012.06.005. 

[202] H. Sanaeepur,, B. Nasernejad,, A. Kargari, Greenh. Gases Sci. Technol. 5(3) (2015) 291–304. 
10.1002/ghg.1478. 

[203] J. Ahmad,, M.B. Hägg, Sep. Purif. Technol. 115 (2013) 163–71. 
10.1016/j.seppur.2013.04.050. 

[204] N. Widjojo,, T.-S. Chung,, S. Kulprathipanja, J. Memb. Sci. 325(1) (2008) 326–35. 
10.1016/j.memsci.2008.07.046. 

  



 

174 
 

[205] I.F.J. Vankelecom,, S. Van Den Broeck,, E. Merckx,, H. Geerts,, P. Grobet,, J.B. Uytterhoeven, 
J. Phys. Chem. 100(9) (1996) 3753–8. 10.1021/jp9526511. 

[206] P. Wei,, X. Qu,, H. Dong,, L. Zhang,, H. Chen,, C. Gao, J. Appl. Polym. Sci. 128(5) (2013) 3390–
7. 10.1002/app.38555. 

[207] A.L. Khan,, C. Klaysom,, A. Gahlaut,, I.F.J. Vankelecom, J. Memb. Sci. 436 (2013) 145–53. 
10.1016/j.memsci.2013.02.023. 

[208] C.-C. Hu,, T.-C. Liu,, K.-R. Lee,, R.-C. Ruaan,, J.-Y. Lai, Desalination 193(1–3) (2006) 14–24. 
10.1016/j.desal.2005.04.137. 

[209] O.G. Nik,, B. Nohair,, S. Kaliaguine, Microporous Mesoporous Mater. 143(1) (2011) 221–9. 
10.1016/j.micromeso.2011.03.002. 

[210] A. Ebadi Amooghin,, M. Omidkhah,, A. Kargari, J. Memb. Sci. 490 (2015) 364–79. 
10.1016/j.memsci.2015.04.070. 

[211] S. Husain,, W.J.W.J. Koros, J. Memb. Sci. 288(1–2) (2007) 195–207. 
10.1016/j.memsci.2006.11.016. 

[212] A. Ebadi Amooghin,, M. Omidkhah,, H. Sanaeepur,, A. Kargari, J. Energy Chem. 25(3) (2016). 
10.1016/j.jechem.2016.02.004. 

[213] S. Kim,, E. Marand, Microporous Mesoporous Mater. 114(1–3) (2008) 129–36. 
10.1016/j.micromeso.2007.12.028. 

[214] S. Kim,, E. Marand,, J. Ida,, V. V. Guliants, Chem. Mater. 18(5) (2006) 1149–55. 
10.1021/cm052305o. 

[215] K.M. Gheimasi,, M. Peydayesh,, T. Mohammadi,, O. Bakhtiari, J. Memb. Sci. 466 (2014) 265–
73. 10.1016/j.memsci.2014.04.044. 

[216] M. Peydayesh,, S. Asarehpour,, T. Mohammadi,, O. Bakhtiari, Chem. Eng. Res. Des. 91(7) 
(2013) 1335–42. 10.1016/j.cherd.2013.01.022. 

[217] M.U.M. Junaidi,, C.P. Leo,, S.N.M. Kamal,, A.L. Ahmad,, T.L. Chew, Fuel Process. Technol. 112 
(2013) 1–6. 10.1016/j.fuproc.2013.02.014. 

[218] O. Bakhtiari,, S. Mosleh,, T. Khosravi,, T. Mohammadi, Sep. Sci. Technol. 46(13) (2011) 
2138–47. 10.1080/01496395.2011.589422. 

[219] D. Şen,, H. Kalipçilar,, L. Yilmaz, J. Memb. Sci. 303(1–2) (2007) 194–203. 
10.1016/j.memsci.2007.07.010. 

[220] R.T. Adams,, J.S. Lee,, T.-H. Bae,, J.K. Ward,, J.R. Johnson,, C.W. Jones,, S. Nair,, W.J. Koros, J. 
Memb. Sci. 367(1–2) (2011) 197–203. 10.1016/j.memsci.2010.10.059. 

[221] H. Gong,, S.S. Lee,, T.H. Bae, Microporous Mesoporous Mater. 237 (2017) 82–9. 
10.1016/j.micromeso.2016.09.017. 

[222] H. Karkhanechi,, H. Kazemian,, H. Nazockdast,, M.R. Mozdianfard,, S.M. Bidoki, Chem. Eng. 
Technol. 35(5) (2012) 885–92. 10.1002/ceat.201100236. 

[223] F. Dorosti,, M. Omidkhah,, R. Abedini, J. Nat. Gas Sci. Eng. 25 (2015) 88–102. 
10.1016/j.jngse.2015.04.033. 

[224] H. Li,, M. Eddaoudi,, M. O’Keeffe,, O.M. Yaghi, Nature 402(November) (1999) 276–9. 
10.1038/46248. 

[225] P.S. Goh,, A.F. Ismail,, S.M. Sanip,, B.C. Ng,, M. Aziz, Sep. Purif. Technol. 81(3) (2011) 243–
64. 10.1016/j.seppur.2011.07.042. 

[226] B. Zornoza,, C. Tellez,, J. Coronas,, J. Gascon,, F. Kapteijn, Microporous and Mesoporous 
Materials, Vol. 166, 2013, pp. 67–78. 

  



 

175 
 

[227] Z. Wang,, S.M. Cohen, Chem. Soc. Rev. 38(5) (2009). 10.1039/b802258p. 

[228] C. Serre,, F. Millange,, C. Thouvenot,, M. Noguès,, G. Marsolier,, D. Louër,, G. Férey, J. Am. 
Chem. Soc. 124(45) (2002) 13519–26. 10.1021/ja0276974. 

[229] J. Van Den Bergh,, C. Gücüyener,, E.A. Pidko,, E.J.M. Hensen,, J. Gascon,, F. Kapteijn, Chem. - 
A Eur. J. 17(32) (2011) 8832–40. 10.1002/chem.201100958. 

[230] E. V. Perez,, K.J. Balkus,, J.P. Ferraris,, I.H. Musselman, J. Memb. Sci. 328(1–2) (2009) 165–
73. 10.1016/j.memsci.2008.12.006. 

[231] O.G. Nik,, X.Y. Chen,, S. Kaliaguine, J. Memb. Sci. 413–414 (2012) 48–61. 
10.1016/j.memsci.2012.04.003. 

[232] F. Dorosti,, M. Omidkhah,, R. Abedini, Chem. Eng. Res. Des. 92(11) (2014) 2439–48. 
10.1016/j.cherd.2014.02.018. 

[233] M.W. Anjum,, F. Vermoortele,, A.L. Khan,, B. Bueken,, D.E. De Vos,, I.F.J. Vankelecom, ACS 
Appl. Mater. Interfaces 7(45) (2015) 25193–201. 10.1021/acsami.5b08964. 

[234] X. Guo,, H. Huang,, Y. Ban,, Q. Yang,, Y. Xiao,, Y. Li,, W. Yang,, C. Zhong, J. Memb. Sci. 478 
(2015) 130–9. 10.1016/j.memsci.2015.01.007. 

[235] R. Adams,, C. Carson,, J. Ward,, R. Tannenbaum,, W. Koros, Microporous Mesoporous Mater. 
131(1–3) (2010) 13–20. 10.1016/j.micromeso.2009.11.035. 

[236] N. Tien-Binh,, H. Vinh-Thang,, X.Y. Chen,, D. Rodrigue,, S. Kaliaguine, J. Memb. Sci. 520 
(2016) 941–50. 10.1016/j.memsci.2016.08.045. 

[237] J. Yao,, H. Wang, Chem. Soc. Rev. 43(13) (2014) 4470–93. 10.1039/c3cs60480b. 

[238] A. Phan,, C.J. Doonan,, F.J. Uribe-Romo,, C.B. Knobler,, M. O’Keeffe,, O.M. Yaghi, Acc. Chem. 
Res. 43(1) (2010) 58–67. 10.1021/ar900116g. 

[239] Y. Li,, F. Liang,, H. Bux,, W. Yang,, J. Caro, J. Memb. Sci. 354(1–2) (2010) 48–54. 
10.1016/j.memsci.2010.02.074. 

[240] C. Gücüyener,, J. Van Den Bergh,, J. Gascon,, F. Kapteijn, J. Am. Chem. Soc. 132(50) (2010) 
17704–6. 10.1021/ja1089765. 

[241] M. Safak Boroglu,, A.B. Yumru, Sep. Purif. Technol. 173 (2017) 269–79. 
10.1016/j.seppur.2016.09.037. 

[242] A. Ehsani,, M. Pakizeh, J. Taiwan Inst. Chem. Eng. 66 (2016) 414–23. 
10.1016/j.jtice.2016.07.005. 

[243] Y. Liu,, J. Liu,, Y.S. Lin,, M. Chang, J. Phys. Chem. C 118(13) (2014) 6744–51. 
10.1021/jp4113969. 

[244] Y. Liu,, G. Zeng,, Y. Pan,, Z. Lai, J. Memb. Sci. 379(1–2) (2011) 46–51. 
10.1016/j.memsci.2011.05.041. 

[245] Y. Liu,, E. Hu,, E.A. Khan,, Z. Lai, J. Memb. Sci. 353(1–2) (2010) 36–40. 
10.1016/j.memsci.2010.02.023. 

[246] S. Japip,, H. Wang,, Y. Xiao,, T.S. Chung, J. Memb. Sci. 467 (2014) 162–74. 
10.1016/j.memsci.2014.05.025. 

[247] T. Yang,, T.-S. Chung, J. Mater. Chem. A 1(19) (2013) 6081. 10.1039/c3ta10928c. 

[248] F. Cacho-Bailo,, G. Caro,, M. Etxeberría-Benavides,, O. Karvan,, C. Téllez,, J. Coronas, Chem. 
Commun. 51(56) (2015) 11283–5. 10.1039/C5CC03937A. 

[249] Y. Ban,, Y. Li,, Y. Peng,, H. Jin,, W. Jiao,, X. Liu,, W. Yang, Chemistry 20(36) (2014) 11402–9. 
10.1002/chem.201402287. 

  



 

176 
 

[250] K.S. Park,, Z. Ni,, A.P. Cote,, J.Y. Choi,, R. Huang,, F.J. Uribe-Romo,, H.K. Chae,, M. O’Keeffe,, 
O.M. Yaghi,, A.P. Côté,, J.Y. Choi,, R. Huang,, F.J. Uribe-Romo,, H.K. Chae,, M. O’Keeffe,, O.M. 
Yaghi, Proc. Natl. Acad. Sci. U. S. A. 103(27) (2006) 10186–91. 10.1073/pnas.0602439103. 

[251] N. Hara,, M. Yoshimune,, H. Negishi,, K. Haraya,, S. Hara,, T. Yamaguchi, J. Memb. Sci. 450 
(2014) 215–23. 10.1016/j.memsci.2013.09.012. 

[252] C. Liu,, F. Sun,, S. Zhou,, Y. Tian,, G. Zhu, CrystEngComm (2012) 2–4. 10.1039/c2ce26274f. 

[253] Q. Song,, S.K. Nataraj,, M. V. Roussenova,, J.C. Tan,, D.J. Hughes,, W. Li,, P. Bourgoin,, M.A. 
Alam,, A.K. Cheetham,, S.A. Al-Muhtaseb,, E. Sivaniah, Energy Environ. Sci. 5(8) (2012) 
8359. 10.1039/c2ee21996d. 

[254] M.J.C. Ordoñez,, K.J. Balkus,, J.P. Ferraris,, I.H. Musselman, J. Memb. Sci. 361(1–2) (2010) 
28–37. 10.1016/j.memsci.2010.06.017. 

[255] A.F. Bushell,, M.P. Attfield,, C.R. Mason,, P.M. Budd,, Y. Yampolskii,, L. Starannikova,, A. 
Rebrov,, F. Bazzarelli,, P. Bernardo,, J. Carolus Jansen,, M. Lanč,, K. Friess,, V. Shantarovich,, 
V. Gustov,, V. Isaeva, J. Memb. Sci. 427 (2013) 48–62. 10.1016/j.memsci.2012.09.035. 

[256] T. Li,, Y. Pan,, K.-V. Peinemann,, Z. Lai, J. Memb. Sci. 425–426(2013) (2013) 235–42. 
10.1016/j.memsci.2012.09.006. 

[257] V. Nafisi,, M.B. Hägg, Sep. Purif. Technol. 128 (2014) 31–8. 10.1016/j.seppur.2014.03.006. 

[258] A. Higuchi,, T. Yoshida,, T. Imizu,, K. Mizoguchi,, Z. He,, I. Pinnau,, K. Nagai,, B.D. Freeman, J. 
Polym. Sci. Part B Polym. Phys. 38(13) (2000) 1749–55. 10.1002/1099-
0488(20000701)38:13<1749::AID-POLB80>3.0.CO;2-I. 

[259] T.S. Chung,, S.S. Chan,, R. Wang,, Z. Lu,, C. He, J. Memb. Sci. 211(1) (2003) 91–9. 
10.1016/S0376-7388(02)00385-X. 

[260] A.F. Ismail,, P.S. Goh,, S.M. Sanip,, M. Aziz, Sep. Purif. Technol. 70(1) (2009) 12–26. 
10.1016/j.seppur.2009.09.002. 

[261] S.A. Habibiannejad,, A. Aroujalian,, A. Raisi, RSC Adv. 6(83) (2016) 79563–77. 
10.1039/C6RA14141B. 

[262] M.M. Khan,, V. Filiz,, G. Bengtson,, S. Shishatskiy,, M.M. Rahman,, J. Lillepaerg,, V. Abetz, J. 
Memb. Sci. 436 (2013) 109–20. 10.1016/j.memsci.2013.02.032. 

[263] S.M. Sanip,, A.F. Ismail,, P.S. Goh,, T. Soga,, M. Tanemura,, H. Yasuhiko, Sep. Purif. Technol. 
78(2) (2011) 208–13. 10.1016/j.seppur.2011.02.003. 

[264] Y. Cui,, S.I. Kundalwal,, S. Kumar, Carbon N. Y. (2016) 313–33. 
10.1016/j.carbon.2015.11.018. 

[265] D. Zhao,, J. Ren,, Y. Qiu,, H. Li,, K. Hua,, X. Li,, M. Deng, J. Appl. Polym. Sci. 132(41) (2015) 
n/a-n/a. 10.1002/app.42624. 

[266] Y. Dai,, X. Ruan,, Z. Yan,, K. Yang,, M. Yu,, H. Li,, W. Zhao,, G. He, Sep. Purif. Technol. 166 
(2016) 171–80. 10.1016/j.seppur.2016.04.038. 

[267] G. Li,, L. Wang,, H. Ni,, C.U. J. Pittman, J. Inorg. Organomet. Polym. 11(3) (2001) 123–54. 
10.1002/0471712566.ch5. 

[268] P. Iyer,, G. Iyer,, M. Coleman, J. Memb. Sci. 358(1–2) (2010) 26–32. 
10.1016/j.memsci.2010.04.023. 

[269] F. Li,, Y. Li,, T.-S. Chung,, S. Kawi, J. Memb. Sci. 356(1–2) (2010) 14–21. 
10.1016/j.memsci.2010.03.021. 

[270] Y. Li,, T.-S. Chung, Int. J. Hydrogen Energy 35(19) (2010) 10560–8. 
10.1016/j.ijhydene.2010.07.124. 

  



 

177 
 

[271] A.P. Côté,, A.I. Benin,, N.W. Ockwig,, M. O’Keeffe,, A.J. Matzger,, O.M. Yaghi, Science (80-. ). 
310(5751) (2005) 1166–70. 10.1126/science.1120411. 

[272] S.-Y. Ding,, W. Wang, Chem. Soc. Rev. Chem. Soc. Rev 42(42) (2013) 548–68. 
10.1039/c2cs35072f. 

[273] X. Feng,, X. Ding,, D. Jiang, Chem Soc Rev 41(18) (2012) 6010–22. 10.1039/c2cs35157a. 

[274] X. Wu,, Z. Tian,, S. Wang,, D. Peng,, L. Yang,, Y. Wu,, Q. Xin,, H. Wu,, Z. Jiang, J. Memb. Sci. 528 
(2017) 273–83. 10.1016/j.memsci.2017.01.042. 

[275] X. Cao,, Z. Qiao,, Z. Wang,, S. Zhao,, P. Li,, J. Wang,, S. Wang, Int. J. Hydrogen Energy 41(21) 
(2016) 9167–74. 10.1016/j.ijhydene.2016.01.137. 

[276] T. Ben,, H. Ren,, M. Shengqian,, D. Cao,, J. Lan,, X. Jing,, W. Wang,, J. Xu,, F. Deng,, J.M. 
Simmons,, S. Qiu,, G. Zhu, Angew. Chemie - Int. Ed. 48(50) (2009) 9457–60. 
10.1002/anie.200904637. 

[277] C.H. Lau,, K. Konstas,, C.M. Doherty,, S. Kanehashi,, B. Ozcelik,, S.E. Kentish,, A.J. Hill,, M.R. 
Hill, Chem. Mater. 27(13) (2015) 4756–62. 10.1021/acs.chemmater.5b01537. 

[278] Z. Dai,, R.D. Noble,, D.L. Gin,, X. Zhang,, L. Deng, J. Memb. Sci. (2016) 1–20. 
10.1016/j.memsci.2015.08.060. 

[279] I.M. Tomé, Liliana C.; Marrucho, Chem. Soc. Rev. 45(45) (2016) 2717–3018. 
10.1039/C5CS00510H. 

[280] C. Casado-Coterillo,, M. Del Mar López-Guerrero,, A. Irabien, Membranes (Basel). 4(2) 
(2014) 287–301. 10.3390/membranes4020287. 

[281] H. Li,, L. Tuo,, K. Yang,, H.K. Jeong,, Y. Dai,, G. He,, W. Zhao, J. Memb. Sci. 511 (2016) 130–42. 
10.1016/j.memsci.2016.03.050. 

[282] M. Sarfraz,, M. Ba-Shammakh, J. Memb. Sci. 514 (2016) 35–43. 
10.1016/j.memsci.2016.04.029. 

[283] M. Rezakazemi,, A. Vatani,, T. Mohammadi, RSC Adv. 5(100) (2015) 82460–70. 
10.1039/C5RA13609A. 

[284] A. Galve,, D. Sieffert,, C. Staudt,, M. Ferrando,, C. Güell,, C. Téllez,, J. Coronas, J. Memb. Sci. 
431 (2013) 163–70. 10.1016/j.memsci.2012.12.046. 

[285] H. Vinh-Thang,, S. Kaliaguine, Chem. Rev. 113(7) (2013) 4980–5028. 10.1021/cr3003888. 

[286] M. a. Aroon,,  a. F. Ismail,, T. Matsuura,, M.M. Montazer-Rahmati, Sep. Purif. Technol. 75(3) 
(2010) 229–42. 10.1016/j.seppur.2010.08.023. 

[287] S. Basu,, A. Cano-Odena,, I.F.J. Vankelecom, J. Memb. Sci. 362(1–2) (2010) 478–87. 
10.1016/j.memsci.2010.07.005. 

[288] D.A.G. Bruggeman, Ann. Phys. 416(7) (1935) 636–64. 10.1002/andp.19354160705. 

[289] R. Pal, J. Colloid Interface Sci. 317(1) (2008) 191–8. 10.1016/j.jcis.2007.09.032. 

[290] T.B. Lewis,, L.E. Nielsen, J. Appl. Polym. Sci. 14(6) (1970) 1449–71. 
10.1002/app.1970.070140604. 

[291] L.E. Nielsen, J. Appl. Polym. Sci. 17(12) (1973) 3819–20. 10.1002/app.1973.070171224. 

[292] R. Pal, J. Reinf. Plast. Compos. 26(7) (2007). 10.1177/0731684407075569. 

[293] O. Bakhtiari,, N. Sadeghi, Chem. Eng. Res. Des. 93 (2015) 710–9. 
10.1016/j.cherd.2014.06.013. 

[294] K.M. Gheimasi,, T. Mohammadi,, O. Bakhtiari, Sep. Sci. Technol. 50(15) (2015) 
150527095459001. 10.1080/01496395.2015.1046605. 

[295] R. Mahajan,, W.J. Koros, Polym. Eng. Sci. 42(7) (2002) 1420–31. 10.1002/pen.11041. 



 

178 
 

[296] J.D. Felske, Int. J. Heat Mass Transf. 47(14–16) (2004) 3453–61. 
10.1016/j.ijheatmasstransfer.2004.01.013. 

[297] H. Zhang,, D. Liu,, Y. Yao,, B. Zhang,, Y.S. Lin, J. Memb. Sci. 485 (2015) 103–11. 
10.1016/j.memsci.2015.03.023. 

[298] H.-C. Yang,, J. Hou,, V. Chen,, Z.-K. Xu, J. Mater. Chem. A 4(25) (2016) 9716–29. 
10.1039/C6TA02844F. 

[299] G. Bystrzejewska-Piotrowska,, J. Golimowski,, P.L. Urban, Waste Manag. (2009) 2587–95. 
10.1016/j.wasman.2009.04.001. 

[300] Y. Li,, H.-M. Guan,, T.-S. Chung,, S. Kulprathipanja, J. Memb. Sci. 275(1–2) (2006) 17–28. 
10.1016/j.memsci.2005.08.015. 

[301] M. Rezakazemi,, K. Shahidi,, T. Mohammadi, Int. J. Hydrogen Energy 37(19) (2012) 14576–
89. 10.1016/j.ijhydene.2012.06.104. 

[302] G. Peregot,, G. Bellussi,, C. Corno,, M. Taramasso,, F. Buonomot,, A. Esposito, New 
Developments in Zeolite Science and Technology, Proceedings of the 7th International 
Zeolite Conference, Vol. 28, Elsevier, 1986. 

[303] F. Qiu,, X. Wang,, X. Zhang,, H. Liu,, S. Liu,, K.L. Yeung, Chem. Eng. J. 147(2–3) (2009) 316–
22. 10.1016/j.cej.2008.11.034. 

[304] D.T. Cong, Preparation and Characterization Of Composite Membranes With Microporous 
Separation Layer Based On Molecular Sieves. Institute of Chemical Technology Prague, 
2012. 

[305] J. Polte, CrystEngComm 17(36) (2015) 6809–30. 10.1039/C5CE01014D. 

[306] D. Bartczak,, M.-O. Baradez,, H. Goenaga-Infante,, D. Marshall, Toxicol. Res. (Camb). 4(1) 
(2015) 169–76. 10.1039/C4TX00105B. 

[307] H. Sanaeepur,, A. Kargari,, B. Nasernejad, RSC Adv. 4(109) (2014) 63966–76. 
10.1039/C4RA08783F. 

[308] S. Shahid,, K. Nijmeijer, J. Memb. Sci. 459 (2014) 33–44. 10.1016/j.memsci.2014.02.009. 

[309] W. Qiu,, C.C. Chen,, L. Xu,, L. Cui,, D.R. Paul,, W.J. Koros, Macromolecules 44(15) (2011) 
6046–56. 10.1021/ma201033j. 

[310] P. Burmann,, B. Zornoza,, C. Téllez,, J. Coronas, Chem. Eng. Sci. 107 (2014) 66–75. 
10.1016/j.ces.2013.12.001. 

[311] B. Zornoza,, O. Esekhile,, W.J. Koros,, C. Téllez,, J. Coronas, Sep. Purif. Technol. 77(1) (2011) 
137–45. 10.1016/j.seppur.2010.11.033. 

[312] B. Zornoza,, C. Téllez,, J. Coronas, J. Memb. Sci. 368(1–2) (2011) 100–9. 
10.1016/j.memsci.2010.11.027. 

[313] A. Galve,, D. Sieffert,, E. Vispe,, C. Téllez,, J. Coronas,, C. Staudt, J. Memb. Sci. 370(1–2) (2011) 
131–40. 10.1016/j.memsci.2011.01.011. 

[314] A. Ebadi Amooghin,, M. Omidkhah,, H. Sanaeepur,, A. Kargari, J. Energy Chem. 25(3) (2016) 
450–62. 10.1016/j.jechem.2016.02.004. 

[315] S. Galioğlu,, M.N. Ismail,, J. Warzywoda,, A. Sacco Jr,, B. Akata, Microporous Mesoporous 
Mater. 131(1–3) (2010) 401–6. http://dx.doi.org/10.1016/j.micromeso.2010.02.001. 

[316] Z. Lin, Microporous Mesoporous Mater. 67(1) (2004) 79–86. 
10.1016/j.micromeso.2003.10.004. 

[317] G. Artioli,, C. Lamberti,, G.L. Marra, Acta Crystallogr. Sect. B Struct. Sci. 56(1) (2000) 2–10. 
10.1107/S0108768199008927. 

[318] Polimeri, (2011) 8. 



 

179 
 

[319] S.P. Mirajkar,, A. Thangaraj,, V.P. Shiralkar, J. Phys. Chem. 96(7) (1992) 3073–9. 

[320] F. Langerame,, A.M. Salvi,, M. Silletti,, G. Moretti, Surf. Interface Anal. 40(3–4) (2008) 695–
9. 10.1002/sia.2739. 

[321] S.M. Kuznicki, Large-pored crystalline titanium molecular sieve zeolites. US Patent No. 
4853202, 1989. 

[322] M.W. Anderson,, O. Terasaki,, T. Ohsuna,, A. Philippou,, S.P. MacKay,, A. Ferreira,, J. Rocha,, 
S. Lidin, Nature 367(6461) (1994) 347–51. 10.1038/367347a0. 

[323] C. Casado,, Z. Amghouz,, J.R. García,, K. Boulahya,, J.M. González-Calbet,, C. Téllez,, J. Coronas, 
Mater. Res. Bull. 44(6) (2009) 1225–31. 10.1016/j.materresbull.2009.01.015. 

[324] I. Tiscornia,, I. Kumakiri,, R. Bredesen,, C. Téllez,, J. Coronas, Sep. Purif. Technol. 73(1) 
(2010) 8–12. http://dx.doi.org/10.1016/j.seppur.2009.07.008. 

[325] A. Anson,, C.C.H. Lin,, S.M. Kuznicki,, J.A. Sawada, Chem. Eng. Sci. 64(16) (2009) 3683–7. 
10.1016/j.ces.2009.05.024. 

[326] D. a. Peru,, R.J. Collins, Fresenius. J. Anal. Chem. 346(10–11) (1993) 909–13. 
10.1007/BF00322749. 

[327] A.L. Khan,, S. Basu,, A. Cano-Odena,, I.F.J. Vankelecom, J. Memb. Sci. 354(1–2) (2010) 32–9. 
10.1016/j.memsci.2010.02.069. 

[328] N.A. Turta,, M. Veltri,, D. Vuono,, P. De Luca,, N. Bilba,, A. Nastro, J. Porous Mater. 16(5) 
(2009) 527–36. 10.1007/s10934-008-9229-4. 

[329] M. V Shankar,, J. Ye, Catal. Commun. 11(4) (2009) 261–5. 
http://dx.doi.org/10.1016/j.catcom.2009.10.007. 

[330] L. Lv,, F. Su,, X.S. Zhao, Microporous Mesoporous Mater. 76(1–3) (2004) 113–22. 
10.1016/j.micromeso.2004.08.004. 

[331] B.M. Faroldi,, E.A. Lombardo,, L.M. Cornaglia,, S. Irusta, Appl. Catal. a-General 417 (2012) 
43–52. 10.1016/j.apcata.2011.12.023. 

[332] G. Moretti,,  a. M. Salvi,, M.R. Guascito,, F. Langerame, Surf. Interface Anal. 36(10) (2004) 
1402–12. 10.1002/sia.1931. 

[333] D.P. Serrano,, G. Calleja,, J.A. Botas,, F.J. Gutierrez, Sep. Purif. Technol. 54(1) (2007) 1–9. 
10.1016/j.seppur.2006.08.013. 

[334] I.F.J. Vankelecom,, E. Merckx,, M. Luts,, J.B. Uytterhoeven, J. Phys. Chem. 99(35) (1995) 
13187–92. 

[335] K. Sumida,, D.L. Rogow,, J.A. Mason,, T.M. McDonald,, E.D. Bloch,, Z.R. Herm,, T.-H. Bae,, J.R. 
Long, Chem. Rev. 112(2) (2012) 724–81. 10.1021/cr2003272. 

[336] M.G. Clerici, Kinet. Catal. 56(4) (2015) 450–5. 10.1134/S0023158415040059. 

[337] S. Sorribas,, B. Comesaña-Gándara,, A.E. Lozano,, B. Zornoza,, C. Téllez,, J.J.J. Coronas,, B. 
Comesa?a-G?ndara,, A.E. Lozano,, B. Zornoza,, C. T?llez,, J.J.J. Coronas, RSC Adv. 5(124) 
(2015) 102392–8. 10.1039/C5RA20172A. 

[338] C. Rubio,, E. Piera,, M.Á. Caballero,, C. Téllez,, J. Coronas, Appl. Clay Sci. 118 (2015) 151–7. 
10.1016/j.clay.2015.09.011. 

[339] M. Yu,, J.L. Falconer,, R.D. Noble, Langmuir 21(16) (2005) 7390–7. 10.1021/la050856n. 

[340] Z. Ji,, J. Warzywoda,, A. Sacco, Microporous Mesoporous Mater. 101(1–2) (2007) 279–87. 
10.1016/j.micromeso.2006.10.003. 

[341] S.A. Hashemifard,, A.F. Ismail,, T. Matsuura, J. Memb. Sci. 347(1–2) (2010) 53–61. 
10.1016/j.memsci.2009.10.005. 

  



 

180 
 

[342] M.Z. Yunos,, D. Wang,, H. Basri,, A.F. Ismail, Adv. Mater. Res. 488–489 (2012) 46–50. 
10.4028/www.scientific.net/AMR.488-489.46. 

[343] A.C. Lua,, Y. Shen, J. Memb. Sci. 429 (2013) 155–67. 10.1016/j.memsci.2012.11.018. 

[344] C.A. Pryde, J. Polym. Sci. Part A Polym. Chem. 27(2) (1989) 711–24. 
10.1002/pola.1989.080270229. 

[345] Y. Huang,, D.R. Paul, Journal of Polymer Science, Part B: Polymer Physics, Vol. 45, 2007, pp. 
1390–8. 

[346] A.K. Hołda,, I.F.J. Vankelecom, J. Appl. Polym. Sci. 132(27) (2015) n/a-n/a. 
10.1002/app.42130. 

[347] E.M. Maya,, A. Tena,, J. de Abajo,, J.G. de la Campa,, A.E. Lozano, J. Memb. Sci. 349(1–2) 
(2010) 385–92. 10.1016/j.memsci.2009.12.001. 

[348] F. Dorosti,, M. Omidkhah,, R. Abedini, J. Nat. Gas Sci. Eng. 25 (2015) 88–102. 
10.1016/j.jngse.2015.04.033. 

[349] F.J. Dinan,, W.T. Schwartz,, R.A. Wolfe,, D.S. Hojnicki,, T. St. Clair,, J.R. Pratt, J. Polym. Sci. Part 
A Polym. Chem. 30(1) (1992) 111–8. 10.1002/pola.1992.080300114. 

[350] J.D. Wind,, S.M. Sirard,, D.R. Paul,, P.F. Green,, K.P. Johnston,, W.J. Koros, Macromolecules 
36(17) (2003) 6433–41. 10.1021/ma0343582. 

[351] J.J. Krol,, M. Boerrigter,, G.H. Koops, J. Memb. Sci. 184(2) (2001) 275–86. 10.1016/S0376-
7388(00)00640-2. 

[352] J. Xia,, T.S. Chung,, D.R. Paul, J. Memb. Sci. 450 (2014) 457–68. 
10.1016/j.memsci.2013.09.047. 

[353] J. KIM,, W. KOROS,, D. PAUL, J. Memb. Sci. 282(1–2) (2006) 21–31. 
10.1016/j.memsci.2006.05.003. 

[354] H. Im,, J. Kim,, H. Lee,, T. Kim, Polym. 31(4) (2007) 335–42. 

[355] J. Kim,, W.J. Koros,, D.R. Paul, J. Memb. Sci. 282(1–2) (2006) 32–43. 
10.1016/j.memsci.2006.05.003. 

[356] Y. Huang,, D.R. Paul, Polymer (Guildf). 45(25) (2004) 8377–93. 
10.1016/j.polymer.2004.10.019. 

[357] N.R. Horn,, D.R. Paul, Polymer (Guildf). 52(7) (2011) 1619–27. 
10.1016/j.polymer.2011.02.007. 

[358] K. Tanaka,, Y. Osada,, H. Kita,, K. ‐i Okamoto, J. Polym. Sci. Part B Polym. Phys. 33(13) (1995) 
1907–15. 10.1002/polb.1995.090331306. 

[359] Y.N. Lazareva,, M.N. Vidyakin,, Y.P. Yampolskii,, A.Y. Alentiev,, M.Y. Yablokova,, G.K. 
Semenova,, A.A. Kuznetsov,, D.Y. Likhachev, Polym. Sci. Ser. A 48(10) (2006) 1073–9. 
10.1134/S0965545X06100087. 

[360] X. Ma,, R. Swaidan,, Y. Belmabkhout,, Y. Zhu,, E. Litwiller,, M. Jouiad,, I. Pinnau,, Y. Han, 
Macromolecules 45(9) (2012) 3841–9. 10.1021/ma300549m. 

[361] Y. Mi,, T. Hirose, 3(1) (1996) 11–9. 

[362] J. Ren,, T.S. Chung,, D. Li,, R. Wang,, Y. Liu, J. Memb. Sci. 207(2) (2002) 227–40. 
10.1016/S0376-7388(02)00251-X. 

[363] K.-J. Kim,, W.-W. So,, S.-J. Moon, Studies in Surface Science and Catalysis, Vol. 153, 2004, pp. 
531–4. 

[364] H. Tong,, C. Hu,, S. Yang,, Y. Ma,, H. Guo,, L. Fan, Polymer (Guildf). 69 (2015) 138–47. 
10.1016/j.polymer.2015.05.045. 

  



 

181 
 

[365] S. Pandiyan,, D. Brown,, S. Neyertz,, N.F.A. Van Der Vegt, Macromolecules 43(5) (2010) 
2605–21. 10.1021/ma902507d. 

[366] M. Askari,, T.-S. Chung, J. Memb. Sci. 444 (2013) 173–83. 10.1016/j.memsci.2013.05.016. 

[367] J.B. DeCoste,, M.S. Denny, Jr.,, G.W. Peterson,, J.J. Mahle,, S.M. Cohen, Chem. Sci. 7(4) (2016) 
2711–6. 10.1039/C5SC04368A. 

[368] B. Zornoza,, C. Téllez,, J. Coronas,, O. Esekhile,, W.J. Koros, AIChE J. 61(12) (2015) 4481–90. 
10.1002/aic.15011. 

[369] P. Hrabanek,, A. Zikanova,, T. Supinkova,, J. Drahokoupil,, V. Fila,, M. Lhotka,, H. 
Dragounova,, F. Laufek,, L. Brabec,, I. Jirka,, B. Bernauer,, O. Prokopova,, V. Martin-Gil,, M. 
Kocirik, Microporous Mesoporous Mater. 228 (2016) 107–15. 
10.1016/j.micromeso.2016.03.033. 

[370] L.-G. Zamfir,, L. Rotariu,, V.E. Marinescu,, X.T. Simelane,, P.G.L. Baker,, E.I. Iwuoha,, C. Bala, 
Sensors Actuators B Chem. 226 (2016) 525–33. 10.1016/j.snb.2015.12.026. 

[371] Y.Q. Deng,, S.F. Yin,, C.T. Au, Ind. Eng. Chem. Res. 51(28) (2012) 9492–9. 
10.1021/ie3001277. 

[372] A.M. Kratochvil,, W.J. Koros, Macromolecules 41(21) (2008) 7920–7. 
10.1021/ma801586f. 

[373] W. Qiu,, C.-C. Chen,, M.R. Kincer,, W.J. Koros, Polymer (Guildf). 52(18) (2011) 4073–82. 
10.1016/j.polymer.2011.07.002. 

[374] R.M. Huertas,, E.M. Maya,, J. de Abajo,, J.G. de la Campa, Macromol. Res. 19(8) (2011) 797–
808. 10.1007/s13233-011-0813-0. 

[375] R. Ruby-Figueroa, Encyclopedia of Membranes, Springer Berlin Heidelberg, Berlin, 
Heidelberg, 2015, pp. 1–3. 

[376] K.L. Gleason,, Z.P. Smith,, Q. Liu,, D.R. Paul,, B.D. Freeman, J. Memb. Sci. 475 (2015) 204–
14. 10.1016/j.memsci.2014.10.014. 

  



 

182 
 

Dissemination of the work 

List of Publications as main author: 

1. V. Martin-Gil, A. López, P. Hrabanek, R. Mallada, I.F.J. Vankelecom, V. Fila, et al., Study of different 
titanosilicate (TS-1 and ETS-10) as fillers for Mixed Matrix Membranes for CO2/CH4 gas separation 
applications, J. Memb. Sci. 523 (2017) 24–35. 

2. V. Martin-Gil, W. Dujardin, P. Sysel, G. Koeckelberghs, I.F.J. Vankelecom, V. Fila, Effect of benzoic acid 
content on aging of 6FDA copolyimides based thin film composite (TFC) membranes in CO2/CH4 
environment, Sep. Purif. Technol. 210 (2019) 616–626. 

3. V. Martin-Gil, M.Z. Ahmad, R. Castro-Muñoz, V. Fila, Economic Framework of Membrane 
Technologies for Natural Gas Applications, (2018) Separation & Purification Reviews, DOI: 
10.1080/15422119.2018.1532911 (online published). 

4. V. Martin-Gil, T. Supiňková, P. Lambert, M. Z. Ahmad, R. Castro-Muñoz, P. Hrabanek, M. Kočiřík, V. 
Fila. Novel MMMs using selective zeolite SSZ-16 and high performance 6FDA polyimide for CO2/CH4 
separation. (Pending submission) 

 

List of publications as co-author: 

5. M. Ahmad, H. Pelletier, V. Martin-Gil, R. Castro-Muñoz, V. Fila, Chemical Crosslinking of 6FDA-ODA 
and 6FDA-ODA:DABA for Improved CO2/CH4 Separation, Membranes (Basel). 8 (2018) 67. 

6. R. Castro-Muñoz, V. Fíla, V. Martin-Gil, C. Muller, Enhanced CO2 permeability in Matrimid® 5218 
mixed matrix membranes for separating binary CO2/CH4 mixtures, Sep. Purif. Technol. 210 (2019) 
553–562. 

7. M.Z. Ahmad, V. Martin-Gil, V. Perfilov, P. Sysel, V. Fila, Investigation of a new co-polyimide, 6FDA-bisP 
and its ZIF-8 mixed matrix membranes for CO2/CH4 separation, Sep. Purif. Technol. 207 (2018) 523–
534. 

8. R. Castro-Muñoz, V. Martin-Gil, M.Z.M.Z. Ahmad, V. Fíla, Matrimid® 5218 in preparation of 
membranes for gas separation: Current state-of-the-art, Chem. Eng. Comm. 205 (2018), 161-196. 

9. Hrabanek, A. Zikanova, T. Supiňková, J. Drahokoupil, V. Fila, M. Lhotka, H. Dragounova, F. Laufek, L. 
Brabec, I. Jirka, B. Bernauer, O. Prokopova, V. Martin-Gil, M. Kocirik, Static in-situ hydrothermal 
synthesis of small pore zeolite SSZ-16 (AFX) using heated and pre-aged synthesis mixtures, Micro. 
Meso. Mat., 228, (2016), 107–115. 

 

List of international conferences. 

Oral presentations: 

 V. Martin-Gil, P. Hrabanek, D.C. Nijmeijer, P. Sysel, V. Fila. Mixed Matrix Membranes (MMMs) based 
on 6FDA copolyimides and functionalized TS-1 for gas separation processes at high pressures. 10th 
International Congress on Membranes, Shuzou, China 20.7 - 25.7.2014. 

 Ozlem H. Demirel, Violeta Martin, Vlastimil Fila, S. Birgül Tantekin-Ersolmaz. Utilization of Titanium-
Silicalite-1 (TS-1) as Inorganic Filler in Mixed Matrix Membrane Formation for CO2 Separation. 10th 
International Congress on Membranes, Shuzou, China 20.7 - 25.7.2014. 

 V. Martin-Gil, M. Lhotka, P. Hrabanek, V. Fila. Development of silane modified TS-1 nanoparticles as 
fillers for Mixed Matrix Membranes (MMM’s), 17th Conference on Process Integration, Modelling and 
Optimisation for Energy Saving and Pollution Reduction PRES 2014 and 21st International Congress 
of Chemical and Process Engineering CHISA 2014, Prague, Czech Republic. 23.8 - 27.8.2014, (FullText 
in published CD-ROM, INSB: 978-80-02-02555-9). 

https://doi.org/10.1080/15422119.2018.1532911


 

183 
 

 V. Martin-Gil, P. Hrabanek, P. Sysel, V. Fila. Effects of thermal crosslinking treatment on gas 
separation performance and stability of polymeric membranes.17th Conference on Process 
Integration, Modelling and Optimisation for Energy Saving and Pollution Reduction PRES 2014 and 
21st International Congress of Chemical and Process Engineering CHISA 2014, Prague, Czech 
Republic. 23-27 August 2014, (FullText in published CD-ROM, INSB: 978-80-02-02555-9). 

 V. Martin-Gil, Z. M. Ahmad, W. Dujardin, P. Sysel, G. Koeckelberghs, I.F.J. Vankelecom, V. Fila., Aging 
behavior under CO2/CH4 conditions of thin film composite (TFC) membranes based on 6FDA 
copolyimides with different content of benzoic acid. PERMEA 2016, May 15-19 2016. (Awarded Best 
student presentation). 

 V. Martin-Gil, A. Lopez-Garcia, M. Z. Ahmad, P. Hrabanek, R. Mallada, I.F.J. Vankelecom, V. Fila., Role of 
Ti in different Titanosilicates (TS-1 and ETS-10) for the separation of CO2/CH4 using Mixed Matrix 
Membranes. CHISA & PRES 2016, 27-31 August 2016, Prague, Czech Republic. 

 V. Martin-Gil, J. Ullsperger, H. Schwarzova, K. Friess, Z. Sofer, V. Fila. Binary gas separation using 
MMMs based on graphene oxide. MELPRO, May 13th-16th, 2018. Prague, Czech Republic. 

 K. Friess, Z. Sofer, D. Bouša, M. Boháčová, M. Lanč, P. Číhal, M. Keplić, O. Vopička, V. Fíla, V. Martin-Gil. 
Advanced membranes materials for targeted gas separations - polzmers vs. graphene oxide. MELPRO, 
13-16. May, 2018, Prague, Czech Republic. 

 V. Martin-Gil, T. Supiňková, P. Lambert, M. Z. Ahmad, R. Castro-Muñoz, P. Hrabanek, M. Kočiřík, V. 
Fila. Novel MMMs using selective zeolite SSZ-16 and high performance 6FDA polyimide for CO2/CH4 
separation. Euromembrane, 9-13. July, 2018. Valencia, Spain. 

 

Poster presentations: 

 V. Martin-Gil, V. Fíla. Membrane separation of hydrogen. Hydrogendays2014, 2–4 April 2014, 
Prague, Czech Republic. 

 V. Martin-Gil, P. Sysel, P. Hrabánek, V. Fíla. Polyimide based membranes for gas separation, Moderní 
TRENDY v anorganických technologiích 2014, 11–13, June. Prague, Czech Republic. 

 Hrabanek P., Zikanova A., Drahokoupil J., Dragounova H., Prokopova O., Brabec L., Jirka I., Fila V., 
Lhotka M., Martín-Gil V., Bernauer B., Cookney J., Kocirik M. 17th Conference on Process Integration, 
Modelling and Optimisation for Energy Saving and Pollution Reduction PRES 2014 and 21st 
International Congress of Chemical and Process Engineering CHISA 2014, Prague, Czech Republic. 23-
27 August 2014. 

 V. Martin-Gil, A. Lopez-Garcia, R. Mallada, D.C. Nijmeijer, I.F.J. Vankelecom, V. Fila, Study of different 
titanium silicates (TS-1 and ETS-10) as fillers for Mixed Matrix Membranes for CO2/CH4 gas 
separation applications. EUROMEMBRANE 2015, Aachen, Germany. 6-10 September 2015. 

 V. Martin-Gil, T. Supiňková, P. Lambert, M. Z. Ahmad, R. Castro-Muñoz, P. Hrabanek, M. Kočiřík, V. 
Fila. CO2/CH4 binary gas separation using MMMs based on 6FDA polyimide and SSZ-16 zeolite. 
MELPRO, 13-16 May, 2018. Prague, Czech Republic. 

 V. Martin-Gil, T. Supiňková, P. Lambert, M. Z. Ahmad, R. Castro-Muñoz, P. Hrabanek, M. Kočiřík, V. 
Fila.SSZ-16 zeolite and 6FDA polyimide based MMMs for CO2/CH4 separation. Moderné trendy v 
anorganických technológiách, 21-23, May, 2018. Banská Štiavnica, Slovakia 

 

 

List of National Conferences 

Oral presentation 

 V. Martin-Gil, V. Fila, P. Sysel, M. Lhotka. Optimization of TS-1 and 6FDA based polyimides 
for CO2/CH4 gas separation in Mixed Matrix Membranes (MMMs).60th Konferenci 
chemického a procesního inženýrství CHISA 2013, Srní, Sumava (Czech Republic)14 – 17 
October 2013. 



 

184 
 

 V. Martin-Gil, V. Fila, P. Sysel. Optimization of 6FDA based polyimides synthesis for dense 
film membranes. 60th Konferenci chemického a procesního inženýrství CHISA 2013, Srní, 
Sumava (Czech Republic) 14 – 17 October 2013. 

 

List of presentations in international workshops and summer school. 

 V. Martin-Gil, V. Fila. Mixed Matrix Membranes based on copolyimides and modified fillers for gas 
separation processes. Indigo-BMG-EUDIME Workshop. Leuven, Belgium, 17-20. Sept. 2013. (Oral 
presentation) 

 V. Martin-Gil, M. Lhotka, V. Fila. Development of silane modified TS-1 nanoparticles as fillers for 
Mixed Matrix Membranes. International Workshop on Membrane Engineering. Joint Even of EM3E 
and EUDIME programs. Montpellier, France. 2-4. Oct. 2014. (Oral presentation) 

 V. Martin-Gil, P. Sysel, V. Fila. Dense Membranes based on 6FDA polyimides for gas separation 
processes. XXXI European Membrane Society Summer School on Innovative Membrane systems. 
Cetraro, Italy. 28 Sept-3 Oct. 2014 (Poster presentation) 

 V. Martin-Gil, A. Lopez, R. Mallada, I.F.J. Vankelecom, V. Fila. Study of different titanum silicates (TS-1 
and ETS-10) as fillers for Mixed Matrix Membranes for CO2/CH4 gas separation applications. 4th 
Scientific Annual Meeting of the Eudime Doctorate School, University of Calabria, Rende (Italy), 1-2 
October 2015. (Oral presentation) 

 V. Martin-Gil, Mohad Z. Ahmad, R. Castro-Muñoz, D. Dlouhy, J. Ullsperger, V. Fíla., MEMBRANES FOR 
GAS SEPARATION APPLICATIONS, 8th Czech-Austrian workshop: New trends in photo and electro 
catalysis, Hnanice, 30.11-2.12.2016 (Oral presentation) 

 V. Martin-Gil, T. Supiňková, P. Lambert, V. Fila, Novel MMMs using selective zeolite SSZ-16 and high 
performance 6FDA polyimide for CO2/CH4 separation. 6th Scientific Annual Workshop of EUDIME 
Doctoral School. Prague, Czech Republic. 13-15. Sept. 2017. (Oral presentation) 


