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ABSTRACT 

Hydroxyl-Containing Aromatic Polyimides for Carbon Dioxide Removal from Natural Gas 

Nasser Yahya Alaslai 

King Abdullah University of Science and Technology, 2017 

Advisor: Ingo Pinnau 

Natural gas is among the most dominant resources to provide energy supplies and Saudi 

Arabia ranks among the top 5 producers worldwide. However, prior to use of methane, natural 

gas has to be treated to remove other feed gas components, such as H2O, CO2, H2S, N2 and C2+ 

hydrocarbons. Most NG fields in KSA contain about 10 mol% carbon dioxide that has to be 

reduced to less than 2 mol% for pipeline delivery.   

The conventional unit operations for natural gas separations, that is, molecular sieves, amine 

absorption, cryogenic distillation, and turbo expansion exhibit some disadvantages in terms of 

economics, operational flexibility or system footprint. One of the most attractive alternative is 

membrane technology in either standalone- or hybrid system configuration. Currently, the only 

two membrane materials used in industrial natural gas applications are cellulose acetate and 

polyimide, which have moderate permeability and fairly low selectivity when tested under 

realistic industrial conditions. The goal for future research is to develop unique polymeric 

membranes, which can at least partially replace conventional gas processing in future natural gas 

projects. This will support global economics and specifically the economy of Saudi Arabia.  

Newly developed polymeric materials must meet certain criteria to be used on a commercial 

scale. These criteria include: (i) high permeability and selectivity, (ii) processability into thin 
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films, (iii) mechanical and thermal stability, and (iv) chemical stability against feed gas 

components.  This project focused on the removal of carbon dioxide from natural gas by 

developing and characterizing functionalized aromatic polyimide membrane materials that 

exhibit very high selectivity under aggressive mixed-gas conditions. 6FDA-DAR demonstrated a 

mixed-gas CO2/CH4 selectivity of 78 at a CO2 partial pressure of 10 bar with no pronounced 

indication of plasticization. Combining hydroxyl- and carboxyl groups in a miscible polyimide 

blend led to mixed-gas CO2/CH4 selectivity of 100 with no aging and no plasticization effects. 

This burgeoning membrane material has very high potential in large-scale natural gas separations 

with the best overall performance of any type developed to date. 
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Chapter 1. Introduction and Motivation 

This chapter presents a comprehensive introduction about the natural gas industry and natural 

gas importance as it covers almost 24% of the entire world’s energy requirements. Furthermore, 

the anticipated growth in the natural gas industry and its usages are presented. The second part of 

this chapter covers the details of the natural gas industry in the Kingdom of Saudi Arabia. One 

main part of this introductory chapter is discussing the conventional technologies used in natural 

gas separation and natural gas sweetening. Finally, the research goals are discussed along with 

how this doctoral dissertation is organized.   

1.1 Natural gas  

 Natural gas is considered to be one of the most principal resources in the world to provide 

energy supplies for the future and it is the world’s fastest growing primary energy source [1, 2]. 

Natural gas is not produced by all countries in the world, but most countries consume natural gas 

in varying amounts as needed as indicated in the trade movement shown in Fig. 1.1 [3]. In 2008, 

natural gas consumption worldwide was about 100 trillion standard cubic feet and by 2012 the 

consumption increased to 110 trillion standard cubic feet [1]. Recent studies indicated that the 

consumption could increase to 169 trillion standard cubic feet by 2035 [3-8].  

Fig. 1.2 shows the reserve to production for raw natural gas in the entire world regions. It 

states that Middle East region has the highest values since this region includes Kingdom of Saudi 

Arabia and Qatar. These two countries are key players in natural gas industry. 



28 
 

 

Fig. 1.1 Major gas trade movements 2015; Trade flows worldwide (BCM) [3]. 

 

There are two main kinds of natural gas beside shale gas, the associated natural gas, which is 

extracted from the same crude oil source and non-associated natural gas, which is extracted from 

gas reservoirs only [2, 6, 9].   The raw natural gas composition depends on the reservoir source, 

especially the percentage of methane, which is the main component of natural gas besides the 

light hydrocarbons (ethane and propane) and heavy hydrocarbons (C4+) [1, 9-11]. 

In addition, raw natural gas contains additional contaminates such as water, carbon dioxide, 

hydrogen sulfide, helium and nitrogen in different concentrations [4, 12]. 

Table 1.1 shows the typical composition of natural gas stream that cover different ranges for 

each component including the above mentioned impurities. Methane content can reach 90% of 

the entire stream in some reservoirs.  
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Table 1.1 Typical composition of natural gas [4, 7, 11]. 

Component Chemical formula Mole % 

Methane CH4 75 - 90 

Ethane C2H6 5 - 19 

Propane C3H8 2 - 11 

Butane C4H10 1.5 - 4 

n-Pentane  n-C5H12  0.5 - 1.5 

Hexane+ C6+ 0.5 - 1.3 

Carbon dioxide CO2 0 - 10 

Oxygen O2 0 - 0.2 

Nitrogen N2 0 - 10 

Hydrogen sulfide H2S 0 - 5  

Water  H2O 0.5 - 2 

Other gases Ar, Ne, He, Xe Traces  

 

Although the composition of raw natural gas varies widely, the composition of gas delivered 

to commercial pipeline grids and to customers is tightly controlled by processing each different 

stream of natural gas based on its composition [13]. 
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Fig. 1.2 Gas reserves-to-production (R/P) ratios in the entire world [3]. 

 

The proven gas reserves are different from region to region but almost every part in the world 

has its specific amount of natural gas. The amount of proven gas reserves shows an increasing 

trend as depicted in Fig. 1.3. The estimated proven gas reserves amount was increased by 30% 

between 1995 and 2005 and then further increased by 19% between 2005 and 2015 due to 

exploring new gas fields and reservoirs. 
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Fig. 1.3 Distribution of proven gas reserves: 1995, 2005 and 2015 [3]. 

 

The next section of this chapter explains the main conventional technologies for processing 

natural gas. 

 

1.2 Natural gas processing  

 

Mainly, there are two types of facilities to process natural gas. One type is for separating 

methane from other components and this process includes removal of acid gas (carbon 

dioxide and hydrogen sulfide) and water dehydration  [14] [15-17]. The other type is the 

multi-stage fractionation process to produce high purity hydrocarbons such as ethane 

propane, butane and pentane.  The focus of this work was on the first type where membrane 
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technology has already been applied in some parts of the processes and other parts that are 

likely to be introduced in the near future [2, 9-11, 18]. 

Despite the type of the separation process, there are three basic objectives of natural gas 

processing that need to be met carefully. The first objective is to produce sales gas, methane, 

that meets costumer needs and specifications; the second objective is to produce natural gas 

liquids (NGLs) in maximum yield (money maker product) and the third objective is the 

delivery of commercial gas that meets the heating value requirements (e.g. Table 1.2) [13].  

 

Table 1.2 Natural gas specifications for delivery to the U.S. national pipeline grid [13]. 

Component Specification 

CO2 < 2% 

H2O < 120 ppm 

H2S < 4 ppm 

C3+ Content 950-1050 BTU/scf and dew point < -20 oC 

Total inert gases < 4% 

 

Choosing a specific processing scheme depends completely on the gas composition of the 

feed stream, as shown in Fig. 1.4. Sour gas feed which contains hydrogen sulfide (H2S) and 

carbon dioxide (CO2) is fed to the gas treating (sweetening) unit to remove both H2S and 

CO2. A conventional gas treating unit contains a contactor, flush drums and strippers besides 

the treating agent which is usually based on amines, including diglycolamine (DGA) and 

methyl diethanolamine (MDEA). Usually, the gas contactor is divided into two sections. In 

the bottom section the inlet gas is treated with the selected amine to absorb the carbon 
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dioxide and hydrogen sulfide, then, in the upper section it is washed with second pass reverse 

osmosis water to remove any amine entrainment [4, 9, 11, 13, 18, 19]. 

In the contactor the amine is put in direct contact with gas through the equilibrium trays 

and the reaction takes place. Because of the exothermic reaction the temperature of the amine 

solution increases along the column. The gas treating unit produces two different product 

streams: (i) the acid gas stream which is composed of hydrogen sulfide and carbon dioxide 

and (ii) the treated gas (acid gas-free) which is combined with sweet gas feed for further 

processing in the NGL recovery unit as shown in Fig. 1.4. [9, 13, 18, 20] 

The main role of the NGL unit is to recover ethane and heavier hydrocarbons from the 

methane-rich feed stream. The ethane recovery is limited only by the worldwide standard 

gross heating value specification on the sales gas stream of 930 BTU. The carbon dioxide 

content of the ethane plus NGL is specified by the costumers’ specifications. There are some 

treatment steps that need to be performed before the separation of methane from ethane and 

the other hydrocarbons. The sweet feed needs to be pre-cooled before passing through 

molecular sieve beds for dehydration and activated carbon beds for mercury removal. Water 

is removed using a molecular sieve dehydration system because cryogenic temperatures are 

required to recover the ethane product and water freezing and hydrate formation need to be 

prevented.  Brazed aluminum heat exchangers (BAHE) are used in the cryogenic processes. 

Therefore, mercury that could attack the aluminum material has to be removed in the 

activated carbon beds. The ethane and heavier hydrocarbons are extracted from the methane 

of the inlet gas by fractionation in a demethanizer column.  This is accomplished by 

liquefying the gas streams using heat exchangers, turbo expanders and/or gas chillers (ethane 

chillers and propane chillers) before it enters the demethanizer column [9, 13, 18, 20]. 
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The demethanizer column operates at a controlled pressure with heat being added to the 

bottom by means of re-boilers and overhead temperature being controlled by the cold feed 

stream.  

After fractionation, both sales gas and NGL are sent to the designated pipelines by 

compression and pumping, respectively.  

 

 

Fig. 1.4 Typical layout of natural gas processing units. 

 

 

1.3 KSA natural gas  

Saudi Arabia is ranked fifth among the countries producing natural gas [7]. The Saudi Master 

Gas System (MGS) was initiated in 1975 with a processing capacity of 3.5 billion SCFD, which 

resulted in great value added to Saudi economy. This program also eliminated the excessive 

flaring of associated gas, which caused significant carbon emissions to the environment.  By 
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2000, the gas processing capacity increased to about 10 billion SCFD. The purified natural gas 

and its associated products facilitated, and were coupled with, the establishment of a new 

“market” for this gas in the form of newly formed petrochemical industries [18, 21, 22]. Saudi 

Arabia has two types of gas processing facilities: (i) gas processing plants and (ii) gas 

fractionation plants, as illustrated in Fig. 1.5.  [21]. Table 1.3 shows the typical Saudi natural gas 

composition for the two different sources: (i) associated gas and (ii) non-associated gas (Kuff 

gas) [18, 21, 22]. 

An ideal gas processing plant shown in Fig. 1.6 normally receives both associated and non-

associated gas along with condensate from the Gas-Oil Separation Plants (GOSP). Because this 

gas is wet and rich in hydrogen sulfide and carbon dioxide, it passes through multiple processing 

stages, including conditioning, gas treatment through sweetening, dehydration, sulfur recovery, 

and finally NGL recovery. 

The gas processing plants produce the following products: [18, 21, 22] 

1. C2+ liquid NGLs which are pumped to the fractionation gas plants. 

2. Sales gas which is injected into the sales gas grid or network. 

3. Khuff gas condensate, which is routed to refining facilities for further treatment.  

4. Molten sulfur, which is converted to pellets to be either exported or used 

domestically. 
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Table 1.3 Typical composition of KSA natural gas [21]. 

Component Associated Gas (mole %) Khuff Gas (mole %) 

Methane 62.77 69.01 

Ethane 15.07 5.7 

Propane 6.64 2.3 

Butane 2.4 1.21 

Pentane+ 1.12 0.9 

Hydrogen Sulfide 2.8 5.02 

Carbon Dioxide 9.2 3.46 

Nitrogen --- 12.4 

 

 

 

 

Fig. 1.5 Typical layout of KSA natural gas processing units. 

 



37 
 

 

Fig. 1.6 Hawayiah NGL plant, KSA [22]. 

 

 

 

With the huge expansion of the natural gas industry in Saudi Arabia it can be expected that 

alternative technology, especially membrane technology, will at least partially replace 

conventional gas processing in future natural gas projects. 

 

1.4 Natural gas sweetening : CO2 removal [9, 11, 14, 20, 23-27] 

 

The focus of this doctoral work was natural gas sweetening using membranes as an 

alternative technology. Regardless of the technology used, natural gas streams are 

extremely challenging to separate.  As mentioned earlier, the raw natural gas stream 

contains carbon dioxide and hydrogen sulfide in various compositions. These two 

contaminants must be removed from the natural gas stream before any further processing 
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and this process is called natural gas sweetening or treating. In particular, acid gas 

contaminants have to be removed from the natural gas streams for three main 

reasons:[28] 

I. To prevent pipelines and machinery corrosion; this may take place when these 

acidic gas combine with water. 

II. To avoid solidification problems in the NGL recovery units (CO2 freezing). 

III. To provide required heating value and to meet the environmental regulations 

specifications.  

 A very simple schematic for gas sweetening system is shown in Fig. 1.7.  There are 

several proven technologies utilized for acid gas removal such as amine treating, sulfinol 

process and membrane technology.  Among these various technologies, amine absorbing 

technology is widely used and it is dominating the market.   

  

As stated earlier, acid gas removal is conventionally achieved through amine 

absorption unit where the raw natural gas stream is passed through a large absorption 

contactor. The contactor is a tray column divided in two sections. The bottom amine 

absorber section consists in most cases of 20 trays, where lean amine (usually 

diglycolamine, DGA) is fed to the top tray and the rich amine is withdrawn from the 

bottom of the tower. The upper section of the contactor consists in most cases of three 

trays and is used as water washing system to absorb any amine entrained in the gas from 

the bottom absorber section; second pass reverse osmosis water is circulated around the 

trays by means of pumps, a continuous make-up of fresh reverse osmosis water is fed to 
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the top of the section while excess water is drained from the column water wash chimney 

tray to the rich amine flash drum. 

The outlet wet sweet gas from the top of the amine contactor is routed out of the gas 

treating train to the NGL recovery unit for further hydrocarbon extraction or routed 

directly to the sales gas grid. Fig. 1.7 is a schematic of an ideal gas sweetening unit using 

amine absorption technology.  

 

 

Fig. 1.7 Typical gas absorption unit layout [19] 

   

 

Amine absorption technology offers proven and excellent performance but like any other 

technology it is not without problems and disadvantages. The amount of energy used to 

regenerate the rich amine solution is high. Such a process needs very close and constant 

monitoring because the complexity of the control and operational systems. This is leading to 
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maintenance issues coupled with huge operating expenses. The footprint of each single 

equipment is relatively large due to the significant amount of amine solvent, which requires 

very big volume containers and process columns (contactor and regenerator) are wide and 

very tall which make such process not convenient for remote locations. In addition, the 

disposal issues of the used amine solvents make this process to be considered as non-

environmental friendly [9, 18, 24, 29].  Hence, it is apparent that there is a big potential for 

an alternative technology to replace or at least partially replace the absorption process. The 

alternative must be a more energy efficient and reliable technology for natural gas 

sweetening purposes.  

Membrane technology is a suitable alternative candidate process, which will be 

extensively discussed in the following chapter.   

The major advantage of the conventional absorption technology compared to membrane 

technology is its ability to capture almost all acid gases with only small methane loss, even 

for large flow rates reaching billions of standard cubic feet per day Hence, designing new 

polymeric membrane materials should target structures that offer improvements in both gas 

flux and efficiency relative to the performance of the existing commercial materials. If both 

high permeability and high selectivity can not be achieved at the same time then new 

materials structures with much higher purification efficiency to better purify feeds with high 

component concentrations are a realistic target with commercial viability for membrane 

technology. 

The route forward towards developing highly efficient molecular sieve-type materials 

begins with presenting the history of membranes technology and a general literature review 
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including the commercially available membrane materials. It concludes with realistic 

evaluations of the new materials in the experimental sections of this dissertation. 

 

1.5 Research objectives  

The ultimate goal of this doctoral research work was to develop and evaluate unique 

polymeric membrane materials, which can at least partially replace conventional gas processing 

in future natural gas projects. Newly developed polymeric materials must meet certain criteria in 

order to be used on a commercial scale, including (i) high permeability and selectivity, (ii) 

processability into thin films, (iii) thermal stability, and (iv) chemical stability against feed gas 

components. In addition, the targeted materials should show plasticization resistance up to a 

certain CO2 and/or C3+ hydrocarbon partial pressure when operated under mixed-gas conditions. 

This PhD project was focused on the removal of carbon dioxide from natural gas by 

developing and characterizing novel aromatic polyimide membrane materials. The main 

objectives were to test existing hydroxyl-containing aromatic polyimides against high-pressure 

mixed-gas feed (CO2/CH4) and to develop novel aromatic hydroxyl-containing polyimides 

containing sterically hindered contortion sites for the same purpose. In addition, this work was 

aimed to establish a better understanding of the effects of hydroxyl groups on the physical 

properties of the polyimides and on their separation performance.  

The aforementioned ultimate goal of this research work was achieved by working extensively 

on these subtasks:  

1. Investigate the relationships between the number of hydroxyl groups in the diamine 

moiety for the existing 6FDA-based polyimides with respect to their gas transport 
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properties in terms of permeability and selectivity. This part was used to set a baseline by 

confirming some of the previously reported pure-gas data by Stern’s group [30]. In 

addition, high-pressure mixed-gas permeation experiments were performed for the first 

time to establish the plasticization resistance of the polyimides.  

2. Triptycene effects: Replace 6FDA by triptycene-based dianhydrides with the same 

aromatic diamines having different concentration of OH groups per repeat unit. 

Investigate the effect of introducing triptycene on the pure-and mixed-gas transport 

properties (permeability, diffusivity and solubility). This part was to understand the 

structure/properties relationships that govern the gas transport by varying the dianhydride 

moiety while maintaining the hydroxyl functionality in the diamine building block.  

3. Make a detailed comparison between the 6FDA- and triptycene-based polyimides in 

terms of polymer properties and transport properties measured for both pure-gas and 

mixed-gas feeds. 

4. Study and investigate the effect of miscible blends of polar functionalized polyimides on 

their gas transport properties by altering the blend ratios of hydroxyl- and carboxyl-

containing polyimides. 

    

1.6 Dissertation overview  

This dissertation contains eight chapters, in addition to this introductory Chapter 1 which 

presents overview background information about natural gas and motivation for pursuing the 

goal of developing, characterizing and testing highly selective and plasticization-resistant 

polymeric membranes based on polyimides for natural gas sweetening purposes. 
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 Chapter 2 provides a historical overview of membrane technology and explains the theory of 

membrane-based gas separation. It also provides an overview of the state-of-the-art literature that 

formed the basis for this research, specifically in terms of (i) polymeric membranes for gas 

separation, (ii) hydroxyl-containing polyimides and (iii) current and projected materials for 

carbon dioxide removal from natural gas streams with a preliminary economic study. 

Chapter 3 presents the polymeric materials used in this research and how the generated dense 

films were cast and treated before the permeation tests. It also describes the experimental 

techniques utilized in this study including the specific characterizations techniques. 

Chapter 4 presents the physical properties and transport properties of existing 4,4'-

(hexafluoroisopropylidene) diphthalic anhydride  (6FDA)-based hydroxyl containing polyimides. 

These materials were reported in the past but without extensive characterizations of their physical 

and gas transport properties. Three 6FDA-based materials were selected in this part to assess the 

effect of introducing hydroxyl groups to the diamine moiety and to confirm previously published 

pure-gas data from the literature. Furthermore, the main aspect of the research reported in this 

chapter was to determine the high-pressure mixed-gas permeation properties of hydroxyl-

containing aromatic polyimides. Unprecedented CO2/CH4 selectivity and low-to-moderate CO2 

permeability values of polyimides made from commercially available monomers were 

established in both pure- and mixed-gas experiments. 

 Chapter 5 provides characterization, pure- and mixed-gas permeation properties of a novel 

polyimide derived from a triptycene-based dianhydride and short aromatic dihydroxyl-diamine.  

In addition, to evaluate the effect of the hydroxyl-functionalization on the m-phenylenediamine 

polyimide building block, a non-hydroxyl polyimide derived from the same dianhydride was 
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synthesized and characterized as a reference material. The main aim of this part was to develop 

strategies to adjust the permeability/selectivity ratio of the highly selective polyimides reported 

in Chapter 4 in order to gain higher permeability.  

Chapter 6 is a continuation of the previous experimental chapters but in a different and well-

designed manner. In terms of functional groups, materials reported in Chapter 4 have hydroxyl 

groups in the diamine moiety and CF3 in the dianhydride part.  In chapter 5, the triptycene 

building block (intrinsic microporosity generator) was introduced keeping the hydroxyl groups in 

the diamine moiety but in absence of CF3 groups. Here, both hydroxyl groups and CF3 groups 

were present in addition to having the triptycene moiety present as well. A novel diamine 

monomer containing both hydroxyl groups and triptycene-contorted segments was designed and 

synthesized, from which one hydroxyl-functionalized microporous 6FDA-based polyimide was 

prepared for natural gas sweetening application. Structural characterizations and pure- and 

mixed-gas permeation properties of the polyimide are discussed in this part.  

Chapter 7 provides the characterization and transport properties results of polyimides blends. 

In this work, novel membrane materials for gas separation processes were made from blends of 

polyimides based on 4,4'-(hexafluoroisopropylidene) diphthalic anhydride (6FDA) with at least 

two functional diamines - hydroxyl- and carboxyl-functionalized diamines. The main objective 

of the work reported in this chapter was to investigate the gas transport properties of polyimides 

blends containing different polar groups where a hydroxyl-functionalized polyimide was 

physically blended with a carboxyl-functionalized polyimide.   

Chapter 8 presents the conclusion of this research project and states possibilities for future 

work in this area. 
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Chapter 2. Background and Theory 

This Chapter provides a historical overview of membrane technology and presents the theory 

of membrane-based gas separation. Part of this chapter explains the values of membrane 

technology to be considered as the main alternative option to replace conventional separation 

technologies. It also provides an overview of the literature that formed the basis for this research 

in terms of: (i) polymeric membranes for gas separation, (ii) hydroxyl-containing polyimides in 

particular and (iii) current and projected materials for carbon dioxide removal from natural gas 

streams with a preliminary economic study. In addition, this chapter addresses the economic 

value to introduce highly selective membrane materials to replace currently applied commercial 

polymeric materials used in natural gas sweetening applications.  

2.1 History of membrane technology 

The proceeding chapter of this work provides a framework for understanding the most 

conventional ways for natural gas separation, which include acid gas removal and methane 

separation. Hence, the main focus of this part is the introduction of membranes as an alternative 

technology for the same industrial purposes.  

Membrane science has been introduced more than 150 years ago but was demonstrated as a 

viable industrial technology between 1960 to 1970 [1, 2]. Early studies on membrane science 

date back to early reports by Mitchell, Fick, and Graham in the mid-nineteenth century [2-6]. In 

1831, Mitchell managed to calculate the escaping rates for at least ten gases through a natural 

rubber balloon. During almost the same period, Fick’s laws of diffusion were derived from gas 

transport studies across a nitrocellulose membrane [2-6]. In 1866, Thomas Graham noticed the 

separations of some gases via Knudson diffusion in natural rubber. About five decades later, H. 
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A. Daynes observed the relationship between time lag and diffusion coefficient in the non-steady 

state behavior of some gases via a membrane [2-6].  

The major breakthrough in membrane technology was achieved by Loeb and Sourirajan in 

1961 when they managed to introduce asymmetric cellulose acetate membranes for water 

desalination purposes. However, these membranes were not able to serve for gas separation 

proposes because they lost their separation performance after drying. This major problem was 

solved by Vos and Burris by using surfactants to improve the drying process to render the 

membranes suitable for gas separation field [2-7].   

Natural gas processing and separation became one of the major industrial applications of 

membrane technology during the past 35 years. Large-scale commercialization of gas separation 

membranes started by introducing Permea PRISM around 1980, which is considered to be one of 

the first successfully commercialized gas separation membrane.  

A summary of the development of membranes is shown in Table 2.1. Current ongoing 

research is focused on novel membrane materials, membrane structures, module design and 

process optimization. Specific emphasis has been placed on development of advanced 

membranes for natural gas separation, as it is anticipated to become the largest market for 

membrane-based gas separation technology in the near future [2].  
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Table 2.1 Milestones in the development of membranes for gas separation [2]. 

Period Achievement 

1850 Graham’s law of Diffusion 

1950 – 1955 Van Amerongen, Barrer make first systematic permeability measurements  

1961 Loeb and Sourirajan develop the first anisotropic membrane 

1960 – 1970 Spiral-wound and hollow fiber modules developed for reverse osmosis  

1980 PRISM membranes introduced at Monsanto by Henis and Tripodi 

1982 

Dow (Generon) produced first air separation system for onsite nitrogen 

production 

1987 

Advanced membrane materials for O2/N2 and H2/CH4 separation launched by 

Ube, DuPont, Dow 

1988 First commercial vapor separation plants installed by MTR, GKSS, Nitto Denko 

1985-1990 

Dried CA membranes for CO2/CH4 natural gas separation, Separex, Cynara, 

Grace 

1994 Polyamide hollow-fiber membrane for CO2/CH4 separation was installed 

1996 First propylene/N2 separation plants installed 

2020 

Personal expectation : Major breakthrough in membrane technology for gas 

separation 
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2.2  Membrane-based gas separation 

Three factors are controlling successful membrane-based gas separation [2]:  

 Material selection  

 Membrane formation   

 Modules and system configurations  

Among the hundreds of polymers developed and tested on the research scale, only about less 

than dozen polymeric materials are used commercially in membrane-based gas separation 

facilities, as shown in Table 2.2. Current large-scale commercial applications of membranes 

include air separation, hydrogen recovery, and natural gas treatment. Fig. 2.1 shows the 

breakdown of the total membrane market by separation categories over two decades [7].  It has 

been projected that natural gas processing has a huge potential for significant growth of 

membrane technology focusing on the following treatments areas:  

 CO2/CH4 separation 

 H2S/CH4 separation 

 Water vapor/CH4 (natural gas dehydration) 
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Fig. 2.1 Percentage breakdown of membrane market growth: a) in 2000 and b) predicated by 

2020 [2, 7]. 

 

Introducing membrane technology to the natural gas industry is a major change in current gas 

processing plants. As with any other new technology, membrane-based natural gas separation 

has both advantages and disadvantages which will be discussed below. 
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Table 2.2 Existing module designs used commercially for gas separation applications [2, 7]. 

Application  Typical Membrane Material Commonly used Module 

O2/N2 Polyimide  Hollow fiber 

H2/N2 Polysulfone  Hollow fiber 

CO2/CH4 Cellulose acetate   Hollow fiber or spiral-wound 

VOC/N2 Silicone rubber Spiral-wound 

H2O/Air Polyimide  Capillary – bore side feed  

 

 

2.3 Advantages and disadvantages of membranes 

2.3.1 Advantages  

Membranes technology has several advantages over conventional unit operations for natural 

gas treatment: 

a) Membrane-based gas separations do not require any rotating equipment compared to the 

traditional separation methods. With this feature membranes are considered to be less 

energy-intensive (90% less) than other technologies, as indicated in Fig. 2.2 [8]. 



54 
 

 

Fig. 2.2 Percentage breakdown of USA energy consumption by category [8]. 

 

b) Because methane is the desired product from the entire process, it must stay at high 

pressure to be transported easily and to avoid recompression, which will require more 

energy. This can be easily achieved with size-selective, glassy membranes because they 

permeate CO2, H2S and water vapor and retain CH4 and higher hydrocarbons at feed 

pressure in the retentate. [9]. 

 

c) Membrane units have small foot-print compared to traditional gas processing plants as 

shown in Fig. 2.3 and Fig. 2.4, which is specifically important for off-shore applications.  
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Moreover, they are modular which makes a plant expansion simple and less costly than 

other separation processes. [9] 

 

 

Fig. 2.3 Membrane separation unit shown next to an amine absorption tower [10] 

 

d) Long distance transportation of natural gas produced off-shore can be avoided by 

installing membrane units on the platforms since they are compact as indicated in Fig. 

2.4.  Significant cost savings can be easily achieved with on-site processing because it 

will eliminate using expensive pipelines to transport corrosive acid gas and it will also 

reduce the compression cost. [9] 
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e) Membrane technology offers simple and continuous operation leading to low demand of 

operator attention after successful start-up [2, 7, 9]. 

 

f) Membrane technology is environmentally friendly with no chemical requirements (e.g. 

corrosive amines used in absorption processes) or disposal issues [2, 7, 9]. 

 

These major advantages of membranes technology generated a significant interest in the 

natural gas processing industry, especially for acid gas removal. Currently, 200+ membrane 

plants with different capacities have been installed worldwide to perform this separation [2, 7, 9]. 

 

Fig. 2.4  Offshore natural gas sweetening platform with a   capacity of 980 MMscfd 

(Castor, UGS). 
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2.3.2  Disadvantages 

Besides the significant advantages discussed above, current membranes have a limited 

number of disadvantages that can affect their industrial growth. However, these disadvantages 

can be overcome with the development of advanced membranes. Unlike cryogenic distillation 

and amine absorption, membrane units are a preferred option for bulk separation if the goal is not 

to produce high purity products. [11] 

Like any other separation process, membranes require some pretreatment to avoid exposing 

undesired contaminants to the membrane surface since this will reduce the lifetime of the 

membrane units. Aging and membrane compaction are other issues, which result in loss of 

permeability and selectivity with time. [2, 11] Finally, CO2-induced plasticization is the major 

disadvantage of current glassy polymeric membranes that are used for carbon dioxide separation 

because the free volume and the segmental mobility of the polymer will increase. Plasticization 

will force the polymer to lose its selectivity and the consequence is a major loss in methane 

because its permeation is accelerated by plasticization. [12-18] 

Existing commercial membranes are limited in the number of materials and in the 

applications, as shown in Table 2.3. 
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Table 2.3 Existing membranes and module designs used commercially for gas separation 

applications. [2] 

Application Typical Membrane Material Commonly used Module 

O2/N2 Polyimide  Hollow fiber 

H2/N2 Polysulfone  Hollow fiber 

CO2/CH4 Cellulose acetate   Hollow fiber or Spiral 

VOC/N2 Silicone rubber Spiral 

H2O/Air Polyimide  Capillary – bore side feed  

 

2.4 Membrane gas transport theory 

The Latin word “membrana” means skin and the word membrane originated from this 

definition. Membranes have the ability to selectively pass different molecules, as shown in Fig. 

2.5, and can be defined as a barrier or thin layer that separates two phases [19]. 
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Fig. 2.5 Schematic of membrane gas transport. 

 

There are three general transport mechanisms to perform gas separation using membranes [20]: 

1. Knudsen diffusion: gas diffusion across a mesoporous membrane is related to the size of 

the molecule itself and to the size of the pore. Gas molecules collide with the pore wall, 

which results in Knudsen diffusion and the separation of gas A over B is based on the 

inverse square root ratio of the molecular weights of the gases. 

2. Molecular sieving: occurs in materials with well-defined pore size, such as zeolites. 

Hence, gas separation by this mechanism is primarily based on differences in diffusion 

coefficients of the gas molecules in a feed mixture.  

3. Solution-diffusion: occurs in dense polymeric membranes. This mechanism will be 

discussed in the following section of this chapter. 
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Fig. 2.6 Gas transport mechanisms for various membrane types. 

 

2.4.1 Solution-diffusion model [20-23] 

Gas transport through isotropic, dense polymeric films is generally described by the solution-

diffusion mechanism, which occurs in three consecutive steps. The schematic illustration of this 

mechanism is presented in Fig. 2.7. Step 1 is gas sorption at the high-pressure side of the film 

(p0); step two is activated diffusion of the gas molecules across the film thickness L along a 

concentration gradient and step 3 is gas desorption on the low-pressure side (permeate side, p1) 

of the film. A concentration gradient is created across membrane by a thermodynamic activity 

difference in the decreasing activity direction. Separation performance in this mechanism is 

affected by both gas solubility and diffusion (mobility). As a result, diffusion selectivity favors 

the smallest molecule and solubility selectivity favors the most condensable molecule. [23, 24] 

The one-dimensional flux of gas A through the film in the x-direction is described by Fick’s 

low as follows:  
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              𝑁𝐴 = −𝐷
𝑑𝐶𝐴

𝑑𝑥
+ 𝑤𝐴(𝑁𝐴 + 𝑁𝑃)                                                                                     (2.1) 

In equation 2.1, D is the gas diffusion coefficient in the film, CA is the local concentration of 

dissolved gas and wA is the mass fraction of gas A in the film. NP is the flux of the membrane 

itself, which is usually taken to be zero. With these definitions and conditions, equation 2.1 can 

be reduced to: 

𝑁𝐴 = −
𝐷

1−𝑤𝐴

𝑑𝐶𝐴

𝑑𝑥
        (2.2) 

 

 

Fig. 2.7 Gas permeation though a nonporous polymeric membrane 

 

2.4.2 Permeability [23, 25, 26] 

Membrane permeability (P) is usually affected by two main contributions: A thermodynamic 

contribution which is related to solubility (S) and characterized by the ability of the gas to sorb in 
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the membrane; and a kinetic contribution which is related to gas diffusion (D) and can be 

characterized by the rate at which the gas can pass across the membrane. 

The permeability of a polymer film to a penetrant A is given by: 

𝑃𝐴 =  
𝑁𝑙

𝑝0−𝑝1
         (2.3) 

Where P is the permeability coefficient, p0 is the upstream pressure; p1 is the downstream 

pressure, l is the film thickness, and N is the steady-state penetrant flux through the polymer 

film. 

When gas flux obeys Fick’s law, the permeability coefficient is: 

𝑃𝐴 = (
𝐶0−𝐶𝐿

𝑝0−𝑝1
) × �̅�                                            (2.4) 

 

The permeability coefficient is usually expressed in Barrers, where 1 Barrer = 1×10-

10cm3(STP)· cm/cm2·s·cmHg.  

Generally, gas diffusivity is derived from independently measured gas permeability and 

solubility. Typical experiments are designed so that p1<< p0 and CL<<C0. 

With this limit equation 2.4 is reduced to: 

𝑃𝐴 = 𝐷𝐴 × 𝑆𝐴           (2.5) 

where SA is defined as the apparent sorption coefficient or solubility of gas A in the polymer. 

Therefore, the average gas diffusivity can be calculated by measuring the gas permeability and 

gas solubility at a fixed upstream pressure p0 by: 
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D = P/S                   (2.6) 

In addition, gas transport through a membrane can also be expressed by the permeance or 

pressure-normalized steady-state flux [27], which is commonly expressed in cm3 

(STP)/cm2·s·cm Hg. Permeance is commonly expressed in Gas Permeation Units (GPU), where 

1 GPU = 10-6 cm3 (STP)/cm2·s·cmHg.  

2.4.3 Solubility [28] 

This research was focused on glassy materials, which limits the discussion of the gas 

solubility on this class of polymeric materials.  

Gas solubility, S, in a polymer is expressed as: 

𝑆 = 𝐶/𝑝            (2.7) 

Where C is the equilibrium concentration of the gas dissolved in the polymer, and p is the 

pressure of gas phase in the phase. For condensable gases, pressure is usually replaced by gas 

activity or relative pressure, p/psat, where psat is the gas saturation vapor pressure.   

 

2.4.4 Diffusion [19, 29] 

Gas diffusion is a quantitative measurement of the gas molecules mobility in the membrane, 

which is usually affected by three main parameters:  

 The gas molecules size: the smallest size is usually exhibiting the highest 

diffusion coefficient. In natural a gas sweetening process, carbon dioxide is smaller than 

methane in molecular size and therefore CO2 always diffuses faster than CH4. 
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 The packing tightness (free volume) and mobility of polymer chains. 

 The cohesive energy of the polymer. 

In this work, the gas diffusion coefficient was calculated using the time lag method. This 

method will be thoroughly discussed in the following section. 

 

 

2.4.5 Time lag method  

The time lag method is often used to estimate the gas diffusion coefficient across the 

membrane [30]. In general, the experimental permeation data are determined by a pressure 

increase in a defined volume with respect to time at a constant feed pressure. A typical 

permeation curve shows a linear increase in pressure at steady-state with time after an initial 

transient state, as indicated in Fig.2.8.   

For a slab-like isotropic membrane film, the gas diffusion coefficient can be expressed by the 

following equation: 

𝐷 =
𝑙2

6𝜃
                                                                                                                            (2.8) 

Where l is the thickness of the membrane used in the permeation experiment and θ is the 

time lag of the permeation. The downstream pressure response was used for the time lag 

calculation. The time lag is defined as the time needed for the gas to leave the transient state and 

establish equilibrium (steady state), as indicated in Fig. 2.8. The time lag was estimated by 

extrapolating the permeate pressure to the time axis, x-intercept, after reaching steady-state 
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permeation. To ensure reliable calculations for diffusion coefficients, steady-state readings over 

a range of at least six to ten time lags were used. 

 

 

Fig. 2.8 Graphical representation of a time-lag experiment using  the constant volume/variable-

pressure technique. 

 

2.4.6 Selectivity  

Membrane selectivity is a major property for characterization of gas separation membranes 

as it determines the product purity that can be achieved for a given application. The ideal 

selectivity of a polymeric film for gas A relative to gas B is defined as the ratio of their pure gas 

permeability coefficients [25, 29]: 

 

𝛼𝐴/𝐵 =
𝑃𝐴

𝑃𝐵
  (2.9)       
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Because the permeability is the product of solubility and diffusivity, the ideal selectivity can 

be expressed as the product of the two ratios:  

 

𝛼𝐴/𝐵 = (
𝑆𝐴

𝑆𝐵
) × (

�̅�𝐴

�̅�𝐵
)  (2.10)      

 

where the first term, SA/SB, is called solubility selectivity and the second is the diffusivity or 

mobility selectivity DA/DB.  

 

2.4.7 Plasticization 

Plasticization occurs when sorbed gas molecules increase the segmental mobility and the free 

volume in a glassy polymer. As a result, the diffusion coefficients of all penetrants in the 

membrane are increasing significantly. Typically, this undesired phenomenon occurs when the 

concentration of the sorbing penetrant is high or at high pressures of a highly sorbing species. 

Plasticization phenomena have been investigated by a number of researchers [13-16, 31-41]. 

Permeability isotherms can commonly characterize the plasticization behavior of membranes, as 

indicted in Fig. 2.9. An upswing in CO2 and CH4 permeabilities is a typical indication of 

swelling and plasticization. The plasticization pressure is usually defined as the pressure at which 

the permeability starts to increase by increasing the feed pressure. Condensable gases with high 

critical temperature, such as CO2 and aromatic hydrocarbons commonly present in raw natural 

gas, are known to strongly interact with glassy polymers, which makes plasticization an 

especially problematic in natural gas separation. The effects of CO2 plasticization in CO2/CH4 

separation is qualitatively shown in Fig. 2.9. As CO2 partial pressure increases, the onset of 
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plasticization results in upswings in both CO2 and CH4 permeabilities in mixed-gas testing. In 

some cases, plasticization can be demonstrated by testing pure-gas component permeability as 

function of feed pressure, as shown in Fig. 2.9 for pure CO2 permeation. In mixed-gas 

environment, plasticized membranes show much lower selectivity than when tested under ideal 

pure gas conditions, as illustrated in Fig. 2.9. 

 

 

 

Fig. 2.9 Schematic showing plasticization effects on membrane separation performance. 

Plasticization causes an increase in permeability as pressure of sorbed penetrant increases. 

 

Co-permeation is a different phenomenon than plasticization. These two phenomena are 

linked by the so-called frame of reference as will be explained below. In mixed-gas permeation, 

the flux of each penetrant present in the feed gas can be very dependent on the concentrations of 
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each other [42]. The flux of each component in the gas feed is actually a sum of the diffusive 

flux and the bulk (convective) flux in polymer membrane. 

This means that in case of CO2/CH4 separation, when the flux of CO2 is large, its coupling 

with CH4 can cause the contribution of convective flux and diffusive flux of CH4 to be of the 

same magnitude. As a result, the faster penetrant drags the slower penetrant to have the same 

speed, which results in lower selectivity. 

 

2.4.8 Competitive sorption   

In all mixed-gas permeation experiments, each component in the feed competes for available 

sorption sites in the membrane matrix which makes their relative concentration lower than their 

pure-gas concentration at an equivalent penetrant partial pressure [23, 43]. The gas 

condensability is the key factor in the competitive sorption phenomena because the more 

condensable gas competes with the less condensable one and the overall mixed-gas solubility 

selectivity favors the more condensable gas (i.e. CO2) [13, 39, 44]. In this case, the permeability 

of each gas in the mixture will be affected equally assuming there is no plasticization. However, 

the more condensable gas can dilate the polymer chain and increase the intersegmental mobility 

of the polymer matrix causing large increase in the diffusion of the large molecules. This 

undesirable result leads to a decrease in the mixed-gas selectivity. 

 

2.4.9 Sorption in glassy polymers 

 Gas sorption in glassy polymers is different than in rubbery polymers as their isotherms are 

usually concave to the pressure axis at low pressures and linear at higher pressures, as shown in 
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Fig. 2.10.  The pressure dependence of gas sorption in glassy polymers can be described by the 

dual-mode model, which accounts for two separate environments of sorption. In this model, gas 

molecules sorb in two different regions of the polymer: (i) a densely packed region which is 

referred to as Henry’s or dissolved mode and (ii) non-equilibrium free volume microvoids in the 

polymer matrix which is known as hole-filling or Langmuir mode [29, 45-48].  

The sum of these two contributions is the dual-mode sorption capacity in a glassy polymer, 

which is given by: 

C=CD+CH                     (2.11) 

Where C is the total concentration of penetrant in the polymer, CD is the penetrant 

concentration in the dissolved mode, and CH is the penetrant concentration in the Langmuir 

mode. 

CD is described by a Henry’s law expression and CH is related to a Langmuir contribution. 

The dual-mode model can be then described as: 

𝐶 = 𝑘𝐷𝑝 +
𝐶′𝐻𝑏𝑝

1+𝑏𝑝
                   (2.12) 

Where kD is the Henry’s law constant, C’H is the Langmuir capacity constant, b is the 

Langmuir affinity constant, and p is the penetrant pressure. 
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Fig. 2.10 Dual-mode sorption in glassy polymers. 

 

2.5  Polymeric membranes for gas separations: gas sweetening 

In all natural gas processing applications, polymeric membranes are used exclusively because 

they are relatively inexpensive and can be easily produced [49]. Inorganic materials show 

potentially high performance on small laboratory scale but cannot compete with polymeric 

membranes on the commercial scale due to their high cost, poor mechanical properties and 

difficulty in module fabrication. Polymeric membranes can generally be classified either as 

glassy or rubbery and their use depends on the application [50]. Glassy polymers are rigid, 

whereas rubbery polymers are soft and flexible. Compared to rubbery membranes, glassy 

polymeric membranes exhibit higher glass transition temperature and have higher CO2/CH4 

selectivity due to their better size-sieving capabilities [51].  

Plasticization is considered a major problem when handling moderate to high CO2 content 

feed streams with a noticeable reduction in membrane performance at elevated pressure. A rise 
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in permeability for all gas components can be clearly noticed when the membranes are exposed 

to CO2 due to swelling and dilation of the polymer, which leads to a decrease in the selectivity of 

the membrane [13-15]. 

Three major factors need to be considered when designing new materials for natural gas 

sweeting applications: (i) processability, with intrinsic transport properties and adequate 

mechanical properties; (ii) control of the morphology needed to use these materials in practical 

asymmetric and composite membranes; (iii) testing under practically realistic feed mixture 

conditions to have a clear insight to the real behavior of the new membranes [1, 9, 20, 49, 52-

54].    

The scientific efforts and successes in designing and synthesizing new materials for natural 

gas sweetening are summarized in Fig. 2.9. According to a statistical study [54], the CO2/CH4 

application received the largest attention in patents compared to other gas separation 

applications, as illustrated in Fig. 2.10 [54]. 

  

Polymers of intrinsic microporosity (PIMs) are not like most conventional glassy polymers, 

which have flexible backbones that give them the ability to pack together relatively efficiently 

[55-65]. Originally, PIMs were developed by Budd and McKeown at the University of 

Manchester in 2002 [55-65].  The first PIMs were based on ladder polymers containing a rigid 

spirobisindane unit, which severely restricts the polymer intrasegmental chain packing, and, 

thereby, creating microporosity.  
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Fig. 2.11 Number of publications on CO2/CH4 separation from ~1980 - 2005, adopted from [54] 

 

 

Fig. 2.12 Patents on membrane-based gas separations until 2005, adopted from [54]. 

 

PIMs are rigid, thermally stable materials [55-65] with essentially no rotational freedom in 

the backbone. This leads to noticeable increase in the polymer free volume as indicated by BET 
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surface areas of up to 800 m2/g [55-65]. In addition, PIMs are amorphous and solution-

processable for membrane formation. Among all PIMs materials, PIM-1 was studied intensively 

by several research groups [66-89] whereas other PIMs have not received much attention due to 

the complexity of the polymers synthesis and high price of raw materials. PIM-1 demonstrated 

extremely high gas permeability but selectivity, especially for CO2/CH4, was too low to be 

attractive for commercial membranes. Attempts to achieve higher selectivity were reported by 

crosslinking [84, 90, 91], thermal oxidative crosslinking [91] and functionalization of PIM-1 

[73].   

Another approach to develop PIMS is the integration of micropores into glassy polyimides 

[56, 57]. PIM-polyimides (PIM-PIs) are the most permeable polyimides known with selectivities 

close to the upper bound for several important gas pairs [56, 57]. The most recent studies by 

Pinnau’s group [92-99] on PIM-PI membranes, known as KAUST-PIs showed excellent 

transport properties for O2/N2, H2/CH4 and CO2/CH4 separation significantly exceeding the 

tradeoff curves [100, 101]. 

 

2.6 Polyimides  

The first aromatic polyimides were produced in 1908 by Marston Bogert and in 1955 high 

molecular weight polyimides were synthesized [102-107]. Since then, the interest in this type of 

polymer class has been growing steadily (Fig.11.2), because of their high thermal stability and 

high mechanical strength [108-116]. In addition, polyimides became candidate membrane 

materials for natural gas separation in addition to other applications. Aromatic polyimides 

membranes offer excellent CO2/CH4 separation properties and stability [108-116].  
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However, existing polyimides have some limitations, which include ideal combination of 

high permeability and permselectivity, plasticization resistance and physical aging. Therefore, 

the two main research challenges in this research were: achieving high gas selectivity without 

significant decrease in gas permeability and overcoming aging and plasticization to maintain the 

long-term gas separation performance [108-116].  

These challenges can be solved by structural modifications of custom-designed polyimides, 

which can be achieved by either (i) altering the linkage in the polyimide backbone, (ii) 

introducing pendant polar groups to the diamine moiety or by (iii) copolymerization.  This work 

was focused on the effect of introducing the hydroxyl group to the short aromatic diamine in 

different concentrations. 

 

Fig. 2.13 Number of publications related to polyimide membranes since the 1970s [117]. 

 

 



75 
 

2.7 Hydroxyl-containing polyimides 

As stated in the previous section, introduction of polar pendant groups to the main chain of 

polyimides is considered to be a major structural modification that can have large impact on all 

physical properties of the polymer. Hydroxyl-group containing polyimides have been studied by 

different researchers to investigate their potentials in natural gas separation, especially for carbon 

dioxide removal from methane. Stern’s group invented a series of new polyimide polymers 

containing hydroxyl groups that exhibited the highest CO2/CH4 selectivity reported to date [118]. 

For example, membranes based on 2,2-bis(3,4-dicarboxyphenyl) hexafluoropropane 2,4-

diaminophenol (6FDA-DAP) and 2,2-bis(3,4-dicarboxyphenyl) hexafluoropropane) 4,6-diamino-

resorcinol (6FDA-Rsol) showed CO2/CH4 selectivities of 94 and 75, respectively. However, 

these high selectivities were combined with low CO2 permeability, typically < 10 Barrer, which 

was a challenging research task in the work reported here. Different diamine moieties of 6FDA-

based polyimides were also investigated by Park [119] and Jung [120] to investigate the effect of 

polar groups, including hydroxyl groups. Their work confirmed the high selectivity but low 

permeability of the polyimides of hydroxyl-functionalized polyimides. Kim tested both a dense 

isotropic film and a thin-film composite membrane of 6FDA-DAP and reported CO2/CH4 

selectivities of 86 and 87, respectively [121, 122]. Another interesting study on physical aging of 

an OH-containing polyimide was performed by Rusakava et al. which indicated a slow decrease 

in permeability for some gases and a sharp decrease for other gases including carbon dioxide 

[123]. A number of studies were performed on the optimization of the synthetic procedures of 

hydroxyl-containing polyimides derived from short and long diamines [124-132].  All these 

studies are in full agreement on the positive effect of hydroxyl groups on the gas transport 

properties of polyimides; however, these investigations were not carried out in a systematic way 
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and most studies were only performed on 6FDA-based polyimides using pure-gas testing, except 

6FDA-mPDA which was tested with a CO2/CH4 mixture but showed very poor resistance against 

plasticization [133]. 

2.8 Current and projected commercial materials for CO2/CH4 separation  

The first commercialized membrane for CO2/CH4 separation was introduced in the 1980s 

using dried cellulose acetate [2, 7]. The CO2/CH4 selectivity of cellulose acetate is about 15 or 

less when tested under normal high-pressure natural gas operating conditions. This relatively low 

mixed-gas selectivity is much inferior to the selectivity calculated from pure-gas experiments 

(~33) and reflects the effect of plasticization-induced dilation of the polymer by carbon dioxide 

and heavier hydrocarbons [2, 7, 13, 14, 44, 134, 135].  Recently, cellulose acetate was partially 

replaced by commercially available polyimide membranes with very small enhancement in 

selectivity of about of 20-25 [2, 7].  Consequently, there is a quest to develop novel materials for 

membranes with enhanced selectivities and permeabilities and to study the economic effects of 

applying new materials in commercial applications. 

In 2002, Baker reported a case study to compare system performance using existing cellulose 

acetate membranes and yet-to-be-developed high-performance membranes with a hypothetical 

mixed-gas selectivity of 40 to treat a 10 MMSCFD gas stream containing 10% carbon dioxide as 

shown in Fig. 12.2 [2, 7].  To make it more practical and closer to reality, the same study was 

investigated in this work with some changes in the process parameters and material properties 

[67] as follows and shown in Fig. 12.2:  

• Total feed was scaled up from 10 MMSCFD to 1000 MMSCFD. 

• Two different pressure ratios were simulated: 17 and 20. 
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• Three additional selectivities were simulated: 50, 60 and 70. 

• Two system recoveries were studied: 89and 99.3%. 

 

 

 

 

 

 

 

 

Table 2.4 shows the detailed results of this modified study for a recovery of 89% and feed-

to-permeate pressure ratios of 17 and 20 in order to provide a realistic comparison. Higher 

selectivity leads to smaller methane loss, which is the main target here. However, increasing the 

selectivity will not further decrease the methane loss significantly, as shown in Fig. 2.15. 

Reaching a CO2/CH4 selectivity of 70 will reduce the methane loss from 22 to 4% and the very 

significant processing cost savings in this case will reach about 82% .  

The effect of pressure ratio is in agreement with the study by Baker for different applications 

[136], which was also confirmed by Alshehri et al. for olefin/paraffin separation [137, 138]. An 

optimum membrane may indeed not be the one with the highest selectivity since the process-

dependent pressure ratio is another key parameter that needs to be taken in consideration. This 

 

 

 

Feed gas 

1000 MMscfd 

1000 psia 

10 % CO
2
 

Product gas 

890 (993) MMscfd 

1000 psia 

<2 % CO
2
 

Permeate gas 

110 (7) MMscfd 

50 psia 

X % CH
4
 

Fig. 2.14 Existing process design used commercially for natural gas sweetening. Adapted from 

reference [7]. 
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conclusion is very clear from the simulation data in Table 2.4. A membrane with a selectivity of 

60 with a pressure ratio of 20 is performing better than a membrane with a selectivity of 70 and a 

pressure ratio of 17. 

 

Table 2.4 Comparison of a standard CA membrane and a yet-to-be-developed high- performance 

polyimide membrane in natural gas sweetening. Model conditions: 1000 psia, 10% CO2 feed, 2% 

CO2 in product, (2 stage, recycle, 2 different pressure ratios) 

Pressure Ratio = 17, Recovery = 89% 

Membrane 
Selectivity 

CO2/CH4 

CO2 Permeance 

(GPU) 

Methane 

Loss % of 

Permeate 

Money Loss 

Million 

USD/Year 

Savings  % 

CA 15 50 22.3 71.6 - 

PI-1 40 100 6.7 21.5 70 

PI-2 50 100 5.6 18.0 75 

PI-3 60 100 4.9 15.7 78 

PI-4 70 100 4.5 14.5 80 

Pressure Ratio= 20, Recovery = 89% 

Membrane 

Selectivity 

CO2/CH4 

CO2 Permeance 

(GPU) 

Methane 

Loss % of 

Permeate 

Money Loss 

Million 

USD/Year 

Savings % 

CA 15 50 22 70.7 - 

PI-1 40 100 5.3 17.0 76 
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PI-2 50 100 4.8 15.4 78 

PI-3 60 100 4.3 13.8 80 

PI-4 70 100 4 12.8 82 

 

 

Fig. 2.15 Percentage methane loss as a function of CO2/CH4 selectivity for two different feed-to-

permeate pressure ratios. 
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Chapter 3. Materials and Methodologies  

This PhD thesis work presents the original physical properties and gas transport properties 

data for six glassy polyimides and eight glassy functionalized polyimides blends. The generated 

data in this work are also compared with previously reported data in the literature. 

Structure/property relationships were investigated based on the existence or absence of the 

functional polar groups (hydroxyl or carboxyl) in the diamine moiety. 

The experimental techniques used in material characterizations and in the measurements of 

both pure- and mixed-gas transport properties are described in detail. The presence of hydroxyl- 

or carboxyl groups in different diamines used in the synthesis of polyimides was demonstrated 

for tailoring this type of materials for use in membrane-based gas sweetening or air separation 

applications.   

 

 

3.1 Materials 

Polycondensation between a dianhydride and diamine in a two-step route is typically used for 

the synthesis of polyimides, as shown in the generic scheme in Fig. 3.1 [1-6]. In this work, all 

polyimides were synthesized using a one-step protocol, as presented in Fig. 3.2, without casting 

the polyamic acid followed by thermal imidization in the final step [1-4]. Herein, the polyimides 

were synthesized via the cycloimidization reaction between equimolar amounts of dianhydride 

and diamine monomers in m-cresol and presence trimethylamine and benzoic acid for the 

hydroxyl-containing polyimides. In brief, the initial solution was stirred under nitrogen 

environment for at least 5 minutes to form a homogeneous solution. Then, isoquinoline was 

added as catalyst and the reaction temperature was gradually increased to 200 °C and then held at 

this temperature for at least 4 h under controlled nitrogen flow. During the course of the reaction, 
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toluene was added to remove traces of water.  After cooling the solution to 80 °C it was 

precipitated either in pure methanol or in water/methanol. The produced crude polymer was 

filtered and dried in vacuum oven at 120 °C for 24 h. *   

 

 

Fig. 3.1 General two-step synthetic procedure for polyimides. 

 

*Material synthesizes were performed by polymer chemistry researchers in Pinnau’s 

group. 
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Fig. 3.2 General one-step cycloimidization synthetic procedure for polyimides. 

 

 

3.1.1 Dianhydrides 

 

Two main dianhydrides were used in this research as shown in Table 3.1, one is 

commercially available and the second was synthesized as described in the chemistry section. 

4,4’-(Hexafluoroisopropylidene)diphthalic dianhydride (6FDA) is commercially available with 

purity >99% and was in this work used after sublimation. This dianhydride is often used as 

anhydride building block when preparing polyimides for gas separation purposes [7-19]. The 

other dianhydride (TPDA), which is triptycene-based with 9,10- isopropyl functionality, was 

used as the first structural modification step to introduce ultramicroporosity and to shift the 

polyimide to the PIM-polyimide type. The full synthetic procedure for TPDA is reported 
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elsewhere in the literature including the basic chemistry characterizations such as NMR and 

FTIR [20-26].      

 

Table 3.1 Dianhydrides chemical structures used in this research 

Nomenclature  Chemical Structure 

4,4′(hexafluoroisopropylidene) diphthalic 

anhydride 

 
 

 

TPDA 

 

 

3.1.2 Diamines 

 

Two series of diamine building blocks were used in this work, commercially available 

diamines and in-house synthesized diamines. All functionalized diamines in this work contained 

either carboxyl- or hydroxyl-containing groups. For comparison, polyimides were also made 

from two non-polar diamines, as shown in Table 3.2.   The commercially available diamines are 

commonly used to prepare polyimides for different applications, including gas separation [27-

40]. The in-house made diamines were reported previously in the literature [41, 42]. 
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Table 3.2 Diamines chemical structures used in this research. 

Nomenclature  Chemical Structure 

1,3-Phenylenediamine (mPDA)  

 

2,4-Diaminophenol (DAP) 
 

 

4,6-Diaminoresorcinol (DAR) 
 

 

3,5-Diaminobenzoic acid (DAPA) 

 

2,6 (7)-dihydroxy-3,7(6)-diaminotriptycene 

 

3,3,3′,3′-Tetramethyl-1,1′-spirobisindane-5,5′-

diamino-6,6′-diol 
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3, 3, 3’, 3’-Tetramethyl-1,1’-spirobisindane-6,6’ 

(5’) diamine 
 

 
 

 

3.2 Film casting and treatment 

3.2.1 Materials in Chapter 4  

 

Solutions (5 wt/vol%) of 6FDA-mPDA in chloroform and 6FDA-DAP or 6FDA-DAR in 

acetone were filtered through 0.45 μm polypropylene filters and isotropic films were obtained by 

slow evaporation of the solvents at room temperature from a levelled glass Petri dish. To remove 

any traces of residual solvent, the dry membrane of 6FDA-mPDA was soaked in methanol for 12 

h, air-dried, and then post-dried at 120 °C in a vacuum oven for 24 h. 6FDADAP and 6FDA-

DAR films could not be soaked in methanol due to excessive swelling. Therefore, films dried at 

120 °C were post-dried at 200 °C in a vacuum oven for 24 h. The resulting tough films with 

thickness of 55 ± 5 μm were used for gas permeability measurements. Prior to any gas 

permeation test, TGA experiments were performed to confirm that the polyimide films were 

solvent-free. Film thickness and effective area for gas permeation measurements were 

determined by a digital micrometer and scanner, respectively. 

3.2.2 Materials in Chapter 5 

 

Solutions of TPDA-mPDA in chloroform (5 wt/vol%) and TPDA-DAR in DMAc were 

filtered through 0.45 µm polypropylene filters and isotropic films were obtained by very slow 
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evaporation of the solvents at room temperature from a leveled and covered glass Petri dish. To 

remove any traces of residual solvent, the dry membranes were soaked in methanol for 24 h, air-

dried, and then post dried at 120 °C in a vacuum oven for 24 h. Complete casting solvent 

removal was confirmed by TGA measurements. The resulting tough and mechanically strong 

films with thickness of 40 ± 5 µm were used for gas permeability measurements. Film thickness 

and effective areas for gas permeation measurement were determined by a digital micrometer 

and scanner, respectively. 

3.2.3 Materials in Chapter 6 

 

Solutions of 6FDA-DAT1-OH in tetrahydrofuran (THF) (5 wt/vol%) were filtered through 

0.45 μm polypropylene filters and isotropic films were obtained by slow evaporation of the 

solvents at room temperature from a levelled glass Petri dish. To remove any traces of residual 

solvent, the dry membranes was air-dried, post-dried at 120 °C in a vacuum oven for 24 h and 

then treated at 200 °C in a vacuum oven for 24 h . The resulting tough films with thickness of 75 

± 5 μm were used for gas permeability measurements. Film thickness and effective areas for gas 

permeation measurement were determined by a digital micrometer and scanner, respectively. 

Complete casting solvent removal was confirmed by TGA measurements. 

 

3.2.4 Blend materials in Chapter 7 

 

The desired amount of powder from each polyimide according to the targeted blend ratio was 

put together in one vial. Then, tetrahydrofuran (THF) was added to dissolve the powders and 

kept under stirring for 24 h. After that, the homogeneous solution was filtered through 0.45 μm 
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polypropylene filters and isotropic films were obtained by slow evaporation of the solvents at 

room temperature from a levelled glass Petri dish. To remove any traces of residual solvent, the 

dry membranes was air-dried, post-dried at 120 °C in a vacuum oven for 24 h and then treated at 

200 °C in a vacuum oven for 24 h. The resulting tough films with thickness of 45 ± 5 μm were 

used for gas permeability measurements. Film thickness and effective areas for gas permeation 

measurement were determined by a digital micrometer and scanner, respectively. Complete 

casting solvent removal was confirmed by TGA measurements. 

 

3.3 Film masking  

All films tested in this work were initially placed between two pieces of aluminum tape to 

expose a measurable membrane area. The interface section between the aluminum and the films 

was tightly masked with high quality epoxy glue (allowed to cure for 24 h) in order to prevent 

any potential leakages through the interface section especially in high pressure experiments. 

Then, the epoxy-sealed and masked sample was placed in the right position in the permeation 

cell and the final layer of the aluminum tape was placed on top of the masked sample to mount it 

firmly in the permeation cell, as illustrated in Fig. 3.3.  After that, the permeation cell was tightly 

closed and then exposed to the degassing process (vacuum) from both downstream and upstream 

sides for at least 24 h and at 35 °C  
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Fig. 3.3 Film mounting and masking steps in the permeation cell. 

 

 

3.4 Characterization techniques 

 

3.4.1 Thermal gravimetric analysis (TGA) 

 

The thermal stabilities of all polyimides film samples in this work were determined by 

thermogravimetric analysis [43, 44], (TA, Q-5000) in a controlled nitrogen atmosphere, as 

shown in Fig. 3.4. Roughly, between 5 mg to 10 mg of each polyimide film were placed in high-

temperature pan that can be operated up to 900 °C. First, the samples were conditioned at 100 °C 

for 15 minutes and then ramped to 800 °C at rate of 3 °C/min. In addition to determination of the 
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thermal stability of the polymers, this technique was also used to assure that the polymer samples 

were free of solvents used for their synthesis or film casting solvent, as shown in Fig. 3.5   

 

 

Fig. 3.4 Thermal gravimetric analysis apparatus (TA, Q-5000). 

 

 

Fig. 3.5 Example of temperature scan of a polyimide sample by TGA experiment. 
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3.4.2 Differential scanning calorimetry (DSC) 

 

The glass transition temperature, Tg, of a selected number of dense polymer films was   

characterized by using differential scanning calorimetry (DSC) [43-45]. The samples were tested 

with two consecutive scans at a heating rate of 10 °C min-1 from 50 to 400 °C. The first cycle of 

ramping and cooling was to eliminate any thermal history of the samples. The Tg of each sample 

was determined based on the mid-point transition temperature of the second heating curve. Fig. 

3.6 shows a photograph of the DSC apparatus used in this project and Fig. 3.7 is an example of a 

representative DSC scan. 

 

 

Fig. 3.6 DSC apparatus used in this work to determine the glass transition temperature of the 

polymer samples. 
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Fig. 3.7 Schematic graph of a temperature scan from a DSC experiment. 

 

3.4.3 Brunauer-Emmett-Teller (BET) 

 

The BET method is a well-established technique reported for the first time in 1938 by  

Stephen Brunauer, Paul Hugh Emmett, and Edward Teller [46], as shown in Fig. 3.8 (“BET” 

consists of the first initials of their family names). This technique is extensivly used to determine 

the surface areas of porous materials from the generated gas sorption isotherms. The use of this 

essential method was recently expanded to measure the surface areas and pore size distributions 

for microporous polymeric materials [46-52]. It mainly based on an equation for sorption 

isotherm having the following format :  

𝑝

𝑛𝑎 (𝑝0−𝑝)
=

1

𝑛𝑚
𝑎 𝐶

+
(𝐶−1)

𝑛𝑚
𝑎 𝐶

𝑝

𝑝0
                                                                                                                        

(3.1) 
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where na is the amount of gas molecules adsorbed at the relative pressure p/p0, 𝑛𝑚
𝑎  is the 

capacity of the monolayer, p0 is the saturation pressure of the gas and C is a constant related to 

the shape of the isotherm which is also considered to be a qualitative measurement of the heat of 

adsorption. The BET area can be calculated using the following equation when the cross 

sectional area of the probe gas molecule is known:  

A (BET) = 𝑛𝑚
𝑎 L(am)                                                              (3.2) 

L in the above equation is Avogadro constant.  

 

 

Fig. 3.8 Inventors of BET theory: Stephen Brunauer, Paul Hugh Emmett, and Edward Teller 

 

Nitrogen (-196 °C) and carbon dioxide (0 °C) sorption measurements were performed up to 1 

bar using a Micromeritics ASAP-2020 apparatus equipped with a micropore upgrade. Powder 
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samples of all homopolyimides were dried at 150 °C under high vacuum for 24 h before 

measurement. All data were collected and analyzed using ASAP 2020 software version 4.02. The 

BET surface area was obtained from the N2 isotherm at -196 °C at relative pressures of 0.1< 

p/po< 1.0, where po = 1 bar is the saturation pressure for N2 and p is the gas pressure. Maximum 

pore volumes were identified at p/po< 0.99 of the N2 isotherm. NLDFT (non-local density 

functional theory) analysis of the N2 isotherms permits qualitative assessments of structural 

changes that occur upon hydroxyl functionalization of selected polyimides. Fig. 3.9 shows the 

BET instrument used in this work. 

 

 

Fig. 3.9 BET apparatus used in this work  (Micromeritics ASAP-2020). 
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3.4.4 Wide-angle X-ray diffraction (XRD) 

XRD is a nondestructive technique that is widely used to determine structural materials 

properties such as lattice parameters (4-10 Å), strain and grain size. In addition, XRD is used to 

identify crystalline phases and orientation, to measure thickness of thin films and multi-layers 

and to determine atomic arrangement. In this work, this technique was used to measure the 

atomic distance between polymer chains or so-called average d-spacing [53, 54]. XRD scattering 

was conducted on a Bruker D8 Advance diffractometer as illustrated in Fig. 3.10 to analyze pore 

sizes of polymeric materials.  

 

Fig. 3.10 Bruker D8 Advance diffractometer. 

 

The Bragg equation is used to calculate the average distance between polymer chains (d-

spacing):  

n λ=2d sin(θ)                                                                                     (3.3) 
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In the above equation, λ is the wavelength of incident x-ray beams on a lattice with planes 

separated by distance d, n is an integer, and θ is the Bragg angle. All values of 2-theta were 

obtained from the maximum intensity points in the Bragg scattering peak, as illustrated in Fig. 

3.11. 

 

Fig. 3.11 Example of a typical scan of a polymer sample by XRD experiment. 

 

3.4.5 Fluorescence spectroscopy (CTC) 

 

Fluorescence excitation (excited at 350 nm) and emission spectra were collected against 

wavelength for dense polymer films (~55 μm) on a PerkinElmer LS45set up in a 90° 

arrangement with fixed 10 nm slits. These measurements were conducted to investigate the 

potential formation of charge transfer complexes in the polyimides [55-58]. 
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3.4.6 Gel permeation chromatography (GPC)  

 

Gel permeation chromatography (GPC) was used to characterize the molecular weights of all 

soluble polyimides in this work (Agilent GPC 1200, shown in Fig. 3.12). Polystyrene standards 

were used for calibration. THF was used as the solvent for polyimides. The concentration for 

each polyimide powder sample dissolved in THF was 0.005 wt%. All tests were performed at a 

flow rate of 1 ml/min at 35 °C. An example of the graphical data obtained from such experiment 

and polymer molecular weight is shown in Fig.3.13. 

 

Fig. 3.12 Agilent GPC 1200 instrument. 
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Fig. 3.13 Graphical data obtained from a typical GPC experiment. 

 

 

3.4.7 Fourier transform infra-red spectroscopy (FTIR) 

 

Chemical structural changes upon polar functionalization in the polyimides, blends and 

thermally rearranged membranes were analyzed by using Fourier transform infrared 

spectroscopy (FTIR) 8400 spectrometer in the range 500-4000 cm-1. All reported spectra were 

obtained with an average of 32 scans at a resolution of 4 cm-1. 

 

3.4.8 Density measurement 

 

The densities of dense polyimide films were measured using a Mettler Toledo balance 

equipped with a density kit apparatus. The Archimedean principle was applied by measuring the 
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weight of polyimide films in air and iso-octane. Finally, the density of each polyimide film was 

calculated using the following equation:  

𝜌𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 = [
𝜔𝑎𝑖𝑟

𝜔𝑎𝑖𝑟−𝜔𝑜𝑐𝑡𝑎𝑛𝑒
∗ (𝜌𝑜𝑐𝑡𝑎𝑛𝑒 − 𝜌𝑎𝑖𝑟)] + 𝜌𝑎𝑖𝑟                                                                (3.4) 

 where wair and woctane are the film weights in air and iso-octane, respectively.  

 

3.4.9 Dynamic Mechanical Analysis (DMA) 

 

A TA Instruments Q800 dynamic mechanical analyzer (DMA), shown in Fig. 3.14, was used 

in this work to obtain stress-strain plots at room temperature under controlled forced oscillation 

mode. Rectangular samples were used in this type of tests with known length, thickness and 

width. Each polyimide film sample was treated by the same treatment protocol as applied for gas 

permeation tests before it was installed in the DMA apparatus. The mechanical responses were 

obtained by applying a tensile force at a fixed rate of 1 N/min up to the maximum force of 18 N 

at constant frequency of 1 Hz. In each curve, the Young’s modulus was determined from the 

initial slope in the elastic arena at strain levels below 2.5% using Hook’s law: 

E = σ/ε                                                                                                                           (3.5) 

Influence of moisture could be ignored in these experiments because they were conducted 

under nitrogen purge at a rate of 10 mL/min. An example of a stress-strain curve obtained from a 

DMA analysis is shown in Fig. 3.15. In addition to mechanical property measurements, TGA 

was also used to determine the glass transition temperature of the polyimides [43-45, 49].  
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Fig. 3.14 Dynamic mechanical analysis (TA Instruments Q800) used to measure mechanical 

properties. 

 

 

Fig. 3.15 Example of mechanical properties data obtained from DMA experiments. 
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3.4.10 Pure-gas permeation 

 

The pure-gas permeation measurements were conducted with a custom-designed permeation 

system using the constant-volume/variable-pressure method, as illustrated in Fig. 3.16 and Fig. 

3.17. 

The permeation test procedure started by placing a polyimide film, mounted and sealed 

between two aluminum foils, in the permeation cell and applying vacuum on the high- and low-

pressure sides of the film for at least 24 hours. Then, the gas reservoir V1 was filled with gas to 

the required test pressure from a gas cylinder through a pressure regulator and inlet valve. 

Thereafter, the gas was introduced to the feed-side of the film in the permeation cell by opening 

its upstream valve. The permeability was calculated from the steady-state rate of increase in 

pressure of the gas (dp/dt) in the second gas reservoir V2, which is located downstream the 

permeation cell using the following equation: 

𝑃 =
𝑉𝐿

𝐴𝑇∆𝑝×0.278
×

𝑑𝑝

𝑑𝑡
× 1010      (3.6) 

where P, V, L, A, T, Δp are the permeability coefficient, volume of the downstream gas 

reservoir (V2), membrane thickness, membrane area, operating temperature and the difference 

between the upstream and downstream pressure, respectively.  

The entire permeation test series was completed using one film for all gases. After each 

permeation test, the sample was degassed at least for 24 hours. Physical aging did not affect the 

gas permeation results, because nitrogen and methane permeabilities were re-tested after 

completing the entire test series and showed essentially the same values. 
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Fig. 3.16 Pure-gas permeation system. 

 

 

 

Fig. 3.17 Process flow diagram for the KAUST pure-gas permeation system. 
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3.4.11 Mixed-gas permeation 

 

The mixed-gas permeation measurements of all tested polyimides were performed at 35 °C 

using a custom-designed mixed-gas permeation system similar to that described by O’Brien et al. 

[59].  The feed gas mixture contained 50 vol.% CO2 and 50 vol.% CH4 and the pressure was 

varied between 2 and 40 bar. The stage-cut, that is, the permeate flow rate to feed flow rate, was 

set at 0.01. Under these conditions, the residue composition was essentially equal to that of the 

feed gas. CO2 and CH4 concentrations in the permeate were detected with a gas chromatograph 

(Agilent 3000A Micro GC) equipped with a thermal conductivity detector as illustrated in Fig. 

3.18 and Fig. 3.19. The mixed-gas permeability was calculated by: 

 

 𝑃𝐶𝑂2
= 1010 𝑦𝐶𝑂2𝑉𝑑𝐿

𝑥𝐶𝑂2𝑝𝑢𝑝𝐴𝑅𝑇

𝑑𝑝

𝑑𝑡
                                              (3.7) 

 

𝑃𝐶𝐻4
= 1010 𝑦𝐶𝐻4𝑉𝑑𝐿

𝑥𝐶𝐻4𝑝𝑢𝑝𝐴𝑅𝑇

𝑑𝑝

𝑑𝑡
                                                         (3.8) 

 

where P is the permeability (barrers) (1 barrer =10−10 cm3(STP)·cm/cm2·s·cmHg, pup is the 

upstream pressure (cmHg), dp/dt is the steady-state permeate-side pressure increase (cmHg/s), Vd 

is the permeate volume (cm3), L is the membrane thickness (cm), A is the effective membrane 

area (cm2), T is the operating temperature (K), and R is the gas constant (0.278 cm3 

cmHg/(cm3(STP)·K), and y and x are the mole fractions in the permeate and feed respectively. 

The CO4/CH4 selectivity was obtained from: 
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𝛼𝐶𝑂2/𝐶𝐻4
=

𝑦𝐶𝑂2/𝑦𝐶𝐻4

𝑥𝐶𝑂2/𝑥𝐶𝐻4

      (3.9) 

 

 

Fig. 3.18 Process flow diagram for the KAUST mixed-gas permeation system. 

 

 

Fig. 3.19 Mixed-gas permeation system (KAUST design). 
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Chapter 4. Pure- and Mixed-Gas Permeation Properties of Highly Selective 

and Plasticization Resistant Hydroxyl-Diamine-Based 6FDA Polyimides 

for CO2/CH4 Separations 

This chapter presents the physical properties and transport properties of existing 6FDA based 

hydroxyl-containing polyimides. Three 6FDA-based polyimides made from commercial 6FDA 

and OH-containing diamines were selected to gain preliminary sense of the effect of introducing 

hydroxyl functionality to the diamine moiety and to calibrate the gas permeation testing 

apparatus by confirming previously published data from the literature. One main aspect of this 

research was to determine the mixed-gas permeation properties of hydroxyl-containing aromatic 

polyimides.  

4.1 Abstract 

The effect of hydroxyl functionalization on the m-phenylene diamine moiety of 6FDA 

dianhydride-based polyimides was investigated for gas separation applications. Pure-gas 

permeability coefficients of He, H2, N2, O2, CH4, and CO2 were measured at 35 °C and 2 bar. 

The introduction of hydroxyl groups in the diamine moiety of 6FDA-diaminophenol (DAP) and 

6FDA-diamino resorcinol (DAR) polyimides tightened the overall polymer structure due to 

hydrogen bonding and charge transfer complex formation compared to unfunctionalized 6FDA-

m-phenylene diamine (mPDA). The BET surface areas based on nitrogen adsorption of 6FDA–

DAP (54 m2 g-1) and of 6FDA-DAR (45 m2 g-1) were ~18% and 32% lower than that of 6FDA-

mPDA (66 m2 g-1). 6FDA-mPDA had a pure-gas CO2 permeability of 14 Barrer and CO2/CH4 

selectivity of 70. The hydroxyl-functionalized polyimides 6FDA-DAP and 6FDA-DAR 

exhibited very high pure-gas CO2/CH4 selectivities of 92 and 94, respectively, with a moderate 

decrease in CO2 permeability to 11 and 8 Barrer. It was demonstrated that hydroxyl-containing 
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polyimides membranes maintained very high CO2/CH4 selectivity (~ 75 at CO2 partial pressure 

of 10 bar) due to CO2 plasticization resistance when tested under high-pressure mixed-gas 

conditions. Functionalization with hydroxyl groups may thus be a promising strategy towards 

attaining highly selective polyimides for economical membrane-based natural gas sweetening.  

 

4.2 Introduction 

Natural gas processing and separation has grown to one of the largest scale industrial 

applications of membrane technology during the past 25 years. Introducing membrane 

technology to the natural gas industry is a major change in conventional gas processing plants [1-

4]. However, it has been projected that natural gas processing will have a future potential for 

significant growth of membrane technology, focusing particularly, on CO2/CH4 separation [2].  

In this application, glassy polymeric membranes are used exclusively due to their good gas 

separation and mechanical properties as well as their solution processability for the production of 

either asymmetric or thin-film composite membranes [5-8]. The most commonly used 

commercial membrane materials for CO2 removal from natural gas are based on cellulose 

diacetate, triacetate or blends thereof, which have pure-gas selectivity values of about 32-35 

coupled with CO2 permeability of 1.84 to 6.56 Barrer at 1 bar and 35 °C (1 Barrer = 10-10 

cm3(STP)·cm/cm2·s·cmHg) depending on the degree of acetylation [9]. However, under high-

pressure, mixed-gas conditions, the CO2/CH4 selectivity often drops to less than 15 making the 

process economics marginally acceptable due to excessive methane loss [10, 11]. Baker and 

Lokhandwala proposed that novel membrane materials with a mixed-gas selectivity of  >40 

would dramatically improve the overall economical feasibility of CO2 removal from natural gas 

[2]. 
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Over the past three decades, aromatic polyimides have been extensively investigated as 

potential membrane materials for natural gas separation [6, 8, 12-15]. However, many 

polyimides have similar limitations in their practical use as cellulose acetate because of CO2-

induced plasticization, which often results in unacceptable loss in CO2/CH4 selectivity [16-19]. 

However, recent studies demonstrated that plasticization in polyimides can be mitigated to a 

large extend by various methods, in particular by (i) thermal annealing [20-23], chemical cross-

linking [22, 24-30] and formation of charge transfer complexes [31].  

 

Introduction of pendant polar groups, such as -OH and -COOH has been used for the 

structural design of polyimides with enhanced CO2/CH4 selectivity and functionality for various 

cross-linking mechanisms [29]. Stern’s group was the first to report hydroxyl- and carboxyl-

containing polyimides with extremely high CO2/CH4 selectivity [32]. For example, 4,4-

(hexafluoroisopropylidene) diphthalic anhydride-2,4-diaminophenol (6FDA-DAP) and 4,4-

(hexafluoroisopropylidene) diphthalic anhydride-4,6-diamino resorcinol (6FDA-DAR) showed 

pure-gas CO2/CH4 selectivities of 94 and 75, respectively, combined with moderate CO2 

permeability of about 8 Barrer. Other groups later reported similar promising results with a 

variety of hydroxyl-diamine-based 6FDA polyimides [33-36]. A recent paper by Comesaña-

Gándara et al. re-investigated the pure-gas permeation properties of 6FDA-DAP and 6FDA-DAR 

and their polybenzoxazole derivatives formed by thermal rearrangement as well as their non-

functionalized counterpart polyimide (6FDA-mPDA) [37]. 

 

To the best of our knowledge systematic mixed-gas permeation studies are only available for 

6FDA-2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane (APAF) in this burgeoning class of 

high-performance hydroxyl-functionalized polyimides for CO2/CH4 separation [31]. Therefore, 
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in this study, 6FDA-DAP and 6FDA-DAR were evaluated in pure- and high-pressure mixed gas 

permeation experiments for CO2/CH4 separation. To qualitatively measure the performance 

enhancement due to hydroxyl-functionalization, a non-functional 6FDA-mPDA polyimide was 

evaluated under the same test conditions. 

 

4.3 Experimental  

4.3.1 Polyimides 

 

The polyimides used in this experimental part were synthesized by one-step 

polycondensation reaction between the commercially available 6FDA and diamines monomers 

as shown in scheme 1. The details of all synthetic procedures were published during the course 

of this PhD project [38].   

Three 6FDA-based materials were selected to be extensively studied in this part to have a 

preliminary sense of the effect of introducing hydroxyl group to the diamine moiety. The 

selected diamines are 1) 1,3-phenylenediamine (mPDA), 2) 2,4-DAphenol·2HCL (DAP), and 3) 

2,4-DAResorcinol·2HCL (DAR) 
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Scheme 1. Synthesis of 6FDA-mPDA, 6FDA-DAP and 6FDA-DAR. Note that the imide 

linkages of all polyimides are in meta position. 

 

 

4.3.2 Polymer Characterization 

 

1H-NMR (400 MHz) was recorded on a Bruker DRX 400 spectrometer in a suitable solvent 

using tetramethylsilane as the internal standard. Chemical shifts () are reported in ppm. Column 

chromatography was performed on silica gel 60A. Fourier transform infrared (FT-IR) 

measurements were performed using a Varian 670-IR FT-IR spectrometer. Gel permeation 

chromatography (GPC, Viscotek) was carried out using chloroform as an eluent for 6FDA-

mPDA and gel permeation chromatography (GPC, Agilent) was carried out using 

tetrahydrofuran (THF) as an eluent for 6FDA-DAP and 6FDA-DAR. Thermogravimetric 

analysis (TGA, TA Q-5000) measurements were performed under nitrogen atmosphere. All TGA 

runs entailed a drying step at 100 °C for 30 minutes followed by a temperature ramp of 3 °C/min 
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up to 800 °C. The BET surface area of the polymers was determined by N2 sorption at -196 °C 

using a Micromeritics ASAP-2020. Powder polymer samples were degassed under high vacuum 

at 150 °C for 24 hours prior to analysis. CO2 sorption isotherms of the polymers were obtained at 

0 °C up to 1 bar. 

 

4.3.3 Polymer film preparation 

 

Solutions (5 wt/vol%) of 6FDA-mPDA in chloroform and 6FDA-DAP or 6FDA-DAR in 

acetone were filtered through 0.45 μm polypropylene filters and isotropic films were obtained by 

slow evaporation of the solvents at room temperature from a levelled glass Petri dish. To remove 

any traces of residual solvent, the dry membrane of 6FDA-mPDA was soaked in methanol for 12 

h, air-dried, and then post-dried at 120 °C in a vacuum oven for 24 h. 6FDA-DAP and 6FDA-

DAR films could not be soaked in methanol due to excessive swelling. Therefore, films dried at 

120 °C were post-dried at 200 °C in a vacuum oven for 24 h. The resulting tough films with 

thickness of 55 ± 5 μm were used for gas permeability measurements. Prior to any gas 

permeation test, TGA experiments were performed to confirm that the polyimide films were 

solvent-free. Film thickness and effective area for gas permeation measurements were 

determined by a digital micrometer and scanner, respectively. 

 

4.3.4 Physisorption measurement 

 

Nitrogen (-196 °C) and carbon dioxide (0 °C) sorption measurements were performed up to 1 

bar using a Micromeritics ASAP-2020 apparatus equipped with a micropore upgrade. Powder 
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samples of 6FDA-mPDA, 6FDA-DAP and 6FDA-DAR were dried at 150 °C under high vacuum 

for 24 h before measurement. All data were collected and analyzed using ASAP 2020 software 

version 4.02. The BET surface area was obtained from the N2 isotherm at -196 °C at relative 

pressures of 0.1< p/po< 1.0, where po = 1 bar is the saturation pressure for N2 and p is the gas 

pressure. Maximum pore volumes were identified at p/po< 0.99 of the N2 isotherm. NLDFT 

(non-local density functional theory) analysis of the N2 isotherms permits qualitative assessments 

of structural changes that occur upon hydroxyl functionalization of 6FDA-DAP and 6FDA-DAR. 

 

4.3.5 Fluorescence spectroscopy 

 

Fluorescence excitation (excited at 350 nm) and emission spectra were collected against 

wavelength for dense polymer films (~55 μm) on a PerkinElmer LS45 setup in a 90° 

arrangement with fixed 10 nm slits. These measurements were conducted to investigate the 

potential formation of charge transfer complexes in the polyimides. 

 

4.3.6 Pure-gas permeation measurements  

 

The pure-gas permeation measurements were conducted with a custom-designed permeation 

system using the constant-volume/variable-pressure method. The permeability was calculated 

from the steady-state rate of increase in pressure of the gas (dp/dt) in the permeate reservoir 

using the following equation: 

   

𝑃 =
𝑉𝐿

𝐴𝑇∆𝑝×0.278
×

𝑑𝑝

𝑑𝑡
× 1010          
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where P, V, L, A, T, Δp are the permeability coefficient in Barrers (1 Barrer =10−10 

cm3(STP)·cm/cm2·s·cmHg), volume of the downstream gas reservoir, membrane thickness, 

membrane area, operating temperature and the difference between the upstream and downstream 

pressure, respectively. The pure-gas permeability of He, H2, N2, O2, CH4, and CO2 was measured 

at 35 °C and 2 bar. The pressure-dependence of CO2 and CH4 permeability was determined from 

2 to 20 bar. 

 

4.3.7 Mixed-gas permeation measurements 

 

The mixed-gas permeation measurements of 6FDA-mPDA, 6FDA-DAP and 6FDA-DAR 

were performed at 35 °C using a custom-designed mixed-gas permeation system similar to that 

described by O’Brien et al. [39].  The feed gas mixture contained 50 vol.% CH4/50vol.% CO2 

and the total feed pressure was varied between 4 and 30 bar; the permeate pressure was less than 

0.01 bar. The stage cut, that is, the permeate flow rate to feed flow rate, was set at 0.01. Applying 

these conditions, the residue composition was essentially equal to that of the feed gas. CO2 and 

CH4 permeate concentrations were detected with a gas chromatograph (Agilent 3000A Micro 

GC) equipped with a thermal conductivity detector. The mixed-gas permeability was calculated 

by: 

 

𝑃𝐶𝑂2
= 1010

𝑦𝐶𝑂2
𝑉𝑑𝐿

𝑥𝐶𝑂2
𝑝𝑢𝑝𝐴𝑅𝑇

𝑑𝑝

𝑑𝑡
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𝑃𝐶𝐻4
= 1010

𝑦𝐶𝐻4
𝑉𝑑𝐿

𝑥𝐶𝐻4
𝑝𝑢𝑝𝐴𝑅𝑇

𝑑𝑝

𝑑𝑡
 

where P is the permeability (Barrers) (1 Barrer =10−10 cm3(STP)·cm/cm2·s·cmHg), pup is the 

upstream pressure (cmHg), dp/dt is the steady-state permeate-side pressure increase (cmHg/s), 

Vd is the permeate volume (cm3), L is the membrane thickness (cm), A is the effective membrane 

area (cm2), T is the operating temperature (K), and R is the gas constant (0.278 cm3 

cmHg/(cm3(STP)·K), and y and x are the mole fractions in the permeate and feed respectively. 

 

The mixed-gas CO2/CH4 selectivity was obtained from: 

 

𝛼𝐶𝑂2/𝐶𝐻4
=

𝑦𝐶𝑂2
/𝑦𝐶𝐻4

𝑥𝐶𝑂2
/𝑥𝐶𝐻4

 

 

4.4 Results and discussion 

The thermal stability of 6FDA-mPDA, 6FDA-DAP and 6FDA-DAR was determined by 

thermal gravimetric analysis, as shown in Fig. 4.1. All polymers were thermally very stable with 

onset decomposition temperatures of 475 °C for 6FDA-mPDA, 450 °C for 6FDA-DAP and 425 

°C for 6FDA-DAR. As expected for polyimides with hydroxyl groups in ortho position to the 

imide linkage, 6FDA-DAP and 6FDA-DAR decomposed in two stages, where the first stage 

resulted from thermal rearrangement of the polyimide to a polybenzoxazole and the second stage 

involved decomposition to graphitic carbon [40]. Because of lack of hydroxyl functionality, 

6FDA-mPDA did not undergo any thermal rearrangement but simply degraded into its carbon 

structure in a single stage process. 
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Fig. 4.1 Thermogravimetric analysis (TGA) of 6FDA-mPDA, 6FDA-DAP and 6FDA-DAR 

films. 

 

4.4.1 Physical properties of the polyimides 

 

The physical properties of the polyimides from this study are listed in Table 4.1. The effect 

of the hydroxyl group in the diamine moiety on the polyimide microstructure was assessed from 

N2 (-196 °C) and CO2 (0 °C) physisorption isotherms (Fig. 4.2 and Fig. 4.3). The introduction of 

hydroxyl groups decreased the BET surface area determined with nitrogen from 66 m2 g-1 for 

6FDA–mPDA to 54 m2 g-1 for 6FDA–DAP and to 45 m2 g-1 for 6FDA-DAR, which was 

anticipated based on the effect of interchain hydrogen bonding due to the introduction of 

hydroxyl groups to the polymer backbone [31]. Similar N2-based BET surface areas have 

previously been reported for other moderate-free-volume glassy polymers, such as 

poly(phenylene oxides) [41, 42]. 
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      Table 4.1 Physical Properties of 6FDA-mPDA, 6FDA-DAP and 6FDA-DAR 

 

Polymer 

BET 

(m2/g) 

Mn 

(g/mole) 

Mw 

(g/mole) PDI 

Td 

(oC) 

Max pore 

volume 

cm3/g, p/po=0.99 

6FDA-mPDA 66 140991 166424 1.2 475 0.151 

6FDA-DAP 

6FDA-DAR 

54 

45 

98184 

99325 

176552 

158920 

1.8 

1.6 

450 

425 

0.135 

0.093 

 

 

Fig. 4.2  Adsorption isotherms for 6FDA–mPDA, 6FDA-DAP and 6FDA–DAR using N2 at -196 

°C. 

 

Interestingly, the gravimetric CO2 sorption uptake increased in the reverse order of the BET 

surface areas of the polymers, that is, 6FDA-DAR > 6FDA-DAP > 6FDA-mPDA, indicating that 

(i) hydroxyl functionalization increases CO2 sorption and (ii) higher OH concentration per 

polymer repeat unit also leads to increased CO2 uptake. The same order in CO2 sorption capacity 
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was confirmed by indirect determination of gas solubility by time-lag-based measurements as 

discussed below. 

 

 

Fig. 4.3 Physisorption isotherms for 6FDA–mPDA, 6FDA-DAP and 6FDA–DAR using CO2 at 0 

°C. Closed symbols: adsorption; open symbols: desorption. 

 

To investigate potential interchain charge transfer complex (CTC) formation of the polar 

hydroxyl-functionalized polyimides in the solid state, fluorescence spectroscopy measurements 

were carried out. Fig. 4.4 shows the results of the emission spectra for the 6FDA-mPDA, 6FDA-

DAP, and 6FDA-DAR membranes. CTCs are typically formed between the nucleophilic five-

member rings and electrophilic six-member rings in polyimides [20, 21, 43]. The hydroxyl 

groups are likely to form hydrogen bonds, thereby tightening the polymer interchain structure to 

strengthen inter-chain CTCs, as evidenced by a previous study, which showed that hydroxyl 

moieties increased the intersegmental cohesive energy density (CED) in OH-functionalized 
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polyimides [44]. The hydroxyl-containing polyimides, 6FDA-DAP and 6FDA-DAR, had 

emission spectra bands at 515 nm when excited at 350 nm. The fluorescence intensity of the 

hydroxyl-functionalized polyimides increased significantly compared to that of the 6FDA-

mPDA, which suggests formation of a strong charge transfer complex in the hydroxyl-containing 

polyimides. 

 

 

Fig. 4.4 Solid-state fluorescence emission spectra (excitation at 350 nm) of 6FDA-mPDA, 

6FDA- DAP and 6FDA-DAR. 

 

4.4.2 Pure-gas permeation properties 

 

To investigate the effect of the hydroxyl functionalization and hydroxyl concentration of the 

m-phenylene diamine moiety in the polyimide series pure-gas permeation experiments were 

performed at 2 bar and 35 °C in the order He, H2, N2, O2, CH4 and CO2. Table 4.1 shows the 
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data from this work in comparison to previously reported literature data for the same series of 

polyimides [9, 32, 37, 45-47]. Permeation data of three commercial glassy membrane materials, 

that is, cellulose triacetate, polysulfone and tetrabromo-polycarbonate are also shown for 

comparison. In all cases, for a given gas at the same feed pressure, the polyimides showed 

permeabilities in the following order: 6FDA-mPDA > 6FDA-DAP > 6FDA-DAR indicating that 

introducing the hydroxyl group reduced the gas permeability. Moreover, in all three polyimides 

the gas permeabilities decrease in the order: He>H2>CO2>O2>N2>CH4 which follows the order 

of the kinetic diameters of the gases. The gas permeability of the hydroxyl-containing polyimides 

also depends to a small extend on the hydroxyl concentration in 6FDA-DAP and 6FDA-DAR. 

Table 4.2 Pure-gas permeabilities and ideal selectivities for 6FDA-mPDA, 6FDA-DAP and 

6FDA-DAR (at 2 bar; 35 °C) and commercial polymer membrane materials. 

Polymer 

Pure-gas Permeability (Barrer)  Ideal Selectivity  (𝜶) 

Reference 

He H2 N2 O2 CH4 CO2  CO2/CH4 H2/CH4 O2/N2 

6FDA-mPDA 59 46 0.62 3.6 0.2 14  70 230 5.9 This work 

 81 - 0.87 5.4 0.35 20.3  58 - 6.2 [47] 

 46 - 0.29 2.1 0.1 7.3  76 - 7.3 [37] 

6FDA–DAP 45 38 0.37 2.5 0.12 11  92 317 6.8 This work 

 - 40 0.34 2.4 0.09 8.5  94 444 7.0 [32] 

 62 - 0.43 2.9 0.11 11  100 - 6.8 [37] 

6FDA–DAR 43 34 0.28 1.9 0.085 8  94 400 6.8 This work 

 - - 0.30 2.2 0.11 8  73 - 7.4 [32] 

 43 - 0.29 2.1 0.08 8.2  102 - 7.3 [37] 
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Cellulose 

acetate (DS 

2.85) 

19.6 15.5 0.23 1.46 0.20 6.6 

  

33 

 

78 

 

6.3 

 

[9] 

Polysulfone 13 14 0.25 1.40 0.25 5.6  22 56 5.6 [46] 

Tetrabromo- 

polycarbonate 

17.6   - 0.182 1.36 0.13 4.2         

  

32 

 

 

- 

 

7.5 

 

[45] 

 

All polyimides reported in this study exhibited moderate permeability coupled with 

extremely high permselectivity for H2/CH4 and CO2/CH4. The data show that introduction of 

hydroxyl groups in the polyimide repeat unit leads to a significant increase in the selectivity (i.e 

CO2/CH4 selectivity was enhanced from 70 for non-hydroxyl functionalized 6FDA-mPDA to 94 

for 6FDA-DAR). This 34% increase in selectivity is due to the existence of interchain hydrogen 

bonding and CTC formation that tightened the interchain polymer structure. As expected for a 

denser polymer structure, CO2 permeability decreased from 14 Barrers for 6FDA-mPDA to ~8 

Barrers for FDA-DAP and 6FDA-DAR. This 43% decrease in the CO2 permeability is 

qualitatively consistent with the N2 BET results discussed above.  

The reported data for this work is in agreement with previously published data for 6FDA-

mPDA, 6FDA-DAP and 6FDA-DAR, as shown in Table 4.2. Small differences in permeability 

and selectivity maybe due to different synthetic procedures and different test conditions.  

 

It is important to note that 6FDA-mPDA, 6FDA-DAP and 6FDA-DAR exhibit better 

intrinsic performance than currently used commercial membrane materials (cellulose acetate, 
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polysulfone and tetrabromo-polycarbonate) listed in Table 4.2. Particularly for H2 and CO2 

separations, the polyimides showed higher permeabilities and significantly higher H2/CH4 and 

CO2/CH4 selectivity. For example, 6FDA-DAR combined a H2 permeability of 34 Barrer with an 

extremely high H2/CH4 selectivity of 400. For air separation, specifically production of onsite 

nitrogen, the hydroxyl-functionalized polyimides also have excellent commercial potential as 

their O2 permeabilities are higher and O2/N2 selectivities are comparable to that of tetrabromo-

polycarbonate, as shown in Table 4.2. 

 

The pressure-dependence of pure CO2 and CH4 permeability and CO2/CH4 selectivity of the 

three polyimides are shown Fig. 4.5 and Fig. 4.6, respectively. As typical for glassy polymers, 

CO2 permeability decreased slightly with increased pressure over a range of 2 to 20 bar. In 

contrast, the pure CH4 permeability of the polyimides was essentially constant over the whole 

pressure range. As a result, only a small decrease (< 10%) was observed in the pure-gas 

CO2/CH4 selectivity, as shown in Fig. 4.6. At 20 bar, the pure-gas CO2/CH4 selectivities of 

6FDA-mPDA, 6FDA-DAP and 6FDA-DAR were 67, 84 and 86, respectively. 
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Fig. 4.5 Pressure dependence of pure-gas CO2 and CH4 permeability for 6FDA-mPDA, 6FDA-

DAP and 6FDA-DAR at 35 °C 

 

 

Fig. 4.6 Pressure dependence of pure-gas CO2/CH4 selectivity for 6FDA-mPDA, 6FDA-DAP 

and 6FDA-DAR at 35 °C. 
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The effect of hydroxyl-functionalization on the diffusion and solubility coefficients of the 

polyimides is shown in Table 4.3. As expected based on the increased tightness of the polymer 

chains due to CTC formation by introduction of hydroxyl groups, the diffusion coefficients of all 

gases decreased for 6FDA-DAP and 6FDA-DAR relative to those of 6FDA-mPDA.  

 

Table 4.3 Pure-gas diffusion and solubility coefficients of N2, O2, CH4 and CO2 for 6FDA-

mPDA, 6FDA-DAP and 6FDA-DAR based on the time-lag method (2 bar; 35 °C). 

 
Diffusion coefficient 

(10-8 cm2/s) 

Solubility coefficient 

(10-2 cm3(STP)/(cm3 cmHg)) 

Polymer N2 O2 CH4 CO2       N2 O2 CH4 CO2 

6FDA-mPDA 0.46 2.6 0.07 0.92     1.59 1.62 3.8 20.2 

6FDA–DAP 0.05 0.32 0.03 0.47 4.46 4.69 5.41 29.1 

6FDA–DAR 0.05 0.29 0.02 0.37 5.5 5.6 5.8 31 

 

The diffusivity and solubility selectivities of the three polyimides for O2/N2 and CO2/CH4 are 

shown in Table 4.4. Clearly, the high permselectivites of the 6FDA-DAP and 6FDA-DAR 

hydroxyl-based polyimides are primarily due to higher diffusivity selectivities than those of the 

unfunctionalized 6FDA-mPDA. For example, the CO2/CH4 diffusivity of 6FDA-mPDA of 13 

increased to ~17 by introduction of hydroxyl groups, whereas the CO2/CH4 solubility selectivity 

varied only between 5.3 - 5.4 (Table 4.4). 
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Table 4.4 Diffusivity selectivities and solubility selectivities for 6FDA-mPDA, 6FDA-DAP and 

6FDA-DAR (2 bar; 35 °C). 

 
Diffusivity Selectivity 

(𝜶)D 

Solubility Selectivity 

(𝜶)S 

Polymer O2/N2 CO2/CH4  O2/N2 CO2/CH4  

6FDA-mPDA 5.7 13.2 1.02   5.32 

6FDA–DAP 6.45 17.0 1.05   5.4 

6FDA–DAR 6.48 17.4 1.05   5.4 

 

 

4.4.3 High-pressure mixed-gas CO2/CH4 permeation properties 

The mixed-gas permeation properties of the three polyimides were determined at 35 °C with 

a feed containing 50 vol% CO2/50 vol% CH4. The feed pressure was varied between 4 to 40 bar 

to obtain the same partial pressures as used for the pure-gas pressure dependence experiments. 

For all three polyimides, CO2 mixed-gas permeability was lower than that determined for the 

pure gas at the same partial CO2 pressure, as shown in Figs. 4.7-4.9. This difference is most 

likely caused by competitive sorption between CO2 and CH4 under mixed-gas permeation 

conditions [48, 49]. On the other hand, the mixed-gas CH4 permeability was essentially constant 

up to a feed pressure of 40 bar. 
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Fig. 4.7 Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities for 6FDA-

mPDA. Feed: 50:50 CO2:CH4 mixture; 35 °C. Lines are drawn to guide the eye: open points, 

pure-gas; closed points, mixed-gas. 

 

 

Fig. 4.8 Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities for 6FDA-

DAP. Feed: 50:50 CO2:CH4 mixture; 35 °C. Lines are drawn to guide the eye: open points, pure-

gas; closed points, mixed-gas. 
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Fig. 4.9 Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities for 6FDA- 

DAR. Feed: 50:50 CO2:CH4 mixture; 35 °C. Lines are drawn to guide the eye: open points, pure-

gas; closed points, mixed-gas. 

 

As a result of the decrease in mixed-gas CO2 permeability with pressure, the CO2/CH4 

selectivity dropped continuously from 4 to 40 bar total pressure for all polyimides, as shown in 

Fig. 4.10. For 6FDA-mPDA, a 40% reduction in CO2/CH4 selectivity was observed from 70 to 

41 as the feed pressure was increased from 4 to 40 bar.  
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Fig. 4.10 Pressure-dependence of pure and mixed-gas CO2/CH4 selectivities for 6FDA–mPDA, 

6FDA-DAP and 6FDA–DAR. Feed: 50:50 CO2:CH4 mixture; 35 °C. Lines are drawn to guide 

the eye: open points, pure-gas; closed points, mixed-gas. 

 

The hydroxyl-functionalized polyimides, 6FDA-DAP and 6FDA-DAR, showed very similar 

trends in mixed-gas pressure dependence of permeability and selectivity. The CO2/CH4 

selectivity of both polymers dropped by ~30% by increasing the feed pressure from 4 to 40 bar. 

However, both polymers showed excellent mixed-gas selectivity of ~ 75 at a partial CO2 

pressure of 10 bar (as shown in Fig.4.11), respectively. It is worth noting that the typical partial 

pressure of CO2 in the majority of natural gas wells is around 5-10 bar [1]. In summary, our 

study provides further evidence of previous work [31, 50] that polyimides with strong polar OH 

groups can mitigate plasticization when tested under high-pressure binary CO2/CH4 mixed-gas 

conditions due to strong chain interactions by interchain hydrogen bonding and CTC formation 

as shown in Fig.4.9. Further work, however, is required to evaluate the mixed-gas permeation 
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properties of hydroxyl-functionalized polyimides with multi-component feeds including 

condensable C3+ hydrocarbons to fully demonstrate their potential in industrial natural gas 

sweetening [51].  

 

Fig. 4.11  Hydroxyl concentration effect on mixed gas selectivity at CO2 partial pressure of 10 

atm. 

 

4.5 Conclusions 

In this study, the effects of hydroxyl functionalization on high-pressure pure- and mixed-gas 

permeation properties were investigated for a non-hydroxyl-containing 6FDA-based polyimide 

(6FDA-mPDA) and hydroxyl-containing 6FDA-based polyimides (6FDA–DAP and 6FDA-

DAR). Pure-gas permeation data showed that introducing hydroxyl groups to 6FDA-mPDA leads 

to a significant increase in permselectivity due to a large increase in diffusivity selectivity for a 

variety of gas pairs, most notably H2/CH4 and CO2/CH4.  Mixed gas permeation experiments 

were performed using a binary 50:50 CO2/CH4 feed up to a total pressure of 40 bar. 6FDA-based 
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hydroxyl-containing polyimides showed excellent plasticization resistance under binary 

CO2/CH4 mixed gas feed with a selectivity of 75 at a partial CO2 pressure of 10 bar. The intrinsic 

mixed-gas permeation properties of 6FDA-DAP and 6FDA-DAR determined with thick isotropic 

films are significantly better than those of commercial cellulose acetate-based membranes. 

Therefore, hydroxyl-functionalized polyimides are excellent candidate materials for development 

of asymmetric or thin-film composite membranes for industrial natural sweetening.  
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Chapter 5. High-Performance Intrinsically Microporous Dihydroxyl-

Functionalized Triptycene-Based Polyimide for Natural Gas Separation 

 

Structural modification of polyimides is the key to enhance the gas transport properties by 

modifying both dianhydride and diamine building blocks. The proposed triptycene-based 

dianhydride was designed to minimize the intersegmental mobility and reduce efficient polymer 

chain packing. Integrating a three-dimensional 9,10-substituted triptycene contortion center into 

a rigid fused-ring dianhydride will give an extended dianhydride to be the first replacement for 

the 6FDA presented in the previous chapter. The targeted diamines are commercially available 

and have a systematic order of hydroxyl groups as stated in the previous chapter.  

This experimental chapter provides characterization, pure and mixed gas permeation 

properties of a novel polyimide derived from triptycene-based dianhydride and di-hydroxyl short 

aromatic diamine.  In addition, to evaluate the effect of the hydroxyl-functionalization on the m-

phenylenediamine polyimide building block, non-hydroxyl polyimide derived from the same 

dianhydride was synthesized and characterized as a reference material. The main aim of this part 

is to dispense with some of the high selectivities reported in chapter 4 in order to gain more 

permeability. 

 

 

5.1 Abstract 

A novel polyimide of intrinsic microporosity (PIM-PI) was synthesized from a 9,10-

diisopropyltriptycene-based dianhydride (TPDA) and dihydroxyl-functionalized 4,6-
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diaminoresorcinol (DAR). The unfunctionalized TPDA-m-phenylenediamine (mPDA) polyimide 

derivative was made as a reference material to evaluate the effect of the OH group in TPDA-

DAR on its gas transport properties. Pure-gas permeability coefficients of He, H2, N2, O2, CH4, 

and CO2 were measured at 35 °C and 2 atm. The BET surface area based on nitrogen adsorption 

of dihydroxyl-functionalized TPDA-DAR (308 m2 g-1) was 45% lower than that of TPDA-mPDA 

(565 m2 g-1). TPDA-mPDA had a pure-gas CO2 permeability of 349 Barrer and CO2/CH4 

selectivity of 32. The dihydroxyl-functionalized TPDA-DAR polyimide exhibited enhanced 

pure-gas CO2/CH4 selectivity of 46 with a moderate decrease in CO2 permeability to 215 Barrer. 

The CO2 permeability of TPDA-DAR was ~30-fold higher than that of a commercial cellulose 

triacetate membrane coupled with 39% higher pure-gas CO2/CH4 selectivity. The TPDA-based 

dihydroxyl-containing polyimide showed good plasticization resistance and maintained high 

mixed-gas selectivity of 38 when tested at a typical CO2 natural gas wellhead CO2 partial 

pressure of 10 atm. 

 

5.2 Introduction 

Membrane-based gas separation is a rapidly expanding technology, specifically for CO2/CH4 

separation for natural gas and biogas treatment [1-7]. This application utilizes all of the potential 

advantages of membrane technology: (i) simple and continuous operation, (ii) no phase changes 

in the feed, (iii) environmentally benign separation process, (iv) small footprint (important for 

offshore systems) and (v) energy efficiency [4, 5]. Current large-scale membrane systems 

process up to 1 Bscfd using flat-sheet or hollow fiber cellulose acetate (CA) integrally-skinned 

asymmetric membranes [5, 8]. Baker and Lokhandwala showed that the process economics can 

be significantly improved with membrane materials that exhibit higher CO2 permeability, and 
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more importantly, higher CO2/CH4 mixed gas selectivity than CA [4]. The former reduces the 

size, and, therefore, the capital cost of the membrane system, whereas the latter leads to reduced 

methane loss which in many cases determines the overall economics of the membrane unit. 

Consequently, there is a quest for advanced membranes with high CO2 permeability and high 

mixed-gas CO2/CH4 selectivity for high-pressure natural gas sweetening applications [9-11]. 

Designing and developing new membranes with improved gas separations properties requires 

rational molecular design of advanced polymeric materials [12, 13]. Enhanced gas separation 

performance can be achieved by introducing intrinsic micropores into highly rigid, glassy 

polymers that can improve gas permeability [12]. In 2004, the first ladder-type polymers of 

intrinsic microporosity (PIMs) were reported by Budd and McKeown [14, 15]. These PIMs are 

composed of structurally contorted backbones consisting of spiro-centers and fused dioxane 

rings resulting in inefficient packing of polymer chains. Ladder-type PIMs showed good gas 

separation performance because their molecular structures give rise to microporosity of less than 

20 Å, combining high permeability with moderate selectivity for separation of O2/N2 and CO2/N2 

[16-18]. Since then, many efforts have been devoted to improve the performance of ladder-type 

PIMs [19-27] and an early example was tetrazole-functionalized PIM-1 (TZPIM) that showed 

excellent CO2 permeability and high CO2/N2 selectivity [20]. Other modifications of PIM-1 by 

post-treatment with functional groups include carboxyl, thioamide, amidoxime and thermal 

oxidative crosslinking [22-24, 28-31]. 

Over the past 30 years, polyimides (PIs) have been investigated intensively as advanced gas 

separation membrane materials [31-36]. Previous work showed that hydroxyl-functionalized 

6FDA-based polyimides exhibit some of the highest CO2/CH4 selectivities reported for all 
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known polymeric materials to date [34, 37-42]. However, the CO2 permeability of these 

polyimides is relatively low (typically less than 10 Barrer). 

In 2008, an effective integration of the ladder-type, kinked repeat unit characteristic of PIM-1 

into polyimide structures (PIM-PI) has generated among the most permeable, intrinsically 

microporous polyimides with performance close to the 2008 upper bound for several important 

gas pairs [25, 26, 43]. However, the selectivities of these first generation PIM-PIs were too low 

to be commercially attractive. Recently, our group reported a series of 9,10- 

diisopropyltriptycene-based PIM-PIs known as KAUST PIs [44-46]. These polymers contain a 

bridged triptycene moiety that provides rigidity and ultramicroporosity (pore size < 7 Å) to their 

structure. KAUST PIs showed remarkable gas separation performance to levels that far exceeded 

the 2008 Robeson upper bounds with new limits set in recently reported 2015 trade-off curves 

for O2/N2, H2/N2, H2/CH4 [47, 48]. Unfortunately, although KAUST PIs exhibited very high CO2 

permeability their CO2/CH4 selectivity was lower than that of commercial membrane materials. 

In this chapter, the synthesis, structural characterization and pure- and mixed-gas permeation 

properties of a novel dihydroxyl-functionalized 9,10-diisopropyl-triptycene-dianhydride-based 

PIM-PI (TPDA-DAR in Scheme 5.1) are reported. In addition, to evaluate the effect of the 

hydroxyl functionalization on the m-phenylenediamine polyimide building block, TPDA-mPDA 

was synthesized and characterized as a reference material. The PIM-PIs were fully characterized 

by 1H NMR, FTIR, GPC (only for TPDA-mPDA), and TGA. Nitrogen and carbon dioxide 

adsorption experiments were performed to reveal the micropore structure of the PIM-PIs. 
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5.3 PIM-Polyimides 

The targeted diamines are commercially available as stated in Chapter 4. From results 

presented in Chapter 4, it was explored that having one hydroxyl group or two hydroxyl groups 

will lead to similar results in terms of surface area and transport properties. In this chapter, gas 

transport properties of PIM-polyimides based on DAR and mPDA, as reference material, are 

reported. The triptycene dianhydride was prepared according to the previously reported six steps 

synthetic procedure by Pinnau’s group [46].  The PIM-PIs were prepared via one step 

polycondensation reaction and the detailed synthetic procedures can be found in the published 

paper from which this chapter was derived from as stated in Chapter 3 [49]. 

 

 

Scheme 5.1. Synthesis of TPDA-mPDA and TPDA-DAR polyimides. 
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5.4 Results and discussion 

5.4.1  Polymers characterizations  

The physical properties of TPDA-mPDA and TPDA-DAR are listed in Table 5.1. TPDA-m-

PDA had a high molecular weight Mw of 209250 g mol-1 as determined by GPC in chloroform; 

the molecular weight of TPDA-DAR could not be determined as the polymer was only soluble in 

aprotic solvents such as DMAc which were not compatible with our GPC instrument. 

 

Table 5.1 Physical properties of TPDA-mPDA and TPDA-DAR polyimides. 

 

Polymer 

BET 

(m2 g-1) 

Mn 

(g mol-1) 

Mw 

(g mol-1) 

PDI 

Td 

(oC) 

Max pore volume** 

(cm3 g-1) 

TPDA-mPDA 565 129300 209250 1.52 500 0.39 

TPDA-DAR 308 * * * 450 0.23 

*GPC test could not be be performed due to solubility limitation in GPC solvents (chloroform 

and THF). 

** Determined by nitrogen adsorption at p/p0 = 0.99. 

 

The thermal stability of TPDA-mPDA and TPDA-DAR was determined by thermal 

gravimetric analysis, as shown in Fig. 5.1. The two polymers were thermally very stable with 

onset decomposition temperatures of 450 and 500 °C for TPDA-DAR and TPDA-mPDA, 

respectively.  
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Fig. 5.1 Thermogravimetric analysis (TGA) of TPDA-mPDA and TPDA-DAR polyimides. 

 

CTC formation in hydroxyl-functionalized polyimide was identified via an emission peak in 

the intensity of the emission spectra collected by fluorescence spectroscopy.  Fig. 5.2 shows the 

emission spectra (400 nm excitation) for TPDA-mPDA and TPDA-DAR films. For dihydroxyl-

functionalized TPDA-DAR a high intensity peak was observed at 607 nm, indicating strong CTC 

formation, which is typically formed between the nucleophilic five-member rings and 

electrophilic six-member rings in polyimides [50-52]. The fluorescence intensity of the TPDA-

mPDA polyimide showed essentially no indication of CTC formation, as shown in Fig. 5.2. 
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Fig. 5.2 Solid-state fluorescence emission spectra (excitation at 400 nm) of TPDA-mPDA and 

TPDA-DAR polyimides. 

 

The influence of the dihydroxyl-functionalization on the microporosity of TPDA-DAR 

relative to that of TPDA-mPDA can be assessed from N2 physisorption isotherms (Fig. 5.3). The 

corresponding NLDFT-derived pore size distribution (PSD) based on N2 adsorption is shown in 

Fig. 5.4. The introduction of hydroxyl groups in the polymer backbone decreased the BET 

surface area from 565 m2 g-1 for TPDA-mPDA to 308 m2 g-1 for TPDA-DAR which was 

expected due the creation of hydrogen bonding between polymer chains leading to tightening of 

the entire polymer matrix and loss of free volume. Furthermore, NLDFT-derived pore size 

distributions from N2 sorption isotherms indicate a larger amount of ultramicroporosity (pore 

size < 7 Å) in TPDA-mPDA compared to the hydroxyl-functionalized TPDA-DAR, as shown in 



165 
 

Fig. 5.4. This result has significant implications on the differences in gas transport properties of 

the two polyimides, as discussed below. 

 

Fig. 5.3 Physisorption isotherms for TPDA-mPDA and TPDA-DAR using N2 at -196 °C. 

 

 

Fig. 5.4 NLDFT-based estimated pore size distribution obtained from N2 isotherms for TPDA-

mPDA and TPDA-DAR assuming carbon slit pore geometry. 
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5.4.2 Pure-gas permeation properties 

To evaluate the gas transport properties of the TPDA-mPDA and TPDA-DAR polyimide 

membranes, pure-gas permeabilities of He, H2, N2, O2, CH4, and CO2 were measured by the 

constant-volume/variable-pressure method. The permeability coefficient was calculated from the 

steady-state region of the permeate-pressure/time curve, and the diffusion coefficient (D) was 

determined by the time-lag method (Table 5.2 and Table 5.3). Owing to the microporosity 

introduced by the triptycene moiety and 9,10-diisopropyl substitution, the OH-functionalized 

TPDA-DAR polyimide was significantly more permeable than conventional OH-containing 

polyimides and cellulose triacetate which is used for commercial membrane systems for 

CO2/CH4 separation. The CO2 permeability of TPDA-DAR of 215 Barrer was about 20-fold 

higher than that of 6FDA-based OH-containing polyimides and cellulose triacetate [37, 53].  

 

Table 5.2 Pure-gas permeabilities and ideal selectivities for TDA-mPDA and TDA-DAR 

polyimides. 

Polymer 

Pure-gas permeability (Barrer)  Ideal selectivity  (𝛼) 

He H2 N2 O2 CH4 CO2  CO2/CH4 H2/CH4 O2/ N2 

TPDA-mPDA 251 431 13 65 11 349  32 39 5.0 

TPDA-DAR 216 330 5.4 32 4.65 215  46 71 5.9 

TPDA-APAF[54] - - - - 2.6   99  38 - - 

CTA [53] 19.6 15.5 0.23 1.46 0.20 6.6  33 78 6.3 

 

TPDA-mPDA was more permeable than TPDA-DAR for all gases tested (Table 5.2) because 

of its larger surface area that is favorable for improving diffusivity as well as the absence of 
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hydroxyl groups which reduced chain interactions due lack of hydrogen bonding. Table 5.2 

shows the data from this work in comparison to previously reported data for TPDA-APAF and 

cellulose triacetate as an example of a commercial membrane material. The data clearly show 

that introducing hydroxyl functionality to the TPDA-based polyimide leads to a significant 

increase in selectivity (i.e CO2/CH4 selectivity was enhanced from 32 for non-hydroxyl 

functionalized TPDA-mPDA to 46 for TPDA-DAR with two hydroxyl groups in the diamine 

moiety. This 44% increase in selectivity was due to the existence of hydrogen bonding and 

charge transfer complex formation between polymer chains that tighten the polymer structure, as 

previously reported for related polyimides [37, 55]. As expected, the increase in selectivity was 

coupled with a 38% decrease in CO2 permeability from 349 barrers to 215 barrers. This result is 

qualitatively consistent with the BET and PSD results discussed above. The gas permeabilities 

decrease in the order: H2>CO2>O2>N2>CH4 which follows the order of kinetic diameters of the  

gases. A similar order was also reported for PIM-EA-TB, KAUST-PI-1 and 6FDA-DAT, which 

all contain bridged-bicyclic moieties with the same kink angles [56, 57]. 

The introduction of hydroxyl-functionalization to polyimides of intrinsic microporosity had 

also a clear effect on diffusion and solubility coefficients as well as diffusivity and solubility 

selectivities, as shown in Tables 5.3 and 5.4. For example, the diffusion coefficients of CO2 and 

CH4 for TPDA-DAR decreased by 24% and 44%, respectively, relative to TPDA-m-PDA, when 

two hydroxyl groups were introduced into the polymer repeat unit. Gas solubility in a membrane 

material is determined by its affinity to the gas molecules in addition to its surface area [40]. 

Introducing pendent polar OH groups can enhance the affinity of the polymers to CO2 molecules 

due to the dipole of the C=O bonds. The solubility coefficient of carbon dioxide in dihydroxyl-

functionalized TPDA-DAR was 12% higher than that of TPDA-m-PDA. This finding is in full 
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agreement with previous work, which showed that the introduction of hydroxyl groups into 

6FDA-based polyimide membranes increased the solubility of CO2, [37, 54]. More importantly, 

however, is the decrease in diffusion coefficients and increase in diffusivity selectivity in the 

TPDA-DAR polyimide due to hydroxyl functionalization; for example, the CO2 diffusion 

coefficient decreased by 45% from 6.95 to 3.84 x 10-8 cm2 s-1. On the other hand, the CO2/CH4 

diffusivity selectivity increased by 38%, which concurrently led to an increase in the CO2/CH4 

permselectivity from 32 for the TPDA-m-PDA to 46 for TPDA-DAR polyimide. 

 

 

Table 5.3 Pure-gas diffusion and solubility coefficients of N2, O2, CH4 and CO2 for TDA-mPDA 

and TDA-DAR polyimides. 

 

Diffusion coefficient 

(10-8 cm2/s) 

Solubility coefficient 

(10-2 cm3(STP)/(cm3 cmHg)) 

Polymer N2 O2 CH4 CO2          N2 O2 CH4 CO2 

TPDA-mPDA 4.2 19 1.1 6.95    3.1 3.4 9.9 50 

TPDA-DAR 1.50 8.2 0.44 3.84    3.6 3.9 10.65 56 
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Table 5.4  Diffusivity selectivities and solubility selectivities for TDA-mPDA and TDA-DAR 

polyimides. 

 

Diffusivity selectivity 

            (𝛼)D 

    Solubility selectivity 

                  (𝛼)S 

Polymer O2/N2 CO2/CH4       O2/N2 CO2/CH4       

TPDA-mPDA 4.52 6.32 1.1     5.05 

TPDA–DAR 5.47 8.73 1.08     5.26 

 

5.4.3 High-pressure mixed-gas CO2/CH4 permeation properties 

Binary CO2/CH4 mixed-gas (1:1 molar mixture) permeation properties for TPDA-m-PDA 

and 6FDA-DAR polyimides were determined at a total feed pressure of 40 atm at 35 °C with 

increasing CO2 partial pressures (2, 5, 10, 15 and 20 atm), and the effect of CO2 partial pressure 

on CO2/CH4 selectivity was exploited. To determine any potential plasticization effects of the 

polyimides in the mixture experiments, pure-gas CO2 and CH4 permeabilities were also 

measured at 35 °C over a pressure range of 2-20 atm (Fig. 5.5). As expected for glassy polymers, 

the pure CO2 permeability of both polyimides decreased continuously by increasing the feed 

pressure up to 20 atm due to dual-mode sorption behavior. This result indicates that CO2-induced 

plasticization did not occur in the two polyimides up to 20 atm.  

The pure CH4 permeability of TPDA-m-PDA decreased slightly and that of TPDA-DAR was 

essentially constant up to 20 atm. Because the relative decrease in CO2 permeability was larger 

than that of methane in the two polymers, their pure-gas CO2/CH4 selectivity decreased as a 

function of feed pressure, as shown in Fig. 5.6.  
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The CO2 and CH4 permeability isotherms of the TPDA-m-PDA and TPDA-DAR polyimide 

membranes determined with a mixed-gas feed of 50 vol.% CH4 and 50 vol.% CO2 up to 40 atm 

are shown in Fig. 5.7 and Fig. 5.8, respectively. 

 

 

Fig. 5.5 Pressure dependence of pure-gas CO2 and CH4 permeability for TPDA-mPDA and 

TPDA-DAR polyimides at 35 °C. 
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Fig. 5.6 Pressure dependence of pure-gas CO2/CH4 selectivity for TPDA-mPDA and TPDA-

DAR polyimides at 35 °C. 

 

The mixed-gas CO2 permeabilities of both polymers were lower than those determined with 

pure CO2 at the same partial pressures, as shown in Fig. 5.7 and Fig. 5.8. This phenomenon is 

usually attributed to competitive sorption between CO2 and CH4 in the polymer matrix and has 

been previously observed for several polyimides of intrinsic microporosity [58, 59]. The mixed- 

and pure-gas CH4 permeabilities of TPDA-mMPD were similar; however the mixed-gas 

permeability increased slightly by ~10% with feed pressure, potentially indicating the onset of 

plasticization around 15-20 atm CO2 partial pressure. On the other hand, the mixed-gas CH4 

permeability of TPDA-DAR was lower across the whole pressure range and essentially 

independent of feed pressure.  
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Fig. 5.7 Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities for TPDA-

mPDA polyimide (50:50 CO2:CH4 mixture; 35 oC). Lines are drawn to guide the eye. Open 

points: pure-gas; closed points: mixed-gas. 

 

 

Fig. 5.8 Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities for TPDA-

DAR polyimide (50:50 CO2:CH4 mixture; 35 oC). Lines are drawn to guide the eye. Open points: 

pure-gas; closed points: mixed-gas. 
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The mixed-gas CO2/CH4 selectivity was lower than that determined under pure-gas 

permeation conditions for both polymers, as shown in Fig. 5.9. This behavior is commonly 

observed for microporous glassy polymers, including polyimides [44, 45, 57]. The lower mixed-

gas CO2/CH4 selectivity resulted from the aforementioned competitive sorption behavior of the 

polyimides. Nevertheless, the mixed-gas permeation properties of the dihydroxyl-functionalized 

TPDA-DAR polyimide exhibited promising gas separation properties with a CO2 permeability of 

140 Barrer and CO2/CH4 selectivity of 38 at a partial CO2 pressure of 10 atm.  

 

 

Fig. 5.9 Pressure-dependence of pure and mixed-gas CO2/CH4 selectivities for TPDA-mPDA 

and TPDA-DAR polyimides (50:50 CO2:CH4 mixture, 35 oC). Lines are drawn to guide the eye. 

Open points: pure-gas; closed points: mixed-gas. 
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5.5 Conclusions 

In this work, a dihydroxy-functionalized triptycene-based polyimide of intrinsic 

microporosity (TPDA-DAR) was developed and its pure- and mixed-gas permeation properties 

were compared to those of a related triptycene polyimide without functional OH-groups in the 

repeat unit (TPDA-mPDA). The two polymers showed good solubility, processability, high 

thermal stability and promising gas separation performance. The OH-functionalized TPDA-DAR 

exhibited significantly higher gas permeability than other reported hydroxyl-functionalized 

polyimides. In addition, TPDA-DAR showed higher CO2/CH4 selectivity than previously 

reported PIMs and exhibited excellent plasticization resistance as compared to many previously 

reported polyimides, as demonstrated by its high CO2/CH4 selectivity of about 40 under mixed-

gas conditions at 10 atm partial feed pressure as illustrated in Fig. 5.10. Therefore, hydroxyl-

functionalized polyimides are excellent candidate materials for development of asymmetric or 

thin-film composite membranes for industrial natural gas sweetening. 

 

 

Fig. 5.10  Hydroxyl concentration effect on mixed gas selectivity at CO2 partial pressure of 10 

atm  
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Chapter 6. Synthesis and Gas Transport Properties of a Newly Designed o-

Dihydroxyl-Functionalized Triptycene Diamine-Based Polyimide  

 

This chapter provides characterization, pure- and mixed-gas permeation properties of a novel 

polyimide derived from a newly designed triptycene-based aromatic diamine with 6FDA.  In 

addition, to evaluate the effect of the hydroxyl-functionalization on the new diamine triptycene-

based building block, it was compared with a previously reported polyimide having the same 

structure but without presence of hydroxyl groups in the triptycene moiety. The main aim of this 

part was to combine the structural effects of 6FDA reported in Chapter 4 with those of triptycene 

reported in Chapter 5 while keeping the functional hydroxyl groups as the main structural unit to 

tailor the gas transport properties. 

 

6.1 Abstract  

A newly designed diamine monomer, 2,6(7)-dihydroxy-3,7(6)-diaminotriptycene was 

successfully synthesized and used to design a 6FDA-based polyimide for membrane-based gas 

separation applications. The resulting novel polyimide combine the features of polymers of 

intrinsic microporosity and hydroxyl-functionalized polyimides. It possesses high thermal 

stability, good solubility, and easy processability for membrane fabrication. Pure-gas 

permeability coefficients of He, H2, N2, O2, CH4, and CO2 were measured at 35 °C and 2 atm. 

The BET surface area based on nitrogen adsorption of 6FDA-DAT1-OH (160 m2g-1) was 50% 

lower than that of 6FDA-DAT1 (320 m2g-1). The polyimide exhibited enhanced pure-gas 

CO2/CH4 selectivity of 50 with a moderate CO2 permeability of ~70 rer. The 6FDA-DAT1-OH 

polyimide showed good plasticization resistance and maintained high mixed-gas selectivity of 41 



184 
 

when tested at a typical CO2 natural gas wellhead CO2 partial pressure of 10 atm. A 

polybenzoxazole (PBO) membrane obtained from pristine polyimide by thermal rearrangement 

showed enhancement in permeability with significant loss in selectivity.  

 

6.2 Introduction  

Polymeric membranes are used in natural gas applications because they are relatively 

inexpensive and can be easily produced [1-3]. Other applications include but not limited to 

hydrogen recovery, nitrogen production from air and organic vapor separation from various off-

gas streams [4]. Focusing particularly on natural gas sweetening application showed that glassy 

polymeric membranes are used exclusively due to their good gas separation and mechanical 

properties as well as their solution processability for the production of either asymmetric or thin-

film composite membranes [1, 3-7]. An optimum material for CO2/CH4 process should exhibit 

high permeability and selectivity. However, this target is always limited by the inverse trade-off 

relationship between permeability and selectivity, as illustrated from experimental data by 

Robson and Pinnau, and theoretically by Freeman [8-11]. Therefore, novel polymers for gas 

separation membranes are required for more efficient gas separation processes. 

Designing and developing new membranes materials with enhanced gas separations 

properties requires rational molecular design of advanced polymeric materials which includes 

introducing intrinsic micropores into highly rigid glassy polymers, copolymerization and/or 

introducing pendent polar groups such as hydroxyl- or carboxyl functionalities [12-15]. The 

concept of introducing microporosity (< 20 Å) into rigid polymer structures was first reported by 

Budd’s and McKeown’s groups in 2004 who named this novel polymer class as “polymers of 
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intrinsic microporosity” (PIMs) [16, 17]. Then, remarkable progress in the development of high-

performance PIMs was achieved for triptycene-, ethanoanthracene- and Tröger’s base-based 

ladder PIMs [18, 19]. 

Aromatic polyimides (PIs) have been used as high performance materials and  a literature 

survey indicates that a class of hydroxyl-containing polyimides had the highest known CO2/CH4 

selectivity of up to 90+ when tested under pure-gas conditions (2 atm; 35 °C) [20]. This was one 

of the major incentives to focus on the same functionalization group in designing new materials 

for this specific application.  

Triptycene is the simplest member of the iptycenes family, first synthesized in 1942 and it 

has three phenyl rings bound together by a single joint [21]. Internal free volume (IFV) results 

from the three-dimensional geometry of the triptycene and its bulky nature that both prevent 

sufficient packing of the polymer chains [21, 22]. Triptycene is frequently used as a building 

block in a  variety of polymers due to its unique structural features [18, 23]. In 1961, Hoffmeister 

et al. synthesized for the first time bifunctional bridgehead-substituted triptycenes and used them 

to prepare triptycene-based polymers [21]. Klanderman et al. initiated the idea to use diamine 

triptycene building block by performing a facile nitration mechanism on the triptycene unit [24] . 

Swager’s group reported the syntheses of 2,6-dibromotriptycene and 2,6-diiodotriptycene 

followed by developing novel triptycene-based polymer named poly(2,6-triptycene) [25]. 

Swager's group also reported the synthesis and characterization of a polyimide series based on 

2,6-triptycene diamine (DAT1) for different applications [22, 25]. Cho et al. reported the 

synthesis, characterization and gas permeation properties of a polyimide based on the reaction of 

4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA)and 2,6-diaminotriptycene 

(DATRI) with  good performance for gas separation, i.e. CO2 permeability of 189 rer and 



186 
 

CO2/CH4 selectivity of 30 [26]. Alghunaimi et al. confirmed this finding when extensively 

studied fresh and aged 6FDA-DAT1 for pure- and aggressive mixed-gas feed [27].  

The reported performance can be further improved when modifying the same diamine 

structure (DAT1) by attaching polar pendent functions in the ortho positions of the diamine 

before the nitration/reduction process of the triptycene unit. Previous work showed that 

hydroxyl-functionalized polyimides exhibited some of the highest CO2/CH4 selectivities reported 

for all known polymeric materials to date [20, 23, 28] and more recent studies demonstrated that 

the triptycene moiety can lead to further enhanced gas separation properties [23]. Consequently, 

this is another quest to combine the advantages of PIMs materials and hydroxyl-functionalized 

PIs.  

In this work, a novel diamine monomer (DAT1-OH) containing both hydroxyl groups and a 

contorted triptycene segment was designed and synthesized, from which one hydroxyl-

functionalized microporous polyimide (6FDA-DAT1-OH) and it is thermally-rearranged 

derivative (TR-6FDA-DAT1-OH) were prepared for natural gas sweetening application (Scheme 

1). Structural characterization and pure- and mixed-gas permeation properties of 6FDA-DAT1-

OH are discussed in this work. 
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Fig. 6.1 Chemical structures for 2,6-diaminotriptycene (DAT1), 2,6(7)-dihydroxy-3,7(6)-

diaminotriptycene (DAT1-OH) and 6FDA-DAT1-OH. 

 

6.3 Experimental 

6.3.1 Synthesis of the polymer 6FDA-DAT1-OH: 

The five-step protocol for the synthesis of the novel DAT1-OH is shown in Fig. 6.2. This 

synthetic procedure provides a general reaction scheme to produce o-dihydroxyl-functionalized 

diamine monomers from aromatic precursors, as previously reported by our group [].In the first 

step, triptycene was converted to 2,6(7)-diacetyltriptycene (i) by Friedel–Crafts reaction using 

AlCl3 as Lewis acid catalyst. The Baeyer–Villiger oxidation reaction was used to prepare 2,6(7)-

diacetyloxytriptycene (ii), and 2,6(7)-dihydroxytriptycene (iii) was obtained by hydrolysis under 

basic conditions in KOH. In the next step, (iii) was reacted with dilute HNO3 to yield the 

intermediate dinitrol compound (iv), which was reduced by hydrazine monohydrate to afford the 

final product, DAT1-OH (v). The monomer structure was confirmed by 1H NMR , 13C NMR, 
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and HRMS (Appendix). A one-pot high-temperature method was used to prepare 6FDA-DAT1-

OH by cycloimidization condensation reaction in m-cresol. 

 

 

Fig. 6.2 Synthesis of the diamine DAT1-OH  and the polyimide 6FDA-DAT1-OH. 

 

 

6.3.2 PBO formation 

A dry 6FDA-DAT1-OH film was cut into a circular sample, weighted, placed on a glass 

plate, and then loaded into the tubular furnace. The sample was thoroughly purged and heated at 

a rate of 10 °C/min tup to 420 °C under a N2 flow of 50 mL/min. Then, it was kept isothermally 

at 420 °C for 20 minutes before it was gradually cooled down to room temperature.    
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6.4 Results and Discussion 

The o-hydroxyl-functionalized triptycene-based diamine (DAT1-OH) was synthesized and 

then reacted by a polycondensation reaction with 6FDA to form 6FDA-DAT1-OH. The chemical 

structure of both monomer and polymer were confirmed by NMR and FTIR. 

Heat treatment conditions 

 

The thermal rearrangement process was conducted in a Carbolite three-zone tube furnace 

under constant nitrogen purging environment with < 2 ppm oxygen concentration, as discussed 

above.  

 

 

 

Fig. 6.3 Thermal rearrangement process of 6FDA-DAT1-OH 

 

 

Typical thermogravimetric diagrams of 6FDA-DAT1-OH and its TR derivative are shown in 

Fig. 6.4. Degradation of the polymers occurred when they were heated over 500 °C. TGA 

analysis indicated a wide range for choosing the optimum TR temperature which was located 

between 350 °C and 500 °C.  
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TGA isothermal analysis was performed to determine the thermal treatment conditions for 

6FDA-DAT1-OH in order to obtain a fully rearranged PBO membrane. It is extremely essential 

to understand the thermal treatment conditions because they can affect the pore size and free 

volume of the polymer. 

Three examples of isothermal TGA curves of 6FDA-DAT1-OH at 420, 440 and 460 °C are 

presented in Fig. 6.5.  When 6FDA-DAT1-OH was isothermally converted to PBO (TR-6FDA-

DAT1-OH), the theoretical weight loss is 11.7% based on the molecular weight of one repeating 

unit of the polymer molecule.  

The theoretical weight loss of 11.8% for isothermal treatment at 420, 440 and 460 °C was 

achieved after 40, 13 and 10 minutes, respectively. Initially, a treatment time of 40 minutes at 

420 °C was selected; however, it was found that the experimental weight loss was about 13 wt% 

and the conversion was 111%. The higher conversion was due to the weight loss occurring 

during the cooling cycle. After some trials the best treatment time was found to be 20 minutes to 

obtain an almost fully converted PBO membrane. The details of weight loss and conversion in 

each treatment cycle is shown in Fig. 6.6 
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Table 6.1 Experimental weight loss and conversion of 6FDA-DAT1-OH after different treatment 

times at 420 °C 

Time (min) Experimental weight loss 

(%) 

Conversion (%) 

40 13.0 111 

30 12.4 106 

20 11.1 95 

 

 

Fig. 6.4 Thermogravimetric analysis (TGA) of 6FDA-DAT1-OH polyimide and TR-6FDA-

DAT1-OH. 
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Fig. 6.5 Isothermal TGA analysis of 6FDA-DAT1-OH at different temperatures 

 

 

Fig. 6.6 Weight loss distribution in each cycle for the treatment of 6FDA-DAT1-OH. 1) 

continuous heating to 420 °C; 2) isothermal heating at 420 °C; 3) cooling from 420 °C to room 

temperature. 
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The physical properties of the 6FDA-DAT1-OH and its TR-derived PBO compared to 

6FDA-DAT1 are reported in Table 6.2. 

 

Fig. 6.7 shows the FTIR spectra of 6FDA-DAT1-OH and TR-6FDA-DAT1-OH. The pristine 

polyimide showed absorption bands at 1788 cm-1 (symmetric C=O stretching), 1715 cm-1 

(asymmetric C=O stretching), and at 1377 cm-1 (C–N stretching), confirming the presence of 

imide groups. A broad hydroxyl absorption band appeared between 3200 and 3600 cm-1. 

Complete imidization is proven by absence of the amide carbonyl peak at 1650 cm-1. 

Thermal rearrangement to PBO can be evidenced by polybenzoxazole absorption bands at 1075 

cm-1 and 1556 cm-1 (C=N stretching) and the disappearance of the hydroxyl absorption band 

between 3200 and 3600 cm-1.  

 

Table 6.2 Physical properties of 6FDA-DAT1-OH and 6FDA-DAT1 polyimides. 

 

Polymer 

BET 

(m2/g) 

Mn 

(g/mole) 

Mw 

(g/mole) PDI 

Td 

(oC) 

Max pore volume 

cm3/g, p/po=0.99 

6FDA-DAT1-

OH 

160 23000 38000 1.65 440 0.84 

6FDA-DAT1 

[ref] 

320 16200 34000 2.10 530 - 
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Fig. 6.7 FT-IR spectra of pristine and heat-treated 6FDA-DAT1-OH membranes. 

Table 6.3 Mechanical properties of 6FDA-DAT1-OH and TR-6FDA-DAT-OH polyimides. 

 

Polymer 

Density  

(cm3/g) 

Young’s 

modulus 

(MPa) 

Elongation 

(%) 

Tensile Strength 

(MPa) 

6FDA-DAT1-OH 1.412 1483 3.10 25 

TR-6FDA-DAT1-OH 1.267 1079 2.74 24 

6FDA-DATRI [14] 1.297 - 4.5 62 

 

To evaluate the effect of the hydroxyl functionalization on the triptycene-based diamine, 

6FDA-DAT1 [25-27] was taken as a reference material as reported in the literature [26, 27]. 

Fig. 6.8 illustrates the d-spacing of 6FDA-DAT1-OH, 6FDA-DAT1 and TR- 6FDA-DAT1-

OH membranes measured by XRD. The non-hydroxyl-containing 6FDA-DAT1 shows a sharp 

peak at 5.55 Å while introducing two hydroxyl groups to the polymer generates a broad peak at 
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3.51 Å in addition to the sharp peak at 5.37 Å. The PBO membrane has a sharp peak shifted to 

5.79 Å and disappearance of the peak at 3.51 Å which can be considered clear evidence for the 

occurrence of thermal rearrangement reaction.  

 

The average tensile strength and elongation at break of the 6FDA-DAT1-OH, 6FDA-DAT1 

and TR-6FDA-DAT1-OH are summarized in Table 6.3. The tensile strength for 6FDA-DAT1-

OH is much lower than that of the non-hydroxyl-containing 6FDA-DAT1, indicating that 

introduction of hydroxyl groups tightens the polymer chains and makes the polymer more rigid 

as also proven by the elongations values.  

 

 

Fig. 6.8 Wide-angle x-ray spectra and d-spacing values of 6FDA-DAT1-OH, 6FDA-DAT1 and 

TR- 6FDA-DAT1-OH membranes. 
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The influence of the dihydroxyl-functionalization on the microporosity of 6FDA-DAT1-OH 

relative to that of 6FDA-DAT1 can be assessed from N2 physisorption isotherms (Fig. 6.9). The 

introduction of hydroxyl groups in the polymer backbone decreased the BET surface area from 

320 m2/g for 6FDA-DAT1 to 160 m2/g (50% loss) for 6FDA-DAT1-OH which was expected due 

the creation of hydrogen bonding between polymer chains leading to tightening of the entire 

polymer matrix and decreases in the free volume. Moreover, NLDFT-derived pore size 

distributions from N2 sorption isotherms indicate a larger qualitative shift of ultramicroporosity 

(pore size < 7 Å) in 6FDA-DAT1-OH towards smaller pores compared to 6FDA-DAT1, as 

shown in Fig. 6.10. This result has significant effects on the differences in gas transport 

properties of the polyimides, as discussed below. 

 

Fig. 6.9 Physisorption isotherms for 6FDA-DAT1-OH and 6FDA-DAT1using N2 at -196 °C. 

Closed symbols: adsorption; open symbols: desorption. 
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Fig. 6.10 NLDFT-based estimated pore size distribution obtained from N2 isotherms for 6FDA-

DAT1-OH and 6FDA-DAT1 assuming carbon slit pore geometry. 

 

The pure-gas permeabilities of He, H2, N2, O2, CH4, and CO2 were measured by the constant-

volume/variable-pressure method as shown in Table 6.4. The permeability coefficient was 

calculated from the steady-state region of the permeate-pressure/time curve, and the diffusion 

coefficient (D) was determined by the time-lag method (Table 6.5 and Table 6.6). 6FDA-DAT1-

OH was less permeable than 6FDA-DAT1 for all gases tested (Table 6.4) because of its smaller 

surface area that is favorable for decreasing diffusivity as well as the existence of hydroxyl 

groups which increased chain interactions due to creation of hydrogen bonding. The data clearly 

show that introducing hydroxyl functionality to the 6FDA-based polyimide leads to a significant 

increase in selectivity (i.e CO2/CH4 selectivity was enhanced from 38 for non-hydroxyl 
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functionalized 6FDA-DAT1 to 50 for 6FDA-DAT1-OH with two hydroxyl groups in the 

diamine moiety). This 32% increase in selectivity was due to the existence of hydrogen bonding 

between polymer chains that tighten the polymer structure, as previously reported for related 

polyimides and this result is in full compliance with d-spacing peaks shown in Fig. 6.8. As 

anticipated, the increase in selectivity was coupled with a 42% decrease in CO2 permeability 

from 120 to 70 Barrers. This result is qualitatively consistent with the BET and PSD results 

discussed above. The gas permeabilities decreased in the order: H2>CO2>O2>N2>CH4 which 

follows the order of kinetic diameters of the gases. 

The introduction of hydroxyl-functionalization to the polyimide had a clear effect on 

diffusion and solubility coefficients as well as diffusivity and solubility selectivities, as shown in 

Tables 6.5 and 6.6. For example, the diffusion coefficients of CO2 and CH4 for 6FDA-DAT1-

OH decreased each by ~82%, respectively, relative to 6FDA-DAT1. Gas solubility in a 

membrane material is determined by its affinity to the gas molecules in addition to its surface 

area [28]. Introducing pendent polar OH groups can enhance the affinity of the polymers to CO2 

molecules due to the dipole of the C=O bonds [28]. The solubility coefficient of carbon dioxide 

in dihydroxyl-functionalized 6FDA-DAT1-OH was 70% higher than that of 6FDA-DAT1. This 

finding is in full agreement with previous work, which showed that the introduction of hydroxyl 

groups into 6FDA-based polyimide membranes increased the solubility of CO2, [13, 15, 20, 23, 

28, 29].  
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Table 6.4 Pure-gas permeabilities and ideal selectivities for 6FDA-DAT1-OH, TR-6FDA-DAT-

OH and 6FDA-DAT1 polyimides (2 bar; 35 °C). 

Polymer 

Pure-gas Permeability (Barrer)  Ideal Selectivity  (𝜶) 

He H2 N2 O2 CH4 CO2 

 CO2/CH4 H2/ 

CH4 

O2/ 

N2 

6FDA-DAT1-OH 114 127 2.7 14 1.4 70  50 91 5.2 

TR-6FDA-DAT1-

OH 

348 438 25 75 24 553 

 23 18 3.0 

6FDA-DAT1 [27] 161 198 4.7 25.4 3.2 120  38 62 5.4 

 

 

Table 6.5 Pure-gas diffusion and solubility coefficients of N2, O2, CH4 and CO2 for 6FDA-

DAT1-OH, TR-6FDA-DAT-OH and 6FDA-DAT1 polyimides (2 bar; 35 °C). 

 

Diffusion coefficient 

(10-8 cm2/s) 

Solubility coefficient 

(10-2 cm3(STP)/(cm3 cmHg)) 

Polymer N2 O2 CH4 CO2       N2 O2 CH4 CO2 

6FDA-DAT1-OH 1.42 7.0 0.13 1.43 1.9 2.0 10.8 49 

TR-6FDA-DAT1-OH 25.5 74.2 7.67 58.7 0.995 1.01 3.1 9.42 

6FDA-DAT1 [27] 4.0 15 0.77 8.15 1.2 1.7 4.2 14.8 

 

 

 

 

 



200 
 

Table 6.6 Diffusivity selectivities and solubility selectivities for 6FDA-DAT1-OH, TR-6FDA-

DAT-OH and 6FDA-DAT1 polyimides (2 bar; 35 °C). 

 

Diffusivity Selectivity 

(𝜶)D 

Solubility Selectivity 

(𝜶)S 

Polymer O2/N2 CO2/CH4       O2/N2 CO2/CH4       

6FDA-DAT1-OH 4.93 11.0 1.05 4.56 

TR-6FDA-DAT1-OH 2.91 7.65 1.02 3.04 

6FDA-DAT1 [27] 3.75 10.58 1.42 3.52 

 

Moreover, pure gas permeabilities for the same gases were measured for the PBO membrane 

and were much higher than the permeabilities for the pristine polymer as usually anticipated 

from thermally rearranged polymers [30, 31]. For example, CO2 permeability increased by 

almost 8- fold, from 70 to 553 Barres but combined with significant decrease in CO2/CH4 

selectivity from 50 to 23. The large increase in gas permeability of 6FDA-DAT1-OH upon PBO 

formation was expected due to the free volume increase during the thermal rearrangement [30, 

31]. 

Binary CO2/CH4 mixed-gas (1:1 molar mixture) permeation properties for 6FDA-DAT1-OH 

polyimide were determined at a total feed pressure of 40 atm at 35 °C with increasing CO2 

partial pressures (2, 5, 10, 15 and 20 atm), and the effect of CO2 partial pressure on CO2/CH4 

selectivity was exploited. To determine any potential plasticization effects of the polyimides in 

the mixture experiments, pure-gas CO2 and CH4 permeabilities were also measured at 35 °C over 

a pressure range of 2-20 atm (Fig. 6.11). As expected for glassy polymers, the pure CO2 

permeability of the polyimide decreased continuously by increasing the feed pressure up to 20 
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atm due to dual-mode sorption behavior. This result indicates that CO2-induced plasticization did 

not occur in the polyimide up to 20 atm. The pure CH4 permeability was essentially constant up 

to 20 atm. Because the relative decrease in CO2 permeability was larger than that of methane in 

the polymer, their pure-gas CO2/CH4 selectivity decreased as a function of feed pressure, as 

shown in Fig. 6.12. 

The mixed-gas CO2 permeabilities of the polyimide were lower than those determined with 

pure CO2 at the same partial pressures, as shown in Fig. 6.11 and Fig. 6.12. This phenomenon is 

usually attributed to competitive sorption between CO2 and CH4 in the polymer matrix and has 

been previously observed for several polyimides of intrinsic microporosity [23, 27, 29]. The 

mixed-gas CH4 permeability increased slightly by ~17% with feed pressure, potentially 

indicating the onset of plasticization around 15-20 atm CO2 partial pressure. The mixed-gas 

CO2/CH4 selectivity was lower than that determined under pure-gas permeation conditions for 

the polymer, as shown in Fig. 6.12. This behavior is commonly observed for microporous glassy 

polymers, including polyimides [23, 27, 29]. The lower mixed-gas CO2/CH4 selectivity resulted 

from the aforementioned competitive sorption behavior of the polyimides. This mixed-gas 

permeation properties of the dihydroxyl-functionalized 6FDA-DAT1-OH polyimide exhibited 

promising gas separation properties with a CO2 permeability of 50 Barrer and CO2/CH4 

selectivity of 41 at a total CO2 pressure of 20 atm. 
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Fig. 6.11 Pressure dependence of pure (open symbol) and mixed (closed symbol) gas CO2 and 

CH4 permeability for 6FDA-DAT1-OH polyimide at 35 °C. 

 

 

Fig. 6.12 Pressure-dependence of pure and mixed-gas CO2/CH4 selectivities for 6FDA-DAT1-

OH polyimide (50:50 CO2:CH4 mixture, 35 °C). 
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6.5 Conclusions 

In this work, an o-dihydroxy-functionalized triptycene-based diamine (DAT1-OH) was 

synthesized and a 6FDA-based polyimide of intrinsic microporosity (6FDA-DAT1-OH) was 

made by condensation reaction. Pure- and mixed-gas permeation properties were compared to 

those of a related polyimide without functional OH-groups in the repeat unit (6FDA-DAT1). The 

polymer showed good solubility, processability, high thermal stability and promising gas 

separation performance. In addition, 6FDA-DAT1-OH exhibited excellent plasticization 

resistance as compared to many previously reported polyimides, as demonstrated by its high 

CO2/CH4 selectivity of about 41 under mixed-gas conditions at 10 atm partial feed pressure. This 

is verifying that hydroxyl-functionalized polyimides are excellent candidate materials for 

development of asymmetric or thin-film composite membranes for industrial natural gas 

sweetening, as shown in Fig. 6.13 and Fig. 6.14 
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Fig. 6.13 Separation performance of CO2/CH4 showing data for 6FDA-DAT1-OH and its TR 

derivative. The Solid line represents the state-of-the-art 2008 permeability/selectivity upper 

bound. 

 

Fig. 6.14 Mapping of mixed CO2/CH4 separation performance at CO2 partial pressure of 10 bar  

for 6FDA-DAT1-OH and selected hydroxyl- functionalized polyimides. Testing was carried out 

at 35 °C except for PIM-PMDA-OH and PIM-6FDA-OH at 22 °C 
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Chapter 7. Unprecedented Gas Transport Properties of Carboxyl- and 

Dihydroxyl-Functionalized Polyimide Blends 

This chapter presents the physical and gas transport properties of 6FDA-based polyimide 

blends. The polyimide blends systems were either dual-functionalized with hydroxyl and 

carboxyl groups or mono-functionalized with only carboxyl groups.  The main objective was to 

combine the effect of the carboxyl group with the known tightening effect of the hydroxyl 

groups that was reported in other chapters.   

 

7.1   Abstract  

Research in the field of membrane-based gas separations has been expanding dramatically in 

the last few decades but with only about a dozen polymers used practically as gas separation 

membranes.  Commercially available polyimides generally have low gas permeability making it 

difficult to implement them in large-scale gas separation membrane systems for O2/N2, H2/N2, 

CO2/CH4 and N2/CH4 separations. The introduction of intrinsic microporosity (pore size < 20 Å) 

into polyimides by incorporating highly contorted building blocks was recently developed to 

provide materials with significantly enhanced permeability while maintaining acceptable 

selectivity and all other desirable properties of high-performance polyimides; however, 

development of these PIM-PIs is currently limited by the availability of only a few building 

blocks, such as spirobisindane, ethanoanthracene and triptycene-based monomers. Here, we 

report novel membrane materials for gas separation processes from blends of polyimides based 

on 4,4'-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and hydroxyl- and carboxyl-

functionalized diamines. These PIM-PI blends exhibit exceptional gas separation properties for a 

variety of industrially important applications with extremely high selectivity values and 
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improved permeabilities compared to commercial glassy polymer membrane materials. For 

example, one 6FDA polyimide blend containing 80% -COOH groups and 20% -OH groups 

showed permselectivity of 136 for CO2/CH4, 11.4 for O2/N2 and 636 for H2/CH4 with diffusivity 

selectivities of 48.5 and 11 for CO2/CH4 and O2/N2, respectively. This extraordinary 

performance was due to the extremely size-sieving ultra-microporous structure of the blend, as 

confirmed by XRD test that demonstrated average d-spacing of less than 3.5 Å. 

 

 

7.2 Introduction  

Natural gas sweetening, hydrogen purification and air separation are the most promising 

venues for the growth in the membrane gas separation industry [1-5]. These three major 

applications are dominated by polymeric materials with relatively low permeabilities and only 

moderate selectivities [1, 6]. Currently available commercial polyimides demonstrated low gas 

permeability making it difficult to implement them in large-scale gas separation membrane 

systems, like O2/N2, H2/N2, CO2/CH4, etc.[7]. The introduction of intrinsic microporosity (pore 

size < 20 Å) into polyimides (i.e. PIM-PIs) by incorporating highly contorted dianhydrides 

and/or diamines as building blocks was recently developed to provide materials with 

significantly enhanced permeability while maintaining acceptable selectivity and all other 

desirable properties of high-performance polyimides; however, development of these PIM-PIs is 

currently limited by the availability of only a few expensive building blocks, such as 

spirobisindane-, ethanoanthracene-, Tröger’s base-, and triptycene-based monomers [8-13]. 

Owning to their rigid polymer backbone containing sterically hindered subunits, PIM-PIs 

typically possess higher free volume and increased gas permeability compared to low-free-
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volume commercial polyimides; on the other hand, PIM-PIs suffer from lower gas selectivity and 

physical aging, which both affect their potential in industrial gas separation processes [10, 14-

17]. 

The potential of structure modifications and functionalization to offer polymeric materials 

that offer ideal combination between permeability and permselectivity has ignited strong 

research efforts in material development for gas separation applications [15, 18, 19].These 

research efforts include: (i) synthesis of new polymers [10-13, 20-26], (ii) introducing pendant 

polar groups [8, 27], (iii) copolymerization [21, 28-30], (iv) polymer crosslinking [31-39], (v) 

carbonization of polymers [40, 41] and (vi) polymer blending [42-53]. 

Aromatic polyimides have been extensively investigated as potential membrane materials for 

gas separation [54-59]. However, many polyimides have similar limitations in their practical use 

as commercial materials because of CO2-induced plasticization, which often results in 

unacceptable loss in CO2/CH4 selectivity [60-63]. However, recent studies demonstrated that 

plasticization in polyimides can be mitigated to a large extend by various methods, in particular 

by: (i) thermal annealing [15], chemical cross-linking [31] and formation of charge transfer 

complexes [18, 19]. 

Among polyimides, 4,4'-(hexafluoroisopropylidene)diphthalic anhydride-based membranes 

exhibit excellent intrinsic gas separation properties, thermal and chemical stabilities, and tough 

mechanical properties against high-pressure mixed gas feeds [19, 20, 64-67]. 

High-temperature pyrolysis to a CMS membrane generates ultramicroporous (< 7 Å) 

constrictions that approach the molecular dimensions of the diffusing molecules leading to 

molecular sieving and, hence, very high selectivity. This approach is often applied to achieve 
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very high selectivities but it may cause some practical problems due to the inherent brittle nature 

of carbonaceous materials. 

Polymer blending is a facile, alternative technique to enhance the gas separation properties of 

polymer membranes. Polymer blends can be prepared by solution mixing, melt mixing, molding 

processes or extrusion.  The phase behavior of polymer blends (miscible or immiscible) is of 

utmost most importance if these polymers blends are applied to membrane-based gas separations 

applications. Hence, single-phase behavior, that is, the use of miscible polymer blends is the 

most preferable option [68]. 

The general theme of polymer blending is to have a synergic combination of high 

permeability and high selectivity to generate miscible blends with anticipated transport 

properties based on pure polymer properties according to the following permeability prediction 

equation [48, 69, 70]: 

𝑙𝑛𝑃𝑏 = Ø1𝑙𝑛𝑃1 + Ø2𝑙𝑛𝑃2     (7.1) 

Deviations from the above equation increase with the size of the gas molecule if the two 

polymers in the blend exhibit strong interactions as proposed by Paul and co-workers [48, 51, 52, 

71].  

Introduction of pendant polar groups, such as -OH and -COOH has been used for the 

structural design of homo- and co-polyimides with enhanced CO2/CH4 selectivity and 

functionality for various cross-linking mechanisms [72]. Stern’s group was the first to report 

hydroxyl- and carboxyl-containing polyimides with extremely high CO2/CH4 selectivity [73]. A 

realistic combination of permeability and permselectivity was achieved with carboxyl-

functionalized crosslinked copolyimides and showed advantages against physical aging and 

plasticization under high natural gas feeds [74-76].   The first example of a polyimide containing 
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both hydroxyl and carboxyl groups was reported by our group in form of copolyimides which 

simultaneously enhanced permeability and selectivity before and after crosslinking [77].  

Here, novel membrane materials for gas separation processes are reported made from 

miscible blends of polyimides based on 4,4'-(hexafluoroisopropylidene)diphthalic anhydride with 

a combination of hydroxyl- and carboxyl-functionalized diamines. The OH-functionalized 

diamine requires including a sterically hindered contortion site that is normally used for the 

synthesis of PIM-PIs, such as spirobisindane, triptycene and the like. The PIM-PI blends exhibit 

exceptional gas separation properties for a variety of industrially important applications, 

including but not limited to: (i) air separation (e.g. onsite nitrogen production and oxygen-

enriched air); (ii) hydrogen recovery from petrochemical streams; (iii) acid gas (CO2 and H2S) 

removal from natural gas; (iv) nitrogen removal from natural gas; (v) CO2 removal from flue gas 

and others. Specifically, the PIM-PI blends are characterized by extremely high selectivity values 

with improved permeabilities compared to commercial glassy polymer membrane materials. To 

the best of our knowledge, this is the first report of PIM-polyimide blends made from polyimide 

containing hydroxyl-functionalized diamine repeat units and polyimide containing carboxyl-

functionalized diamine repeat units, and their application as gas separation membrane materials.  

7.3 Experimental 

7.3.1 Synthesis of the homo-polyimides 

Four homo-polyimides were used in this work as presented in Fig 7.1. The full synthetic 

procedure for each homopolyimide is reported elsewhere in the literature including the basic 

chemistry characterization [8, 20, 77, 78] 



214 
 

 

Fig. 7.1 Structure of homo-polyimides used to prepare miscible blend systems. 

 

7.3.2 Blending strategy  

The main objective of this project was to combine hydroxyl groups and carboxyl group in 

one polymer by physical blending. As shown in Table 7.1, 6FDA-DABA was always present in 

different volume fractions and the other component was a 6FDA-based hydroxyl-containing 

polyimide with different microstructures. Non-hydroxyl functionalized PIM-6FDA was used for 

comparison reasons.  
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                                   Table 7.1 Polyimide blends nomenclature and compositions 

 

PI-Blend Composition 

PI-Blend-1 80% PIM-6FDA-OH + 20% 6FDA-DABA 

PI-Blend-2 50% PIM-6FDA-OH + 50% 6FDA-DABA 

PI-Blend-3 20% PIM-6FDA-OH + 80% 6FDA-DABA 

PI-Blend-4 80% 6FDA-DAT1-OH + 20% 6FDA-DABA 

PI-Blend-5 20% 6FDA-DAT1-OH + 80% 6FDA-DABA 

PI-Blend-6 80% PIM-6FDA + 20% 6FDA-DABA 

PI-Blend-7 20% PIM-6FDA + 80% 6FDA-DABA 

 

 

7.3.3 Polymer blend films preparation 

All homo-polyimides presented in Fig.7.1 were completely soluble in THF and acetone 

which facilitated the blending process. Different weight percentages were selected obtain blends 

of various compositions. Solutions of each blend system shown in Table 7.1 (5 to 7 wt/vol%) 

were prepared and filtered through 0.45 µm polypropylene filters and isotropic films were 

obtained by very slow evaporation of the solvents at room temperature from a leveled and 

covered glass Petri dish. To remove any traces of residual solvent, the dry membranes were post 

dried at 200 °C in a vacuum oven for 24 h. Complete casting solvent removal was confirmed by 

TGA measurements. The resulting tough and mechanically strong films with thickness of 40 ± 5 

µm were used for gas permeability measurements. Film thickness and effective areas for gas 

permeation measurement were determined by a digital micrometer and scanner, respectively 
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7.3.4 Characterization of the polymers blends 

Several characterization tests were performed on homopolymers and polymer blends. Fourier 

transform infrared spectra (FT-IR) were performed using a Varian 670-IR FT-IR spectrometer. 

Thermogravimetric analysis (TGA, TA Q-5000) measurements were performed under nitrogen 

atmosphere from room temperature to 800 °C at a heating rate of 3 °C/min.  X-ray scattering was 

conducted on a Bruker D8 Advance diffractometer with a scanning rate of 0.5°/min from 6 to 

50°.  The densities of the homopolymers and blends were determined using a Mettler Toledo 

balance equipped with a density kit apparatus. The glass transition temperature, Tg, was 

characterized by using differential scanning calorimetry (DSC).  

Stress-strain plots at room temperature under controlled forced oscillation mode were 

obtained using TA Instruments Q800 dynamic mechanical analyzer (DMA). In addition, DMA 

analysis was also used to evaluate the glass transition temperature in the cases where Tg could 

not be be obtained by DCS. Two-dimensional NMR tests were performed on selected blend 

samples using a 950 Bruker NMR instrument.   

The pure-gas permeation measurements were conducted with a custom-designed permeation 

system using the constant-volume/variable-pressure method. The mixed-gas permeation 

measurements of PI-Blend-3 and PI-Blend-5 were performed at 35 °C using a custom-designed 

mixed-gas permeation system. 
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7.4 Results and Discussion 

7.4.1 Physical properties  

 

The thermal stability of all homopolymers and polyimide blends was determined by thermal 

gravimetric analysis, as shown in Figs. 7.2, 7.3 and 7.4.  All PI-Blends were thermally very 

stable with onset decomposition temperatures of greater than 410 °C, as shown in Table 7.2. 

 

 

Fig. 7.2 Thermogravimetric analysis (TGA) of PI-Blend-1, PI-Blend-2 and PI-Blend-3. 
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Fig. 7.3 Thermogravimetric analysis (TGA) of PI-Blend-3 and PI-Blend-4. 

 

 

Fig. 7.4 Thermogravimetric analysis (TGA) of PI-Blend-1, PI-Blend-6, PI-Blend-3, 6FDA-

DABA and PIM-6FDA. 
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A single glass transition temperature in a polymer blend is one way to prove blend 

miscibility if both Tg’s are known or measurable. Glass transition temperatures could be 

measured for 6FDA-DABA and PIM-6FDA; however, PIM-6FDA-OH and 6FDA-DAT1-OH, 

PIM-motif-based homopolymers, did not show any Tg prior to polymer degradation, as 

confirmed by our previous studies on homo-polyimides. In this study, DMA was used to measure 

the glass transition temperature for 6FDA-DABA, PIM-6FDA, PI-Blend-3, PI-Blend-6 and PIM-

6FDA-OH. As shown in Fig. 7.5, the Tg for 6FDA-DABA was 365 °C but could not be 

measured for PIM-6FDA-OH up to 400 °C. In the blend system (20% PIM-6FDA-OH + 80% 

6FDA-DABA) a single Tg of 378 °C was observed which was higher than that of 6FDA-DABA. 

This result provides clear evidence that PI-Blend-3 was a completely miscible blend system with 

a single glass transition temperature.  
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Fig. 7.5 Mechanical analysis of tan delta vs. temperature for selected homo-polyimides and 

polyimide blend systems used for determination of Tg. 

 

Table 7.2 shows the physical properties of the homo-polyimides and their blend systems. 

The densities of the homopolymers followed the order: PIM-6FDA (1.235 g/cm3) < PIM-6FDA-

OH (1.267 g/cm3) < 6FDA-DAT1-OH (1.412 g/cm3) < 6FDA-DABA (1.428 g/cm3). For the 

polyimide blend systems, it was clearly noticed that by increasing the volume fraction of 6FDA-

DABA the blend density also increased. Surprisingly, the density of the blends composed of 80 

wt% 6FDA-DABA and 20 wt% OH-functionalized PIM-PI (PI-blends 3 and 5) exceeded the 

value of the 6FDA-DABA homopolymer. This result was unexpected as these blends contained 

PIM-PIs, which had significantly lower density than 6FDA-DABA (Table 7.2). The higher 

density is an indication of a more tightly packed chain conformation due to strong interactions 

between the OH and COOH groups in the blends. The tighter chain packing in the blends had 

significant and highly beneficial effects on their gas permeation properties, as discussed below. 
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Table 7.2 Physical and mechanical properties of homo-polyimides and polyimide blends. 

 

Polymer 

Tg        
(oC) 

Td (5%)        
(oC) 

Density  
(cm3/g) 

Young’s 
modulus 

(MPa) 

Elongation 
at break 

(%) 

Tensile Strength 
(MPa) 

6FDA-DAT1-OH > 400 418 1.412 1483 3.10 25 

PIM-6FDA-OH > 400 420 1.267 1079 2.74 24 

6FDA-DABA 365 426 1.428 1437 2.9 32 

PIM-6FDA 370 482 1.235 1146 5.2 37 

PI-Blend-1 > 400 435 1.275 1543 2.9 26 

PI-Blend-2 > 400 444 1.357 2221 2.5 42 

PI-Blend-3 378 433 1.524 1549 2.5 23 

PI-Blend-4 > 400 438 1.428 1544 2.7 25 

PI-Blend-5 380 420 1.469 1889 2.5 25 

PI-Blend-6 365 477 1.303 1718 4.2 29 

PI-Blend-7 370 435 1.411 1813 2.8 37 

 

The potential applications of polyimides or polyimide blends for gas separation membranes 

also requires to determine their mechanical properties.  The average tensile strength, Young’s 

modulus and elongation at break of all homo-polyimides and their blend systems are summarized 

in Table 7.2. The tensile strength for all blend systems was in the range between 23 and 42 MPa 

while the Young’s modulus was in the range between 1500 and 2200 MPa. Elongation at break 

for all blends was always less than 4% which is an indication of their highly rigid structures.  

The influence of blending hydroxyl- with carboxyl-containing polyimides on their chain 

packing and pore size distribution relative to that of the homopolymers can be assessed by 

performing wide-angle X-ray diffraction (WAXD) tests, as shown in selected materials in Fig. 

http://www.sciencedirect.com/science/article/pii/S0376738813000343#t0015
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7.6 and Fig. 7.7. WAXD confirmed that all OH- and COOH containing blends were amorphous 

and had bimodal pore size distributions. The homo-polyimides and their derived blend systems 

exhibited average d-spacings calculated from Bragg’s law between 5.5 and 5.2 Å. The WAXD 

results indicate clearly that PI-Blend-3 (80% 6FDA-DABA) contained a larger fraction of small 

ultramicroporous (< 3.5 Å) than PI-Blend-1 (20% 6FDA-DABA). By increasing the content of 

6FDA-DABA from 20 to 80 wt% in PI-Blend-3, a new fraction of smaller pores was created in 

the low ultramicroporous range, which was expected to have some effects on the molecular 

sieving properties, that is, the diffusion-based selectivity of the blends. The creation of smaller 

pores in the ultramicroporous regime was not evident in the mono-functionalized blend systems, 

PI-Blend-6 and 7, as shown in Fig. 7.7. The shift to smaller ultramicropores area was expected to 

result in higher selectivities associated with lower gas permeabilities, as discussed in the gas 

transport section below.  

 

Fig. 7.6 WAXD spectra of 6FDA-DABA, PIM-6FDA-OH, PI-Blend-1 and PI-Blend-3 films. 
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Fig. 7.7 WAXD spectra of 6FDA-DABA, PIM-6FDA, PI-Blend-6 and PI-Blend-7 films. 

The molecular structures of the polyimide blends were characterized by FTIR spectroscopy. 

The polyimide blends showed the typical characteristic absorption bands of the imide groups in 

addition to hydroxyl and carboxyl bands.  (Fig. 7.8). No signals associated with polyamic acid 

around 3200-3400 cm-1 were observed indicating complete imidization of the original homo-

polyimides. 
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Fig. 7.8 FTIR spectra of PI-Blend-1, PI-Blend-2 and PI-Blend-3. 

 

1H-1H NEOSY (Nuclear Overhauser Effect Spectroscopy) is a 2D-NMR technique in which 

interactions between non-bonded protons can be detected, which are close together in space with 

a distance less than 5 Å. The NEOSY peaks intensity depends on the number of interacting 

protons, where the strongest peak signal is related to the strongest interaction between protons. 

To prove the interaction between the OH and COOH groups in the PI-blend systems NEOSY 

experiments were performed using a 950 Bruker NMR instrument for three blends with the 

following results: 

• In PI-blend-1 which contained 80 wt% of PIM-6FDA-OH and 20 wt% 6FDA-DABA, only 

small interactions between the two protons were observed as the intensity of the signal was 

small, as shown in Fig. 7.9.  
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Fig. 7.9 2D NMR spectrum for PI-Blend-1 

• In PI-blend-3 which was composed of 80 wt% of 6FDA-DABA and 20 wt% PIM-6FDA-

OH, a very strong peak intensity was evident compared to PI-blend-1, as shown in Fig. 7.10a. It 

is proposed that a higher concentration of COOH groups in close proximity to the OH groups led 

to stronger interactions, as explained by the proposed hydrogen bonding mechanism shown in 

Fig. 7.10b. 
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Fig. 7.10 a) 2D-NMR spectrum for PI-Blend-3; b) proposed hydrogen bonding mechanism. 

 

PI-blend-7 was made as a reference to compare the interactions between blending systems 

with different functional groups and their ratios. This blend system, composed of 80 wt% 6FDA-

DABA and 20 wt% PIM-6FDA, did not show any interaction because the absence of hydroxyl 

groups in PIM-6FDA, as illustrated in Fig. 7.11. 
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Fig. 7.11 2D-NMR spectrum for PI-Blend-7. 

 

7.4.2 Gas transport properties  

The pure He, H2, N2, O2, CH4, and CO2 transport properties of homo-polyimides and 

polyimide blend membranes were measured by the constant-volume/variable-pressure method at 

2 bar and 35 °C. The permeability coefficient was calculated from the steady-state region of the 

permeate-pressure/time curve, and the diffusion coefficient (D) and solubility (S) were 

determined by the time-lag method (Table 7.3 and Table 7.4).  

Owing to the chain tightness introduced by hydrogen bonding between the hydroxyl-and 

carboxyl groups, the dual-functionalized polyimide blends were significantly more selective than 

the mono-functionalized polyimide blends. For example, the CO2/CH4 selectivity of PI-Blend-3 

of 136 was about 4-fold higher than that of 6FDA-based OH-containing polyimide (PIM-6FDA-
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OH) and commercial cellulose triacetate membranes. In the blend systems, permeability was 

decreasing for all gases with increasing the content of 6FDA-DABA up to 80 wt% DABA, as 

displayed in Figs.7.12, 7.13 and 7.14. 

 

 

 

Fig. 7.12 Pure-gas permeability as function of 6FDA-DABA content in PIM-6FDA-OH. 
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Fig. 7.13 Pure-gas permeability as function of 6FDA-DABA content in 6FDA-DAT1-OH. 

 

 

 

Fig. 7.14 Pure-gas permeability as function of 6FDA-DABA content in PIM-6FDA. 
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The relative decrease in gas permeability by increasing the COOH content in the blends 

followed a clear trend with increasing size of the penetrants, that is, the larger the gas molecule 

the greater was the reduction in gas permeability. Consequently, large increases in gas-pair 

selectivity were observed in the blends with values that significantly exceeded those of the 

homopolymers. For example, in PI-Blends-1, -2 and -3, the CO2/CH4 selectivity increased from 

42, 96 and 136, respectively with 20, 50 and 80 wt% of COOH-containing 6FDA-polyimide. 

These large increases in selectivity can be explained by strong hydrogen bonding leading to very 

tight blend microstructure as qualitatively confirmed by 2D-NMR, density measurements and 

WAXD spectra. It is important to note that these extremely high selectivities cannot be achieved 

in absence of the hydroxyl groups as confirmed by the mono-functionalized COOH-blends PI-

Blend-6 and PI-Blend-7 where hydrogen bonding could not be generated as clarified by their 2D-

NMR spectrum and pore size distribution generated by WAXD (Figs.7.6 and 7.7). The increase 

in selectivity was coupled with a decrease in CO2 permeability from 89, 16.3 and 9 Barrers in PI-

Blend-1, PI-Blend-2 and PI-Blend-3, respectively.  
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Table 7.3 Pure-gas permeabilities and ideal selectivities for homo-polyimides and polyimide 

blends (at 2 bar; 35 °C). 

Polymer 
Pure-gas Permeability (Barrer)  Ideal Selectivity  (𝛼) 

He H2 N2 O2 CH4 CO2  CO2/CH4 H2/ CH4 O2/ N2 

6FDA-DAT1-OH 114 127 2.7 14 1.4 70  50 91 5.2 

PIM-6FDA-OH 144 181 5.5 23.8 3.4 119  35 53 4.3 

6FDA-DABA 54 49 0.42 2.86 0.15 11.1  74 327 6.8 

PIM-6FDA 135 161 4.2 23.4 3.4 100  29 47 5.6 

PI-Blend-1 103 159 3.37 19.7 2.1 89  42 76 5.8 

PI-Blend-2 90 68 0.6 4.83 0.17 16.3  96 400 8.1 

PI-Blend-3 58 42 0.21 2.4 0.066 9.0  136 636 11.4 

PI-Blend-4 86 84 0.95 7.2 0.38 31  82 221 7.6 

PI-Blend-5 65 48 0.24 2.89 0.096 12.2  127 500 12 

PI-Blend-6 137 145 3.1 18 2.0 74  37 72.5 5.8 

PI-Blend-7 58 43 0.35 2.6 0.12 7.6  63 358 7.4 

 

Blending of hydroxyl-containing and carboxyl-containing 6FDA-based polyimides had also a 

clear effect on diffusion and solubility coefficients as well as diffusivity- and solubility 

selectivities, as shown in Tables 7.4 and 7.5. As expected from density, WAXD and 2D-NMR 

measurements, the increased tightness of the polyimide blend chains due to the hydrogen 

bonding resulted in a reduction of the gas diffusion coefficients for all dual-functionalized and 

mono-functionalized blend systems. The decrease in diffusion coefficients was always coupled 

with an increase in the content of 6FDA-DABA in all reported blend system. For example, the 

diffusion coefficients for CO2 and CH4 decreased by 91 and 96% (from 30.7 to 2.66 x 10-8 cm2 s-

1 and from 1.53 to 0.055 x 10-8), respectively, when the weight fraction of the carboxyl-

containing polyimide (6FDA-DABA) was increased from 20% in PI-Blend-1 to 80 % in PI-
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Blend-3. On the other hand, the CO2/CH4 diffusivity selectivity increased by 141%, which 

concurrently led to an increase in the CO2/CH4 permselectivity from 42 for the PI-Blend-1 to 136 

for PI-Blend-3. This result is clear evidence of the significantly enhanced molecular sieving 

capabilities of the miscible 6FDA-based OH- and COOH-containing polymer blends due to very 

strong hydrogen bonding.  

 

 

Table 7.4 Pure-gas diffusion and solubility coefficients of N2, O2, CH4 and CO2 for homo-

polyimides and polyimide blends (at 2 bar; 35 °C). 

 
Diffusion coefficient 

(10-8 cm2/s) 

Solubility coefficient 

(10-2 cm3(STP)/(cm3 cmHg)) 

Polymer N2 O2 CH4 CO2       N2 O2 CH4 CO2 

6FDA-DAT1-OH 1.42 7.0 0.13 1.43 1.9 2.0 10.8 49 

PIM-6FDA-OH 7.24 - 1.65 8.04 1.49 - 5.52 32.8 

6FDA-DABA 0.53 3.3 0.031 0.66 0.80 0.86 4.96 16.8 

PIM-6FDA 1.49 6.81 0.486 5.1 2.81 3.44 6.99 20.6 

PI-Blend-1 6.4 32 1.53 30.7 0.53 0.62 1.37 2.88 

PI-Blend-2 1.68 9.87 0.291 9.07 0.36 0.49 0.583 1.80 

PI-Blend-3 0.46 5.01 0.055 2.66 0.47 0.48 1.19 3.33 

PI-Blend-4 2 14 0.48 12.1 0.48 0.50 0.79 2.58 

PI-Blend-5 0.41 4.9 0.116 4.58 0.58 0.59 0.83 2.67 

PI-Blend-6 4.35 20.5 0.79 6.25 0.72 0.87 2.54 11.9 

PI-Blend-7 0.53 3.95 0.031 0.621 0.655 0.658 4.05 12.3 
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Table 7.5 Diffusivity selectivities and solubility selectivities for homo-polyimides and polyimide 

blends (at 2 bar; 35 °C). 

 
Diffusivity Selectivity 

(𝛼)D 

Solubility Selectivity 

(𝛼)S 

Polymer O2/N2 CO2/CH4       O2/N2 CO2/CH4       

6FDA-DAT1-OH 4.93 11.0 1.05  4.56 

PIM-6FDA-OH - 4.87 -  5.94 

6FDA-DABA 6.23 21.3 1.08  3.38 

PIM-6FDA 4.57 10.5 1.22  2.95 

PI-Blend-1 5 20.1 1.17  2.10 

PI-Blend-2 5.88 31.2 1.36 3.09 

PI-Blend-3 10.96 48.5 1.02 2.77 

PI-Blend-4 7.2 25.2 1.06 3.27 

PI-Blend-5 12.0 39.5 1.02 3.22 

PI-Blend-6 4.71 7.9 1.22 4.69 

PI-Blend-7 7.48 20.3 1.0 3.04 

 

 

In addition, the pure-gas permeability of PI-Blend-3 and PI-Blend-5 was calculated 

theoretically using Eq. 7.1 and compared with experimental values. As clearly presented in 

Table 7.6, there was a significantly noticeable deviation from the generally accepted theoretical 

relationship and experimentally confirmed relationship as proposed in Eq. 7.1. For example, the 

experimental permeabilites of CH4 and CO2 in PI-Blend-3 were lower than the theoretical 

permeability by 76 and 50%, respectively. 
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In this study, the deviations from theoretical blend models increased with the size of the gas 

molecules, which indicated very strong interactions of the two homo-polyimides in the blends as 

stated by Paul and co-workers [51-53, 70, 71]. This interaction was clearly confirmed in this 

study by the 2D-NMR spectra that showed hydrogen bonding interaction in the dual-

functionalized blend systems, as discussed earlier.   

 

Table 7.6  Pure-gas theoretical and experimental permeability coefficients of PI-Blend-3 and PI-

Blend-5. 

PI-Blend-3 PI-Blend-5 

Gas Theoretical 

Permeability 

Experimental 

Permeability 

% difference Theoretical 

Permeability 

Experimental 

Permeability 

% difference 

He 66 58 12 63 66 5 

H2 64 42 34 59 48 19 

N2 0.7 0.21 70 0.61 0.24 61 

O2 4.37 2.4 45 3.93 2.89 26 

CH4 0.28 0.066 76 0.23 0.096 58 

CO2 18 9 50 16 12.2 24 

 

Carbon dioxide (CO2) content and wellhead pressure varies in raw natural gas stream 

depending on the location. Because of these variations, it is required to access the performance 

of the polyimide blend membranes over a wide range of CO2 partial pressures (usually 2 to 20 

bar). In this way, the behavior of polyimide blends can be explored under more realistic 

conditions.  
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Binary CO2/CH4 mixed-gas (1:1 molar mixture) permeation properties for PI-Blend-3 and 

PI-Blend-5 polyimides were determined at a total feed pressure of 40 atm at 35 °C with 

increasing CO2 partial pressures (2, 5, 10, 15 and 20 atm) and the effect of CO2 partial pressure 

on CO2/CH4 selectivity was exploited. To determine any potential plasticization effects of the 

polyimide blends in the mixture experiments, pure-gas CO2 and CH4 permeabilities were also 

measured at 35 °C over a pressure range of 2-20 atm (Fig. 7.15 and 7.16). As expected for glassy 

polymers, the pure CO2 permeability of both polyimide blends decreased continuously by 

increasing the feed pressure up to 20 atm due to dual-mode sorption behavior. This result 

indicates that CO2-induced plasticization did not occur in the two polyimide blends up to 20 atm. 

As expected, the pure CH4 permeability of both polyimide blends was essentially constant up to 

20 atm. Because the relative decrease in CO2 permeability was larger than that of methane in the 

polymer blends, their pure-gas CO2/CH4 selectivity decreased as a function of feed pressure, as 

shown in Fig. 7.17. The CO2 and CH4 permeability isotherms of the PI-Blend-3 and PI-Blend-5 

membranes determined with a mixed-gas feed of 50 vol.% CH4 and 50 vol.% CO2 up to 40 atm 

are shown in Fig. 7.15 and Fig.7.16, respectively. The mixed-gas CO2 permeabilities of both 

polymers were lower than those determined with pure CO2 at the same partial pressures, as 

shown in Fig. 7.15 and Fig. 7.16. This phenomenon is usually attributed to competitive sorption 

between CO2 and CH4 in the polymer matrix and has been previously observed for a wide variety 

of polyimides [18-20, 64]. Consequently, the mixed-gas CO2/CH4 selectivity was lower than that 

determined under pure-gas permeation conditions for both polymer blends, as shown in Fig. 

7.17. Nevertheless, the mixed-gas permeation properties of the dual-functionalized polyimide 

blends with 80 wt% COOH content exhibited exceptional gas separation properties for PI-Blend-
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3 and PI-Blend-5 with a mixed-gas CO2 permeability of 7 and 7.7 Barrer and mixed-gas 

CO2/CH4 selectivity of 100 and 95 at a partial CO2 pressure of 10 atm, respectively.  

 

Fig. 7.15 Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities for PI-Blend-

3 (50:50 CO2:CH4 mixture; 35 °C). Lines are drawn to guide the eye. Open points: pure-gas; 

closed points: mixed-gas. 
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Fig. 7.16 Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities for PI-Blend-

5 (50:50 CO2:CH4 mixture; 35 °C). Lines are drawn to guide the eye. Open points: pure-gas; 

closed points: mixed-gas. 

 

Fig. 7.17 Pressure-dependence of pure and mixed-gas CO2/CH4 selectivities for PI-Blend-3 and 

PI-Blend-5 (50:50 CO2:CH4 mixture, 35 °C). Lines are drawn to guide the eye. Open points: 

pure-gas; closed points: mixed-gas. 
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7.5 Conclusions 

 
In this work, PIM-polyimide blends were prepared based on a selected dianhydride, 6FDA, 

with two functional diamines - hydroxyl- and carboxyl-functionalized diamines. These PIM-PI 

blends exhibited exceptional and unexpected gas separation properties for a variety of 

industrially important applications, including the main application of this work, which was 

focused on carbon dioxide removal from natural gas. Optimized PIM-PI blends reported here 

exhibit the highest selectivity values with improved permeabilities compared to commercial 

glassy polymer membrane materials applied in 90% of all commercial gas separation 

applications. Up to the best of our knowledge, the mixed-gas selectivities reported here are the 

highest among all polymeric materials tested in the same aggressive conditions. These extremely 

high selectivities values measured under both pure- and mixed-gas conditions can be attributed 

to the interactions of the hydroxyl and carboxyl moieties as demonstrated by XRD and 2D-NMR 

experiments. These interactions created hydrogen bonding between the blend polymer chain 

matrixes and increased with the content of the carboxyl-containing polyimide in the blends. The 

optimal choice of the homopolymers with contortion sites and polar functionalities tune the pore-

size distribution to achieve sharp, diffusion-based separations without the need of high-

temperature or chemical treatments. The results reported in this study exceed those of all 

polymeric membrane materials reported to date and defining the highest standards for molecular 

sieving applications using pure polyimide materials. 

 

 

  



239 
 

7.6 References  

[1] R.W. Baker, B.T. Low, Gas separation membrane materials: a perspective, Macromolecules, 

47 (2014) 6999-7013. 

[2] Y. Yampolskii, Polymeric gas separation membranes, Macromolecules, 45 (2012) 3298-

3311. 

[3] K.A. Lokhandwala, I. Pinnau, Z. He, K.D. Amo, A.R. DaCosta, J.G. Wijmans, R.W. Baker, 

Membrane separation of nitrogen from natural gas: a case study from membrane synthesis to 

commercial deployment, Journal of Membrane Science, 346 (2010) 270-279. 

[4] R.W. Baker, Membrane technology and applications, John Wiley & Sons, Ltd, (2004) 96-

103. 

[5] R.W. Baker, K.A. Lokhandwala, I. Pinnau, S. Segelke, Methane/nitrogen separation process, 

U.S. Patent 5,669,958, 1997. 

[6] C.A. Scholes, G.W. Stevens, S.E. Kentish, Membrane gas separation applications in natural 

gas processing, Fuel, 96 (2012) 15-28. 

[7] R.W. Baker, Future directions of membrane gas separation technology, Industrial & 

engineering chemistry research, 41 (2002) 1393-1411. 

[8] X. Ma, R. Swaidan, Y. Belmabkhout, Y. Zhu, E. Litwiller, M. Jouiad, I. Pinnau, Y. Han, 

Synthesis and gas transport properties of hydroxyl-functionalized polyimides with intrinsic 

microporosity, Macromolecules, 45 (2012) 3841-3849. 

[9] M. Carta, R. Malpass-Evans, M. Croad, Y. Rogan, J.C. Jansen, P. Bernardo, F. Bazzarelli, 

N.B. McKeown, An efficient polymer molecular sieve for membrane gas separations, Science, 

339 (2013) 303-307. 



240 
 

[10] B.S. Ghanem, R. Swaidan, E. Litwiller, I. Pinnau, Ultra-Microporous Triptycene-based 

Polyimide Membranes for High-Performance Gas Separation, Advanced Materials, 26 (2014) 

3688-3692. 

[11] M. Carta, R. Malpass-Evans, M. Croad, Y. Rogan, M. Lee, I. Rose, N.B. McKeown, The 

synthesis of microporous polymers using Tröger's base formation, Polymer Chemistry, 5 (2014) 

5267-5272. 

[12] M. Carta, M. Croad, R. Malpass‐Evans, J.C. Jansen, P. Bernardo, G. Clarizia, K. Friess, M. 

Lanč, N.B. McKeown, Triptycene induced enhancement of membrane gas selectivity for 

microporous Tröger's base polymers, Advanced Materials, 26 (2014) 3526-3531. 

[13] M. Carta, M. Croad, J.C. Jansen, P. Bernardo, G. Clarizia, N.B. McKeown, Synthesis of 

cardo-polymers using Tröger's base formation, Polymer Chemistry, 5 (2014) 5255-5261. 

[14] R. Swaidan, B.S. Ghanem, E. Litwiller, I. Pinnau, Pure- and mixed-gas CO2/CH4 separation 

properties of PIM-1 and an amidoxime-functionalized PIM-1, Journal of Membrane Science, 457 

(2014) 95-102. 

[15] R. Swaidan, B. Ghanem, E. Litwiller, I. Pinnau, Effects of Hydroxyl-functionalization and 

sub-Tg thermal annealing on High pressure pure-and mixed-gas CO2/CH4 separation by 

polyimide membranes based on 6FDA and triptycene-containing dianhydrides, Journal of 

Membrane Science, (2014). 

[16] R. Swaidan, B. Ghanem, M. Al-Saeedi, E. Litwiller, I. Pinnau, Role of Intrachain Rigidity 

in the Plasticization of Intrinsically Microporous Triptycene-Based Polyimide Membranes in 

Mixed-Gas CO2/CH4 Separations, Macromolecules, 47 (2014) 7453-7462. 



241 
 

[17] R. Swaidan, M. Al-Saeedi, B. Ghanem, E. Litwiller, I. Pinnau, Rational design of 

intrinsically ultramicroporous polyimides containing bridgehead-substituted triptycene for highly 

selective and permeable gas separation membranes, Macromolecules, 47 (2014) 5104-5114. 

[18] N. Alaslai, B. Ghanem, F. Alghunaimi, I. Pinnau, High-performance intrinsically 

microporous dihydroxyl-functionalized triptycene-based polyimide for natural gas separation, 

Polymer, 91 (2016) 128-135. 

[19] N. Alaslai, B. Ghanem, F. Alghunaimi, E. Litwiller, I. Pinnau, Pure-and Mixed-Gas 

Permeation Properties of Highly Selective and Plasticization Resistant Hydroxyl-Diamine-Based 

6FDA Polyimides for CO2/CH4 Separation, Journal of Membrane Science, (2016). 

[20] N. Alaslai, X. Ma, B. Ghanem, Y. Wang, F. Alghunaimi, I. Pinnau, Synthesis and 

Characterization of a Novel Microporous Dihydroxyl‐Functionalized Triptycene‐Diamine‐Based 

Polyimide for Natural Gas Membrane Separation, Macromolecular Rapid Communications, 

(2017). 

[21] X. Ma, I. Pinnau, A novel intrinsically microporous ladder polymer and copolymers derived 

from 1, 1′, 2, 2′-tetrahydroxy-tetraphenylethylene for membrane-based gas separation, Polymer 

Chemistry, (2016). 

[22] B. Ghanem, F. Alghunaimi, X. Ma, N. Alaslai, I. Pinnau, Synthesis and characterization of 

novel triptycene dianhydrides and polyimides of intrinsic microporosity based on 3, 3ʹ-

dimethylnaphthidine, Polymer, 101 (2016) 225-232. 

[23] Y. Rogan, R. Malpass-Evans, M. Carta, M. Lee, J.C. Jansen, P. Bernardo, G. Clarizia, E. 

Tocci, K. Friess, M. Lanc, N.B. McKeown, A highly permeable polyimide with enhanced 

selectivity for membrane gas separations, Journal of Materials Chemistry A, 2 (2014) 4874-

4877. 



242 
 

[24] B.S. Ghanem, R. Swaidan, X. Ma, E. Litwiller, I. Pinnau, Energy‐Efficient Hydrogen 

Separation by AB‐Type Ladder‐Polymer Molecular Sieves, Advanced Materials, (2014). 

[25] J.C. Chen, J.A. Wu, S.W. Li, S.C. Chou, Highly phenylated polyimides containing 4,4 '-

diphenylether moiety, Reactive & Functional Polymers, 78 (2014) 23-31. 

[26] X.H. Ma, O. Salinas, E. Litwiller, I. Pinnau, Novel Spirobifluorene- and 

Dibromospirobifluorene-Based Polyimides of Intrinsic Microporosity for Gas Separation 

Applications, Macromolecules, 46 (2013) 9618-9624. 

[27] C.H. Jung, Y.M. Lee, Gas permeation properties of hydroxyl-group containing polyimide 

membranes, Macromolecular research, 16 (2008) 555-560. 

[28] Z.G. Wang, X. Liu, D. Wang, J. Jin, Troger's base-based copolymers with intrinsic 

microporosity for CO2 separation and effect of Troger's base on separation performance, 

Polymer Chemistry, 5 (2014) 2793-2800. 

[29] N. Du, G.P. Robertson, I. Pinnau, S. Thomas, M.D. Guiver, Copolymers of Intrinsic 

Microporosity Based on 2, 2′, 3, 3′‐Tetrahydroxy‐1, 1′‐dinaphthyl, Macromolecular rapid 

communications, 30 (2009) 584-588. 

[30] V.I. Bondar, B.D. Freeman, I. Pinnau, Gas sorption and characterization of poly(ether-b-

amide) segmented block copolymers, Journal of Polymer Science Part B-Polymer Physics, 37 

(1999) 2463-2475. 

[31] Q. Song, S. Cao, R.H. Pritchard, B. Ghalei, S.A. Al-Muhtaseb, E.M. Terentjev, A.K. 

Cheetham, E. Sivaniah, Controlled thermal oxidative crosslinking of polymers of intrinsic 

microporosity towards tunable molecular sieve membranes, Nature communications, 5 (2014) 

4813. 



243 
 

[32] B. Kraftschik, W.J. Koros, Cross-linkable polyimide membranes for improved plasticization 

resistance and permselectivity in sour gas separations, Macromolecules, 46 (2013) 6908-6921. 

[33] M.M. Khan, G. Bengtson, S. Shishatskiy, B.N. Gacal, M.M. Rahman, S. Neumann, V. Filiz, 

V. Abetz, Cross-linking of Polymer of Intrinsic Microporosity (PIM-1) via nitrene reaction and 

its effect on gas transport property, European Polymer Journal, 49 (2013) 4157-4166. 

[34] F.Y. Li, Y.C. Xiao, T.S. Chung, S. Kawi, High-Performance Thermally Self-Cross-Linked 

Polymer of Intrinsic Microporosity (PIM-1) Membranes for Energy Development, 

Macromolecules, 45 (2012) 1427-1437. 

[35] N.Y. Du, M.M. Dal-Cin, G.P. Robertson, M.D. Guiver, Decarboxylation-Induced Cross-

Linking of Polymers of Intrinsic Microporosity (PIMs) for Membrane Gas Separation, 

Macromolecules, 45 (2012) 5134-5139. 

[36] W. Qiu, C.-C. Chen, L. Xu, L. Cui, D.R. Paul, W.J. Koros, Sub-T g Cross-Linking of a 

Polyimide Membrane for Enhanced CO2 Plasticization Resistance for Natural Gas Separation, 

Macromolecules, 44 (2011) 6046-6056. 

[37] N.Y. Du, M.M. Dal-Cin, I. Pinnau, A. Nicalek, G.P. Robertson, M.D. Guiver, Azide-based 

Cross-Linking of Polymers of Intrinsic Microporosity (PIMs) for Condensable Gas Separation, 

Macromolecular Rapid Communications, 32 (2011) 631-636. 

[38] A.M.W. Hillock, W.J. Koros, Cross-linkable polyimide membrane for natural gas 

purification and carbon dioxide plasticization reduction, Macromolecules, 40 (2007) 583-587. 

[39] J.D. Wind, C. Staudt-Bickel, D.R. Paul, W.J. Koros, Solid-state covalent cross-linking of 

polyimide membranes for carbon dioxide plasticization reduction, Macromolecules, 36 (2003) 

1882-1888. 



244 
 

[40] X.H. Ma, R. Swaidan, B.Y. Teng, H. Tan, O. Salinas, E. Litwiller, Y. Han, I. Pinnau, 

Carbon molecular sieve gas separation membranes based on an intrinsically microporous 

polyimide precursor, Carbon, 62 (2013) 88-96. 

[41] M. Kiyono, P.J. Williams, W.J. Koros, Effect of pyrolysis atmosphere on separation 

performance of carbon molecular sieve membranes, Journal of Membrane Science, 359 (2010) 2-

10. 

[42] N. Panapitiya, S. Wijenayake, D. Nguyen, C. Karunaweera, Y. Huang, K. Balkus, I. 

Musselman, J. Ferraris, Compatibilized Immiscible Polymer Blends for Gas Separations, 

Materials, 9 (2016) 643. 

[43] S. Mosleh, M. Mozdianfard, M. Hemmati, G. Khanbabaei, Synthesis and characterization of 

rubbery/glassy blend membranes for CO2/CH4 gas separation, Journal of Polymer Research, 23 

(2016) 1-14. 

[44] W.F. Yong, T.-S. Chung, Miscible blends of carboxylated polymers of intrinsic 

microporosity (cPIM-1) and Matrimid, Polymer, 59 (2015) 290-297. 

[45] A. Tena, R. Vazquez-Guilló, A. Marcos-Fernández, A. Hernández, R. Mallavia, Polymeric 

films based on blends of 6FDA–6FpDA polyimide plus several copolyfluorenes for CO 2 

separation, RSC Advances, 5 (2015) 41497-41505. 

[46] H.A. Mannan, H. Mukhtar, T. Murugesan, R. Nasir, D.F. Mohshim, A. Mushtaq, Recent 

applications of polymer blends in gas separation membranes, Chemical Engineering & 

Technology, 36 (2013) 1838-1846. 

[47] W.F. Yong, F. Li, Y. Xiao, P. Li, K. Pramoda, Y. Tong, T. Chung, Molecular engineering of 

PIM-1/Matrimid blend membranes for gas separation, Journal of membrane science, 407 (2012) 

47-57. 



245 
 

[48] L.M. Robeson, Polymer blends in membrane transport processes, Industrial & Engineering 

Chemistry Research, 49 (2010) 11859-11865. 

[49] J.W. Simmons, O.M. Ekiner, Polyimide blends for gas separation membranes, in, Google 

Patents, 2006. 

[50] M.E. Rezac, E.T. Sorensen, H.W. Beckham, Transport properties of crosslinkable polyimide 

blends, Journal of membrane science, 136 (1997) 249-259. 

[51] J. Chiou, D. Paul, Gas permeation in miscible homopolymer‐copolymer blends: II. 

Tetramethyl bisphenol‐A polycarbonate and a styrene/acrylonitrile copolymer, Journal of 

Applied Polymer Science, 34 (1987) 1503-1520. 

[52] J. Chiou, D. Paul, Gas permeation in miscible blends of poly (methyl methacrylate) with 

bisphenol chloral polycarbonate, Journal of applied polymer science, 33 (1987) 2935-2953. 

[53] Y. Maeda, D. Paul, Selective gas transport in miscible PPO-PS blends, Polymer, 26 (1985) 

2055-2063. 

[54] T.H. Kim, W.J. Koros, G.R. Husk, Advanced Gas Separation Membrane Materials - Rigid 

Aromatic Polyimides, Separation Science and Technology, 23 (1988) 1611-1626. 

[55] S.A. Stern, Polymers for Gas Separations - the Next Decade, J Membrane Sci, 94 (1994) 1-

65. 

[56] L.S. White, T.A. Blinka, H.A. Kloczewski, I.F. Wang, Properties of a Polyimide Gas 

Separation Membrane in Natural-Gas Streams, J Membrane Sci, 103 (1995) 73-82. 

[57] D. Ayala, A.E. Lozano, J. de Abajo, C. Garcia-Perez, J.G. de la Campa, K.V. Peinemann, 

B.D. Freeman, R. Prabhakar, Gas separation properties of aromatic polyimides, Journal of 

Membrane Science, 215 (2003) 61-73. 



246 
 

[58] J.D. Wind, D.R. Paul, W.J. Koros, Natural gas permeation in polyimide membranes, Journal 

of Membrane Science, 228 (2004) 227-236. 

[59] D.-J. Liaw, K.-L. Wang, Y.-C. Huang, K.-R. Lee, J.-Y. Lai, C.-S. Ha, Advanced polyimide 

materials: syntheses, physical properties and applications, Progress in Polymer Science, 37 

(2012) 907-974. 

[60] T. Visser, N. Masetto, M. Wessling, Materials dependence of mixed gas plasticization 

behavior in asymmetric membranes, Journal of Membrane Science, 306 (2007) 16-28. 

[61] A. Bos, I. Pünt, M. Wessling, H. Strathmann, CO 2-induced plasticization phenomena in 

glassy polymers, Journal of Membrane Science, 155 (1999) 67-78. 

[62] A. Bos, I. Pünt, M. Wessling, H. Strathmann, Plasticization-resistant glassy polyimide 

membranes for CO 2/CO 4 separations, Separation and Purification Technology, 14 (1998) 27-

39. 

[63] J. Chiou, J.W. Barlow, D. Paul, Plasticization of glassy polymers by CO2, Journal of 

Applied Polymer Science, 30 (1985) 2633-2642. 

[64] F. Alghunaimi, B. Ghanem, N. Alaslai, R. Swaidan, E. Litwiller, I. Pinnau, Gas permeation 

and physical aging properties of iptycene diamine-based microporous polyimides, Journal of 

Membrane Science, 490 (2015) 321-327. 

[65] W.-H. Lin, T.-S. Chung, Gas permeability, diffusivity, solubility, and aging characteristics 

of 6FDA-durene polyimide membranes, Journal of Membrane Science, 186 (2001) 183-193. 

[66] C. Staudt-Bickel, W.J. Koros, Olefin/paraffin gas separations with 6FDA-based polyimide 

membranes, Journal of Membrane Science, 170 (2000) 205-214. 



247 
 

[67] H. Yamamoto, Y. Mi, S. Stern, A.K. St Clair, Structure/permeability relationships of 

polyimide membranes. II, Journal of Polymer Science Part B: Polymer Physics, 28 (1990) 2291-

2304. 

[68] T.-S. Chung, E.R. Kafchinski, Miscibility of fluoro-containing polyimide blends, Polymer, 

37 (1996) 1635-1640. 

[69] A. Barnabeo, W. Creasy, L. Robeson, Gas permeability characteristics of nitrile‐containing 

block and random copolymers, Journal of Polymer Science Part A: Polymer Chemistry, 13 

(1975) 1979-1986. 

[70] D. Paul, Gas transport in homogeneous multicomponent polymers, Journal of membrane 

Science, 18 (1984) 75-86. 

[71] Y. Maeda, D.R. Paul, Selective gas transport in miscible PPO-PS blends, Polymer, 26 

(1985) 2055-2063. 

[72] A.M. Kratochvil, W.J. Koros, Decarboxylation-Induced Cross-Linking of a Polyimide for 

Enhanced CO2 Plasticization Resistance, Macromolecules, 41 (2008) 7920-7927. 

[73] S.A. Stern, H. Kawakami, A.Y. Houde, G. Zhou, Material and process for separating carbon 

dioxide from methane, in, Google Patents, 1997. 

[74] C.-C. Chen, W. Qiu, S.J. Miller, W.J. Koros, Plasticization-resistant hollow fiber 

membranes for CO 2/CH 4 separation based on a thermally crosslinkable polyimide, Journal of 

membrane science, 382 (2011) 212-221. 

[75] J.D. Wind, C. Staudt-Bickel, D.R. Paul, W.J. Koros, The effects of crosslinking chemistry 

on CO2 plasticization of polyimide gas separation membranes, Industrial & engineering 

chemistry research, 41 (2002) 6139-6148. 



248 
 

[76] C. Staudt-Bickel, W.J. Koros, Improvement of CO 2/CH 4 separation characteristics of 

polyimides by chemical crosslinking, Journal of Membrane Science, 155 (1999) 145-154. 

[77] X. Ma, M. Mukaddam, I. Pinnau, Bifunctionalized Intrinsically Microporous Polyimides 

with Simultaneously Enhanced Gas Permeability and Selectivity, Macromolecular rapid 

communications, 37 (2016) 900-904. 

[78] O. Salinas, X. Ma, Y. Wang, Y. Han, I. Pinnau, Carbon molecular sieve membrane from a 

microporous spirobisindane-based polyimide precursor with enhanced ethylene/ethane mixed-

gas selectivity, RSC Advances, 7 (2017) 3265-3272. 

 

  



249 
 

Chapter 8. Conclusions and Recommendations  

8.1 Introduction 

 The ultimate goal of this doctoral research was to develop and characterize aromatic polar-

functionalized polyimides for natural gas sweetening applications that exhibit higher selectivity, 

enhanced permeability and better plasticization resistance compared to commercial membrane 

materials. The first three chapters introduced the importance of natural gas as an environmentally 

benign energy source, natural gas processing techniques and the general strategy of the research 

approach in this work. Chapters 4 through 7 demonstrated structure/property relationships with 

respect to hydroxyl- and carboxyl-functionalization in polyimides. Specifically, Chapter 7 

showed the extraordinary gas permeation properties when combining both polar groups 

(hydroxyl and carboxyl) in polymer blend membranes.  

In this chapter, all conclusions and outcomes of this doctoral research are presented along 

with some recommendations for future work based on the findings of this research.    

 

8.2 Conclusions 

Over the past thirty years, membrane processes attracted the attention of the natural gas 

industry as a viable and potentially more economical solution to conventional separation 

technologies. This is due to their lower operational cost since membrane systems do not require 

any rotating equipment compared to traditional separation methods. In addition, optimized 

membrane units have small footprints compared to traditional gas processing plants, which is 

especially important for off-shore applications. Moreover, membrane systems require less 

maintenance efforts and cost and are environmental-friendly to adhere to global climate changes 
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regulations. The fundamental research in this field has to combine and advance new state-of-the-

art membrane materials with highly efficient processes with the ultimate goal for membrane 

technology to replace conventional technologies including gas absorption and cryogenic 

distillation. For natural gas sweetening, the biggest challenge is maintaining high selectivity 

(membrane efficiency) when operating under aggressive gas mixture feed conditions with 

significant content of carbon dioxide and hydrogen sulfide.  

The main objective of this project was to develop and characterize high-performance 

membrane materials, which exhibit high CO2/CH4 selectivity when tested against high- pressure 

mixed-gas feed. In the initial stages of the project, hydroxyl-containing polyimides were targeted 

based on previously conducted research.  

In this work, hydroxyl-functionalized polyimides demonstrated extremely high CO2/CH4 

selectivity and moderate- to high CO2 permeability under an aggressive high pressure mixed gas 

feed conditions. In chapter 4, high-pressure pure- and mixed-gas permeation properties were 

investigated for a non-hydroxyl-containing 6FDA-based polyimide (6FDA-mPDA) and 

hydroxyl-containing 6FDA-based polyimides (6FDA-DAP and 6FDA-DAR). It was 

demonstrated that introducing hydroxyl groups leads to a large increase in CO2/CH4 

permselectivity due to enhanced diffusion selectivity.  Moreover, OH-functionalized polyimides 

showed plasticization resistance for a binary CO2/CH4 mixed-gas feed with a selectivity of 75 at 

a partial CO2 pressure of 10 bar. This outstanding performance under aggressive operating 

conditions was due to the combination of interchain hydrogen bonding and intermolecular 

charge-transfer interactions, which tightened the polymer matrix to achieve better size-sieving 

properties with significantly better performance than commercial cellulose acetate-based 

membranes.   
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In chapter 5, the first structural modification was introduced in this project by developing a 

dihydroxyl-functionalized triptycene-based polyimide of intrinsic microporosity (TPDA-DAR) 

and its pure- and mixed-gas permeation properties were compared to those of a related triptycene 

polyimide without functional OH-groups in the repeat unit (TPDA-mPDA). Furthermore, the 

effects of replacing 6FDA- by triptycene-containing dianhydride were investigated in terms of 

intrinsic surface area and gas transport properties. Both polymers (TPDA-mPDA and TPDA-

DAR) showed good solubility, processability, high thermal stability and promising gas 

separation performance. The OH-functionalized TPDA-DAR exhibited significantly higher gas 

permeability than previously reported hydroxyl-functionalized polyimides. In addition, TPDA-

DAR exhibited better overall performance with excellent plasticization resistance as compared to 

previously reported polyimides, as demonstrated by its high CO2/CH4 selectivity of about 40 

under mixed-gas conditions at 10 atm CO2 partial feed pressure. This improvement in 

performance was generated by the introduction of the sterically hindered triptycene building 

block combined with the interchain tightening of the polymer due to hydrogen bonding and CTC 

formation due to OH-functionalization. Results obtained from Chapters 4 and 5 confirmed that 

hydroxyl functionalization can boost permselectivity by way of enhanced diffusion selectivity 

due to chain tightening and not by enhancing CO2/CH4 solubility selectivity as a result of 

increased CO2 sorption capacity.  

In Chapter 6, a newly designed diamine monomer (DAT1-OH) containing two hydroxyl 

groups in a triptycene moiety was synthesized and polymerized to obtain polyimide 6FDA-

DAT1-OH. This polyimide exhibited excellent plasticization resistance as compared to many 

previously reported polyimides, as demonstrated by its high CO2/CH4 selectivity of about 41 

under mixed-gas conditions at 10 atm partial feed pressure.  
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In the final experimental chapter of this dissertation, novel membrane materials for natural 

gas sweetening and other gas separation processes were made from miscible blends of 

polyimides based on 6FDA with at least two functional diamines - hydroxyl- and carboxyl-

functionalized diamines. These PIM-PI blends exhibited unexpected outstanding gas separation 

properties for a variety of industrially important applications, including carbon dioxide removal 

from natural gas. These PIM-PI blends were characterized by extremely high selectivity values 

with improved permeabilities compared to commercial glassy polymer membrane materials. The 

pure gas CO2/CH4 selectivity exceeded 125 at 2 bar and the mixed-gas selectivity for the same 

gas pair was greater than 85 at a CO2 partial pressure of 10 bar. These extremely high 

selectivities values measured under both pure- and mixed-gas conditions can be attributed to the 

interactions of the hydroxyl- and carboxyl moieties as demonstrated by XRD and 2D NMR 

experiments. These interactions created hydrogen bonding between the blend homopolymers and 

increased with the weight content of the carboxyl-containing polyimide in the blend.  Three main 

conditions need to be met to have this unprecedented performance: (i) presence of both hydroxyl 

and carboxyl groups in the individual homopolymers, (ii) the content of the carboxyl-containing 

polyimide must be at least 50 wt% in the blend and (iii) at least one of the homopolymers should 

be PIM-motive homopolymer containing a contortion site.  

In summary, this project had demonstrated that hydroxyl-functionalized polyimides and 

some PIM-motif polyimide blends exhibited potential to offer high CO2/CH4 mixed-gas 

selectivity with adequate permeabilities under high operating pressures.  

The major conclusions drawn from this research are: 
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 Hydroxyl modifications on aromatic polyimides lead to significantly increased 

permselectivity relative to the unmodified polyimide derivative. 

 Introduction of sterically hindered triptycene-based dianhydrides resulted in increased 

free volume and gas permeability which caused favorable location in the upper bound 

curve as shown in Fig. 8.1. 

 

Fig. 8.1 CO2/CH4 trade-off reported in 2008 showing the effect of triptycene dianhydride-based 

polyimides in comparison with 6FDA-based polyimides. 

 Functionalization with hydroxyl groups may be a promising strategy towards attaining 

highly selective polyimides for economical membrane-based natural gas sweetening. 

 Hydroxyl-functionalized polyimides are excellent candidate materials for development of 

asymmetric or thin-film composite membranes for industrial natural sweetening. 
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 Hydroxyl-containing polyimides showed good plasticization resistance and maintained 

high mixed-gas selectivity when tested at a typical CO2 natural gas wellhead CO2 partial 

pressure of 10 atm. 

 Polybenzoxazole (PBO) membranes obtained from pristine polyimide by thermal 

rearrangement showed enhancement in permeability with significant loss in selectivity 

due to gaining more free volume as shown in Fig. 8.2. 

 

Fig. 8.2 Material studio generated simulation of 6FDA-DAT1-OH and its TR derivative. 

 To obtain optimum interactions and gas separation performance in polyimides with 

hydroxyl- and carboxyl groups, at least 50 wt% of the carboxyl-containing polyimide 

must be blended in presence of a PIM-motive polyimide.    
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8.3 Recommendations  

All results presented in this doctoral thesis demonstrated that hydroxyl/carboxyl 

functionalized polyimides exhibited excellent separation performance and were highly selective 

for carbon dioxide. This section presents avenues and recommendations for future direction of 

this specific research.  

8.3.1 Multi-component permeation tests 

This project demonstrated the potential of hydroxyl-functionalized polyimides as 

plasticization-resistant membranes for CO2 removal under binary feed conditions.   However, 

natural gas stream also contain ethane, propane, butane, water vapor, nitrogen and hydrogen 

sulfide in varying compositions. Therefore, it is essential to perform future multi-component 

mixed-gas permeation experiments to demonstrate the membrane performance under more 

challenging and industrially meaningful feed conditions [1-3]. For example, Koros’ group 

confirmed that separation of more complex synthetic natural gas mixtures resulted in a large 

decrease in the CO2 permeability combined with significant reductions in the selectivity relative 

to the 50/50 CO2/CH4 feed case [1]. 

The presented materials in this work exhibited high selectivities under binary gas mixture 

feed up to a CO2 partial pressure of 10 bar. Specifically, 6FDA-based materials in Chapter 4 and 

polyimide blends in Chapter 7 showed CO2/CH4 selectivity between 75 and 105 in the desired 

industrial pressure range. This performance needs to be evaluated against multi-components feed 

streams. The following multi-component gas mixtures are highly recommended for the future 

work:  
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1. CO2:CH4:C3H8, various concentration distributions (i.e. 40%: 50%: 10%) 

2. CO2:CH4:C2H6: various concentration distributions (i.e. 40%: 50%: 10%) 

3. CO2:CH4:C3H8:C2H6: various concentration distributions (i.e. 40%:50%: 3%, 7%) 

4. CO2:CH4:N2, various concentration distributions (i.e. 40%: 50%: 10%) 

5. CO2:CH4:N2:H2O, various concentration distributions (i.e. 40%:50%: 8%, 2%) 

 

Moreover, it is very important to have performance evaluation with hydrogen sulfide (H2S) 

contaminated feeds because the entire project is about natural gas sweetening.  

8.3.2 Mixed-gas sorption  

It is easy to extract the mixed-gas permeability coefficients and permselectivity from mixed-

gas permeation experiments. It was clearly noted in several studies [4, 5], including this project, 

that there are reductions in the permeability of components in mixed-gas permeation experiments 

compared to the corresponding pure-component measurements. The mixed-gas components are 

co-permeating by bulk flow effects when the faster component simply pulls the slower 

component across the membrane, as proposed by Koros’ group [6]. To properly address mixed-

gas permeation behavior, mixed-gas sorption experiments in glassy polyimides are required to 

determine the possible importance of solubility effects in explaining flux reductions. There are 

only a few studies on mixed-gas sorption especially for the CO2/ CH4 gas pair [7-9]. However, to 

date there are no systematic studies available investigating permeability, solubility and 

diffusivity in mixed-gas experiments for hydroxyl-functionalized polyimides. It would be 

essential and highly recommended to perform such study on the materials reported in this work 

especially those in Chapters 4 and 7.  The proposed future study will be adding valuable 

knowledge to explain plasticization and competitive sorption phenomena. 



257 
 

8.3.3 Copolymerization  

Another approach to enhance the transport properties for the presented polyimides in 

Chapters 4 5 is copolymerization. In general, copolymerization is a facile technique that can 

combine the physical and transport features of two homopolymers in a copolymer. The intrinsic 

properties of the resulting copolyimide can be estimated using the semi-logarithmic addition 

rule. The first recommendation is to have 6FDA polymerized with hydroxyl-functionalized based 

diamines presented in Chapter 4 and with the 2,3,5,6-tetramethyl-1,4-phenylenediamine 

(durene). This strategy could combine the high selectivity “generator” diamine (i.e. DAR) with 

the high permeability “generator” diamine (durene). The second recommendation is to cobine the 

6FDA dianhydride with the 9,10-diisopropyltriptycene dianhydride (Chapter 5) in different ratios 

while maintaining 50% hydroxyl diamines in the copolymers. Figure 8.3 shows some of the 

proposed co-polyimides structures.    
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Fig. 8.3 Proposed copolymers for CO2/CH4 separation. 

 

 

Table 8.1 Gas permeation properties of copolymer-1 and copolymer-2. 

Polymer 

Pure-gas Permeability (Barrer)  Ideal Selectivity  (𝛼) 

He H2 N2 O2 CH4 CO2  CO2/CH4 H2/ CH4 O2/ N2 

Coplymer-1 159 171 4.6 22 2.6 105  40 66 4.8 

Coplymer-2 185 195 5.3 25 3.1 120  39 63 4.7 
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8.3.4 Mixed-matrix membranes 

 

Mixed-matrix membranes (MMMs) are considered a promising approach that can combine 

the advantages of both polymeric and inorganic materials. This technique has become a focus for 

the another-generation gas separation membranes. MMMs can be developed by incorporating 

highly selective inorganic fillers into a mechanically strong polymer matrix to overcome the 

limitations of polymeric and inorganic membranes in gas separation.  

The selection of polymeric and inorganic materials in terms of their physical and chemical 

compatibility as well as large scale fabrication issues are the key limitations in development of 

MMMs [10-13]. A typical mixed-matrix membrane contains two phases: (i) a continuous bulk 

polymer phase and (ii) a dispersed inorganic particles phase.   

The best option for preparing mixed-matrix membrane is to use a highly selective polymer 

and then incorporate the inorganic particles in various loading percentages to obtain the best 

combination between permeability and permselectivity. It is recommended to implement this 

technique in future work because most of the polymeric materials presented in this project 

exhibited high CO2/CH4 selectivity. For example, the polyimide blends presented in Chapter 7 

exhibited very high separation efficiency, specifically PI-Blend-3 and PI-Blend-5. 

Agglomeration might be a major obstacle since the behavior of blends is different than that of the 

homopolymers. Two main protocols are suggested to avoid particles agglomeration: 

1. Adding a small portion of the homogenous polymer solution to the particles to have a thin 

coating layer of the polymer on the particles. Then, additional polymer solution is poured into 

the mixed solution. 
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2. Adding the particles first into the solvent rather than in the polymer solution before mixing 

to have good dispersion of the particles 

 

8.3.5 Membranes solid-sate crosslinking  

Crosslinking is one of the most promising methods used to improve the separation 

characteristics of polymeric gas separation membranes by decreasing their plasticization 

tendency at high CO2 pressures [14-19]. Crosslinking can be achieved by several techniques 

including heat treatment of the polymeric membrane in the solid state. The simplest indication of 

complete thermal crosslinking is a simple solubility test; if the crosslinked membrane is 

insoluble in any solvent it can be concluded that it is completely crosslinked. In the presence of a 

carboxyl-containing diamine, 3,5-diaminobenzoic acid (DABA), crosslinking in polyimides or 

copolyimides can easily be implemented as reported by Koros’ group [14-19]. Pinnau’s group 

demonstrated that COOH- and OH-containing copolyimides films treated at 300 °C were 

crosslinked with enhanced permeability while maintaining almost the same selectivity [14-19]. 

Therefore, it is recommended to treat the polyimide blends reported in Chapter 7 at 300 °C to 

obtain crosslinked polyimide blends. In fact, this fundamental step was initiated in this work and 

it showed very promising gas transport properties with almost 100% increase in CO2 

permeability with very minor loss in CO2/CH4 selectivity and it is recommended to continue this 

work in future investigations. 

 

8.3.6 Polymer films carbonization   

Carbon molecular sieves (CMS) are porous solids that contain ultramicroporous voids with 

almost the same dimensions of the diffusing gas molecules. This special class of membrane 
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material has been proposed as promising candidate for gas separation applications due to their 

excellent performance (high permeability combined with high selectivity) and processability. 

Carbon molecular sieve membranes are commonly made by pyrolysis treatment in a range from 

500 to 1000 °C in vacuum or inert environment. Significant efforts, especially by Koros’ group, 

have been reported towards the development of CMS membranes with excellent performance 

and stability for several potential applications [20-25]. Hence, the hydroxyl/carboxyl-

functionalized polyimides reported in this work are potentially excellent candidates to develop 

carbon molecular sieve membranes for gas sweetening applications. 

 

8.3.7 Thin Films 

The entire scope of this dissertation and all conclusions drawn from this project are based on 

using homogeneous thick films with measured thickness of 40 to 70 µm.  However, their 

performance needs to be determined for thin-film composite or integrally skinned asymmetric 

membranes as physical aging and plasticization in polyimide membranes are dependent on film 

thickness. Polyimide blends reported in Chapter 7 are the most promising polymers presented in 

this work and it is necessary to prepare thin-film composites in flat-sheet or hollow fiber 

geometry to explore how thickness may affect their performance relative to thick films.  

 

8.4 Publications  

I managed to get my PhD work published in the following peer reviewed journals as lead 

author in addition to other related projects as a team contributor: 
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8.5 Conferences participation 
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APPENDIX* 

*Material synthesizes were performed by polymer chemistry researchers in Pinnau’s 

group. 

Chapter 4  

Material Synthesis  

Synthesis of 6FDA-mPDA polyimide: 

Into a dry 10 mL Schlenk tube equipped with a nitrogen gas inlet and outlet, were added m-

phenylene diamine (0.126, 1.17 mmol), 6FDA (0.52g, 1.17 mmol) and freshly distilled m-cresol 

(3.5ml). After stirring for 5 minutes and under a flow of nitrogen, the temperature was raised 

gradually to 200 °C and maintained at that temperature for 2 hours. During the heating, water 

produced by the imidization reaction was removed with a stream of nitrogen. After cooling, the 

reaction mixture was added to methanol. The resulting fibrous polymer was collected by 

filtration and purified by reprecipitation from chloroform into methanol and then dried under 

vacuum at 130 °C for 20 h to give white powder in 84% yield. 1H-NMR (400MHz, CDCl3) δ 

(ppm): 7.54 (dd, 2H), 7.65 (m, 2H), 7.86 (d, 2H), 7.96 (s, 2H), 8.04 (d, 2H). FT-IR (Membrane, 

ν, cm-1): 1784 (asym C=O, str), 1718 (sym C=O, str), 1353 (C-N, str), 842 (imide ring 

deformation). Analysis by GPC (CHCl3):  Mn = 141000 g mol-1, Mw = 166400 g mol-1 relative to 

polystyrene, Mw/Mn = 1.2. BET surface area = 66 m2 g-1, total pore volume = 0.151 cm3 g-1 at 

(P/Po = 0.98, adsorption). TGA analysis: (Nitrogen), Initial weight loss due to thermal 

degradation commences at Td = 475 °C with 5% weight loss at Td,5% = 475 °C. 

 

Synthesis of 6FDA-DAP polyimide:  

Into a dry 10 mL Schlenk tube equipped with a nitrogen gas inlet and outlet, were added 

diaminophenol (0.446g, 2.26 mmol), 6FDA (1.05g, 2.26 mmol), benzoic acid (1g), freshly 
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distilled m-cresol (7 ml) and triethylamine (0.63 ml). After stirring for 5 minutes under a flow of 

nitrogen, the temperature was raised gradually to 200 °C and maintained at that temperature for 2 

hours. During the heating, water produced by the imidization reaction was removed with a 

stream of nitrogen. After cooling, the reaction mixture was added to methanol. The resulting 

polymer was collected by filtration and purified by reprecipitation from acetone into methanol-

water (50:50 v/v) and then dried under vacuum at 130 °C for 20 h to give a white powder in 83% 

yield. 1H-NMR (400MHz, CDCl3) δ (ppm): 7.21 (d, 1H), 7.52(d, 1H), 7.76 (m, 1H), 7.90 (m, 

2H), 7.98-7.8.12(m, 4H), 9.28 (s, 1H). FT-IR (Membrane, ν, cm-1): 1784 (asym C=O, str), 1718 

(sym C=O, str), 1361 (C-N, str), 845 (imide ring deformation), 3400 (OH stretching). Analysis 

by GPC (CHCl3):  Mn = 98200 g mol-1, Mw = 176600 g mol-1 relative to polystyrene, Mw/Mn = 

1.8. BET surface area = 54 m2 g-1, total pore volume = 0.135 cm3 g-1 at (p/po = 0.98, adsorption). 

TGA analysis: (Nitrogen), Initial weight loss due to thermal degradation commences at Td = 450 

°C with 5% weight loss at Td,5%=450 °C. 

 

Synthesis of 6FDA-DAR polyimide 

Into a dry 10 mL Schlenk tube equipped with a nitrogen gas inlet and outlet, were added 

diaminophenol (0.211 g, 1.0 mmol), 6FDA (0.439 g, 1.0 mmol), benzoic acid (0.5 g), freshly 

distilled m-cresol (4 ml) and triethylamine (0.274 ml). All following conditions were the same as 

described for 6FDA-DAP. The polymer was obtained as a white powder in 77% yield. 1H-NMR 

(400MHz, CDCl3) δ (ppm): 6.76 (s, 1H), 7.35 (s, 1H), 7.9(s, 2H), 8.04 (d, 2H), 8.11 (d, 2H), 9.20 

(br s, 2H). FT-IR (Membrane, ν, cm-1): 1783 (asym C=O, str), 1710 (sym C=O, str), 1370 (C-N, 

str), 845 (imide ring deformation), 3300-3500 (OH stretching). Analysis by GPC (CHCl3):  Mn = 

99300 g mol-1, Mw = 158900 g mol-1 relative to polystyrene, Mw/Mn = 1.6. BET surface area = 45 

m2 g-1, total pore volume = 0.093 cm3 g-1 at (p/po = 0.98, adsorption). TGA analysis: (Nitrogen), 
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Initial weight loss due to thermal degradation commences at Td = 425 °C with 5% weight loss at 

Td,5%=425 °C. 

Chapter 5  

Material Synthesis  

 

Synthesis of TPDA-mPDA polyimide:  

Into a dry 10 mL Schlenk tube were added m-phenylenediamine (0.065 g, 0.6 mmol), TPDA  

(0.41 g, 0.6 mmol) and freshly distilled m-cresol (3 ml). After stirring for 30 minutes at ambient 

temperature and under a flow of nitrogen, catalytic amount of isoquinoline was added and the 

temperature was raised gradually to 200 °C and maintained at that temperature for 3 hours. 

During the heating, water produced by the imidization reaction was removed with a stream of 

nitrogen. After cooling, the reaction mixture was added to methanol (200 ml). After 

precipitation, the resulting fibrous polymer was purified from a chloroform/methanol mixture 

and then dried under vacuum at 130 °C for 20 h to give a white powder in 86% yield. 1H NMR 

(400 MHz, CDCl3) δ (ppm): 1.66-1.8 (m, 12H), 3.3-3.47 (m, 2H), 6.90-7.80 (m, 16H). FTIR 

(Membrane, ν, cm-1): 1778 (asym C=O, str), 1720 (sym C=O, str), 1349 (C-N, str), 831 (imide 

ring deformation). BET surface area = 565 m2 g-1, total pore volume = 0.39 cm3 g-1 at (p/po = 

0.98, adsorption). TGA analysis: (Nitrogen), initial weight loss due to thermal degradation 

commences at Td = 500 oC. 

 

Synthesis of TPDA-DAR polyimide: 

Into a dry 10 mL Schlenk tube were added the diaminoresorcinol (0.079, 0.4 mmol), 

triptycene dianhydride (0.28 g, 0.4 mmol), benzoic acid (0.29 g), freshly distilled m-cresol (2 ml) 

and triethylamine (0.11 ml). After stirring for a few minutes at room temperature and under a 



273 
 

flow of nitrogen, the temperature was raised gradually to 80 °C and the mixture was then stirred 

at this temperature for 30 minutes. Thereafter, the temperature was raised gradually to 200 °C 

and maintained at that temperature for 2 hours. After cooling, the reaction mixture was 

precipitated in methanol. The resulting polymer was collected by filtration and purified by 

reprecipitation from DMAc into methanol-THF (50:50 v/v) and then dried under vacuum at 130 

°C for 20 h to give a yellow powder in 100% yield. 1H NMR (400MHz, DMSO-d6) δ (ppm): 

1.76 (br m, 12H), 3.33-3.38 (m, 2H), 6.97-7.80 (m, 14H), 10.11 (br s, 2H). FTIR (Membrane, ν, 

cm-1): 1776 (asym C=O, str), 1716 (sym C=O, str), 1355 (C-N, str), 825 (imide ring 

deformation), 3309 (OH stretching). BET surface area = 308 m2 g-1, total pore volume = 0.23 

cm3 g-1 at (p/po = 0.98, adsorption). TGA analysis: (Nitrogen), initial weight loss due to thermal 

degradation commences at Td = 450 oC. 

 

Chapter 6  

Material Synthesis  

Synthesis of the o-dihydroxyl-functionalized triptycene-based diamine: 

 

Scheme 1. Synthesis of the triptycene-based dihydroxyl-functionalized diamine. 
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2,6(7)-Diacetyltriptycene (i). Triptycene (1.02 g, 4.00 mmol) and acetyl chloride (0.660 g, 8.40 

mmol) were dissolved in anhydrous dichloromethane (30 mL) and cooled in an ice bath. To it, 

anhydrous AlCl3 (1.335 g, 10.0 mmol) was added in small portions. After the addition, the ice 

bath was removed, and, thereafter, the solution was further stirred at room temperature for 

another 2 h and then poured into ice. The organic phase was separated and washed with brine, 

water, and dried with magnesium sulfate. The pure product (1.10 g, yield: 81.8%) was obtained 

after column chromatography. TLC: Dichloromethane, Rf = 0.4; 1H NMR (400 MHz, CDCl3): δ 

7.38 - 7.41 (m, 4H), 7.18 (s, 2H), 7.03 - 7.06 (m, 2H), 6.74 - 6.77 (m, 2H), 5.04 - 5.46 (m, 2H), 

2.27 (s, 6H). 

2,6 (7)-Diacetyloxytriptycene (ii). The intermediate i (473 mg, 1.40 mmol) and m-CPBA (2.24 

g, 14.0 mmol) were dissolved in 30 mL chloroform. The solution was refluxed for 4 h and then 

poured into 100 mL water. The organic phase was washed in sequence with saturated sodium 

carbonate (aq), then water, and finally dried with magnesium sulfate. The solvent of the organic 

phase was removed by rota-evaporation and the product (466 mg, yield: 90%) was obtained after 

column separation. TLC: Dichloromethane, Rf = 0.6; 1NMR (400 MHz, CDCl3): δ 7.34 - 7.38 

(m, 4H), 7.07 - 7.09 (m, 4H), 6.76 - 6.79 (dd, 2H, J = 8.1 Hz, 2.2 Hz), 5.04 - 5.46 (m, 2H), 2.30 

(s, 6H). 

2,6(7)-Dihydroxytriptycene (iii). The intermediate ii (492 mg, 1.33 mmol) was dissolved in 

ethanol (30 mL). To it, KOH (201 mg, 3.5 mmol) dissolved in 5 mL water was added dropwise. 

The resulting solution was stirred for half an hour and then poured into water (100 mL). HCl 

(2N, 5 mL) was added and a white precipitate was formed and subsequently filtrated. The 

product (327 mg, yield: 85%) was obtained by recrystallization from ethanol/water (1:1) mixed 
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solvent. TLC: dichloromethane/ethyl acetate = 10/1, Rf = 0.2; 1H NMR (500 MHz, DMSO-d6): 

δ 9.16 (s, 2H), 7.26 - 7.28 (m, 2H), 7.06 (d, 2H, J = 6.7 Hz), 6.98 - 6.99 (m, 2H), 6.73 (d, 2H, J 

= 1.9 Hz), 6.33 (dd, 2H, J = 6.7 Hz, 1.9 Hz), 5.04 - 5.46 (m, 2H). 

 

3,7(6)-Dinitrol-2,6(7)-dihydroxytriptycene (iv). The intermediate iii (1.49 g, 5.57 mmol) was 

added to HAc (100 mL). To it, diluted HNO3 (4N, 2.9 mL) was added dropwise. The solution 

was stirred for another 4 h, and then poured into water (200 mL) and filtrated. The pure 3,7 (6)-

dinitrol-2,6 (7)-dihydroxytriptycene (0.84 g, 40% yield) was obtained after column separation. 

TLC: Dichloromethane, Rf = 0.85; 1H NMR (500 MHz, CDCl3): δ 10.84 (d, 2H, J = 8.25 Hz), 

8.03 (s, 2H), 7.41-7.43 (dd, 2H, J = 8.8 Hz, 3.2 Hz), 7.20 (d, 2H, J = 8.8 Hz), 7.12 - 7.13 (m, 

2H), 5.30 (m, 2H). 

 

2,6 (7)-Dihydroxy-3,7(6)-diaminotriptycene (v) The intermediate iv (465 mg, 1.24 mmol) and 

Pd/C (10%, 0.1g) were added to ethanol (100 mL) under N2. To it, hydrazine monohydrate (64%, 

1.0 mL) was added dropwise. The reaction system was heated to reflux for 1 h, then cooled to 

room temperature and filtrated through Celite into water (300 mL). Finally, microcrystals were 

obtained (300 mg, yield: 76.5%) and dried under vacuum at 70 °C for 24 h. TLC: Ethyl acetate, 

Rf = 0.25; 1H NMR (700 MHz, DMSO-d6): δ 8.61 (s, 2H), 7.21 (s, 2H), 6.85 (s, 2H), 6.64 (s, 

2H), 6.60 (s, 2H), 4.95 (s, 2H), 4.19 (s, 4H). 13C NMR (175 MHz, DMSO-d6): δ 148.0, 144.6, 

140.1, 137.8, 135.1, 132.6, 124.3, 122.8, 111.3, 52.0. HRMS for C20H17N2O2 + [M+H]+, Calcd 

for: 317.1285; Found: 317.1284. 
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Synthesis of 6FDA-DAT1-OH 

 

2,6 (7)-Dihydroxy-3,7(6)-diaminotriptycene (158 mg, 0.5 mmol) and 6FDA (222.2 mg, 0.5 

mmol) were added to m-cresol (2.0 mL). The reaction mixture was heated to 60 °C under N2 for 

1 h to form a clear solution. Isoquinoline (2 drops) were added and the system was thereafter 

heated to 120 °C for 2 h, then 180 °C for 3 h before cooling to room temperature. The solution 

was poured into methanol, filtrated and re-precipitated in water. 0.36 g (yield: 96.4%) of off 

white polymer was obtained after drying in a vacuum oven at 120 °C for 24 h. 1H NMR (400 

MHz, DMSO-d6): δ 9.70 (s, 2H), 8.15 (s, 2H), 8.00 (s, 2H), 7.71 (s, 2H), 7.41(s, 2H), 7.30 (s, 

2H), 7.11(s, 2H), 7.01 (s, 2H), 5.20 (s, 2H); FT-IR (polymer film, v, cm-1): 3200 ~ 3500 (s, br, – 

OH), 2973 (s, m, C–H), 1711 (s, str, imide), 1200 - 1420 (m, str, ph). Molecular weight: Mn = 

23,000 g/mol, PDI = 1.65; SBET 160 = m2/g. Td,5% = 440 °C. 
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Chapter 7 

Additional Characterization 

a) FTIR analysis 

 

b) IGA sorption experiments 
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c) Liquid Nitrogen BET experiments 
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d) Synchrotron C k-edge XANES figure  

 

 

 

 

 


