
Gas Sorption, Diffusion and Permeation in a Polymer of 
Intrinsic Microporosity (PIM-7) 

 

 

 

 

Thesis by 

Nasser Yahya Alaslai 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

 Master of Science in Chemical & Biological Engineering 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

 

May 8, 2013 



 

 
 

2 

 
The thesis of Nasser Yahya Alaslai is approved by the examination committee. 

Yu Han     
Committee Member  Signature  Date 

Zhiping Lai     
Committee Member  Signature  Date 

Ingo Pinnau      
Committee Chair  Signature  Date 

 

 

 

 

King Abdullah University of Science and Technology 

2013 

 
 
 
 



 

 
 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

©May 2013 

Nasser Yahya Alaslai 

All Rights Reserved 



 

 
 

4 

ABSTRACT 
Gas Sorption, Diffusion and Permeation in a Polymer of intrinsic 

Microporosity (PIM-7)   

Nasser Yahya Alaslai 

The entire world including Saudi Arabia is dependent on natural gas to provide 

new energy supplies for the future. Conventional ways for gas separation are 

expensive, and, hence, it is very important to reduce the cost and lower the 

energy consumption. Membrane technology is a relatively new separation 

process for natural gas purification with large growth potential, specifically for off-

shore applications. The economics of any membrane separation process depend 

primarily on the intrinsic gas permeation properties of the membrane materials. 

All current commercial membranes for natural gas separation are made from 

polymers, which have several drawbacks, including low permeability, moderate 

selectivity, and poor stability in acid gas and hydrocarbon environments. 

The recent development of polymeric materials called “polymers of intrinsic 

microporosity” (PIMs) provide a new class of high-performance membrane 

materials that are anticipated to be used in natural gas separation processes 

including, but not limited to, acid gas removal and separation of hydrocarbons 

from methane. PIM-7 is an excellent example of a material from the PIMs series 

for gas separation. It was selected for this work since it has not been extensively 

tested for its gas permeation properties to date. Specifically, sorption and mixed-

gas permeation data were not available for PIM-7 prior to this work. 

Sorption isotherms of N2, O2, CH4, CO2, C2H6, C3H8 and n-C4H10 were 

determined over a range of pressures at 35 oC for PIM-7 using a custom-

designed dual-volume pressure decay system. Condensable hydrocarbon gases, 

such as C3H8 and n-C4H10, show significantly higher solubility than the other less 

condensable gas of the test series due to their high affinity to the polymer matrix.  

Dual-mode sorption model parameters were determined from the sorption 

isotherms. Henry’s law solubility, Langmuir capacity constant and the affinity 

constant increased with gas condensability. Permeability coefficients of He, H2, 
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N2, O2, CH4, CO2, C2H6, C3H8 and n-C4H10 were measured at 35 oC and 2 atm 

feed pressure using a home-made constant-volume/variable pressure pure-gas 

permeation system. Hydrocarbon-induced plasticization of PIM-7 was confirmed 

by measuring the permeability coefficients of C3H8 and n-C4H10 as function of 

pressure at 35 oC. 

Diffusion coefficients were calculated from the permeability and solubility data at 

2 atm for all penetrants tested and as function of pressure for C3H8 and n-C4H10; 

the values for C3 and C4 increased significantly with pressure because of 

plasticization. Physical aging was studied by measuring the permeability 

coefficients of a number of gases in fresh and aged films. Mixed-gas permeation 

tests were performed for a feed mixture of 2 vol% n-butane and 98 vol% 

methane. Based on BET surface area measurements using N2 as a probe 

molecule, PIM-7 is a microporous polymer (S = 690 m2/g) and it was expected to 

exhibit selectivity for n-butane over methane, as previously observed for other 

microporous polymers, such as PIM-1 and PTMSP. Surprisingly, PIM-7 is more 

permeable to methane than n-butane and exhibits a mixed-gas methane/n-

butane selectivity of up to 2.3.  This result indicates that the micropore size in 

PIM-7 is smaller than that in other PIMs materials. Consequently, PIM-7 is not a 

suitable candidate membrane material for separation of higher hydrocarbons 

from methane.  
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Chapter 1 

Introduction 

1.1 Natural Gas  

Not all countries in the world produce natural gas, while most of the countries 

consume natural gas in varying amounts as needed. Natural gas consumption 

worldwide was about 100 trillion standard cubic feet in the year 2008 and by 

2012 the consumption increased to 110 trillion standard cubic feet [1][2]. 

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 (nC4+)[3][4]. In 

addition, raw natural gas contains water, carbon dioxide, hydrogen sulfide, 

helium and nitrogen in different concentrations [1] [3]. Table 1 shows the typical 

composition of natural gas stream.  

Table 1. Typical composition of natural gas. [3-6] 

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  
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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 [1]. 

The next section of this thesis explains the conventional ways for processing 

natural gas. 

1.2 Natural Gas Processing [3-5] 

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 and water dehydration. The other type is the fractionation process to 

produce high purity hydrocarbons such as ethane and propane.  This work will be 

focusing on the first type where membrane technology is already applied in some 

part of the process and will be introduced to the other parts in the near future.  

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 that meets costumer needs and specifications; the second 

objective is to produce natural gas liquids (NGLs) in maximum yield and the third 

objective is the delivery of commercial gas that meets the heating value 

requirements (e.g. Table 2) [3-5].  

Table 2. Natural gas specifications for delivery to the U.S. national pipeline grid. 
[1] 

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% 
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Choosing a specific processing scheme depends completely on the gas 

composition of the feed stream, as shown in Figure 1. 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 amine includes but not limited to 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 dioxide and hydrogen sulfide, then, in the upper section it is 

washed with second pass reverse osmosis water to remove any amine 

entrainment. 

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 will be combined with sweet gas feed for further processing in 

the NGL recovery unit as shown in Figure 1.  

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 

http://en.wikipedia.org/wiki/Methyl_diethanolamine
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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. 

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.  

 

 

Figure 1. 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, 



 

 
 

16 

which caused significant carbon emissions to the environment By 2000, the gas 

processing capacity increased to about 10 billion SCFD. The purified 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 

[8]. Saudi Arabia has two types of gas processing facilities as illustrated in Figure 

2. These are the gas processing plants and the gas fractionation plants. [8, 9]. 

Table 3 shows the typical Saudi natural gas composition for the two different 

sources: (i) associated gas and (ii) non-associated gas (Kuff gas). 

This is an ideal gas processing plant, which normally receives both associated 

and non-associated gas along with condensate from the Gas-Oil separation 

plants Because this gas is wet and rich of hydrogen sulfide and carbon dioxide, it 

passes through processing stages. These include conditioning, gas treatment 

through sweetening, dehydration, sulfur recovery, and finally NGL recovery. [8, 9] 

The gas processing plants produce the following products: [9] 

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. 

Table 3.Typical composition of KSA natural gas [9]. 

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 
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Figure 2. Typical layout of KSA natural gas processing units. 

 

 

Figure 3. Hawayiah NGL plant, KSA [8]. 
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With the huge expansion of the natural gas industry in Saudi Arabia it can be 

expected that membrane technology will at least partially replace conventional 

gas processing in future natural gas projects.   

1.4 Membrane Technology in Natural Gas Separation 

The proceeding section of this work provides a framework for understanding the 

most conventional ways for natural gas separation, which include acid gas 

removal and methane separation. 

Natural gas processing and separation became one of the major industrial 

applications of membrane technology only during the past 25 years [10].  Large-

scale commercialization of gas separation membranes started by introducing 

Permea PRISM around 1980, which is considered to be the first commercialized 

gas separation membrane. A summary of the development of membranes is 

shown in Table 4 [10]. 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 projected to become the largest market for 

membrane-based gas separation technology. 

Table 4. Milestones in the development of membranes for gas separation [10]. 

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 
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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 
 

1.5 Membrane-Based Gas Separation 

Three factors are controlling successful membrane-based gas separation [10]: 

1. Material selection 
2. Membranes formation 
3. Modules and system configurations  

Among hundreds of polymers developed and tested on research scale, there are 
only about ten polymeric materials used commercially in membrane-based gas 
separation facilities, as shown in Table 5 [11]. Current large-scale commercial 
applications of membranes include, but are not limited to, air separation, 
hydrogen recovery, and natural gas treatment [11].  

It has been projected that natural gas processing has a huge future potential for 
significant growth of membrane technology focusing on the following treatments 
areas: [1] 

• CO2/CH4 separation  
• H2S/CH4 separation 
• Water vapor/CH4 (natural gas dehydration) 

Introducing membrane technology to the natural gas industry is a major change 
in current gas processing plants. As any other new technology, membrane-based 
natural gas separation has both advantages and disadvantages as will be briefly 
discussed below.  

1.5.1 Advantages 

Membranes technology has several advantages over the conventional processes 

for natural gas processing and treatment [12]: 

 

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 than other technologies. 
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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. 

 

c) Membrane units have small foot-prints compared to traditional gas processing 

plants, which is specifically important for off-shore applications.  Moreover, they 

are modular which makes a plant expansion simple and less costly than other 

separation processes. 

 

d) Long distance transportation of the offshore natural gas can be avoided by 

installing membrane units on the platforms since they are compact.  A lot of cost 

saving can be easily achieved with this on-site processing because it will 

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

reduce the compression cost.  

These major advantages of membranes technology generated a significant 

interest in the natural gas processing industry, especially for acid gas removal. 

Currently, 200+ membranes plants with different capacities have been installed 

worldwide to perform this separation [10]. 

 

1.5.2 Disadvantages 

Besides the significant mentioned advantages, current membranes have a 

limited number of disadvantages that can affect the industrial growth of 

membranes technology. However, these disadvantages can be overcome with 

the development of advanced membranes. Unlike cryogenic distillation and 

amine absorption, membranes units are a preferred option for bulk separation if 

the goal is not to produce high purity products [13]. Like any other separation 

process, membranes require some pretreatment to avoid exposing undesired 
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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. 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 major consequence is a major loss in 

methane because its permeation is accelerated by plasticization [14].    

Existing commercial membranes are limited in the number of materials and in the 
applications, as shown in Table 5. 

Table 5. Existing module designs used commercially for gas separation 
applications [10]. 

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  
 

 

1.6 Polymeric Membranes for Gas Separation 

In all natural gas processing applications, polymeric membranes are used 
exclusively because they can be easily produced [2]. Inorganic materials show 
high performance within research conditions but cannot compete with polymeric 
membranes due to their high cost, poor mechanical properties and difficulty in 
module fabrication [2]  

Polymeric membranes can generally be classified either as glassy or rubbery and 
their use depends in the application [15]. 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 [16]. 

Plasticization is considered a major problem when handling moderate to high 
CO2 content feed streams with a noticeable reduction in membrane performance 
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at elevated pressure. A rise 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 [14, 
17, 19].  
 
 
 
 
1.7 Polymers of Intrinsic Microporosity (PIMs) 
 
PIMs are not like most conventional glassy polymers, which have flexible 

backbones that give them the ability to pack together relatively efficiently.[20][21]. 

Originally, PIMs were developed by Budd and McKeown at the University of 

Manchester in 2002.  Most PIMs are based on ladder polymers that contain a 

rigid spirobisindane unit, which severely restricts the polymer intrasegmental 

chain packing, and, thereby, creating microporosity [22]. PIMs are rigid, thermally 

stable materials [23] with essentially no rotational freedom in the backbone. This 

leads to noticeable increase in the polymer free volume as indicated by BET 

surface areas of up to 800 m2/g [24]. In addition, PIMs are amorphous and 

solution-processable for membrane formation.  

1.8 Why PIMs 

Because of their unique properties, PIMs have many different applications, which 

include gas storage by adsorption, gas separation, organic solvent nanofiltration 

and polymer electrolytes [22]. PIM-1, PIM-2 and PIM-7 are the most studied 

types of non-network PIMs. PIM-1 was well studied by several research groups 

[20, 21,24], whereas PIM-7 was not given much attention due to the complexity 

of the polymer synthesis and high price of raw materials. In this research, the gas 

sorption, diffusion, and permeability of PIM-7 was studied in detail to access its 

potential use in natural gas and other gas separation applications. 
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Chapter 2 

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

this definition. Membranes have the ability to selectively pass different molecules 

and can be defined as a barrier or thin layer that separates two phases. [25]  

 

2.1 Solution-Diffusion Model 

Gas transport through isotropic, dense polymeric films is commonly described by 

the solution-diffusion mechanism that occurs in three consecutive steps [26]. As 

illustrated in Figure 4, step one is sorption on the high-pressure side of the film 

(p0) while step two is gas diffusion across the film thickness L and the last step in 

this mechanism is the gas desorption on the low-pressure side of the film (p1). 

Fick’s low describes the one-dimensional flux of gas A through the film in the x-

direction 

𝑁𝐴 = −𝐷 𝑑𝐶𝐴
𝑑𝑥

+ 𝑤𝐴(𝑁𝐴 + 𝑁𝑃)                                                                              (1) 

Here 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 can be reduced to: 

𝑁𝐴 = − 𝐷
1−𝑤𝐴

𝑑𝐶𝐴
𝑑𝑥

        (2) 

2.2 Permeability  

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

𝑃𝐴 =  𝑁𝑙
𝑝0−𝑝1

         (3) 
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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

� × 𝐷�                                            (4) 

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

1×10-10cm3(STP)· cm/cm2·s·cmHg.  

 

Generally, it is difficult to measure the gas diffusivity directly, whereas gas 

permeability and  solubility can be measured independently. Hence, gas 

diffusivity can be back calculated from these measurements. Typical experiments 

are designed so that p1<< p0 and CL<<C0. 

With this limit equation 4 is reduced to: 

𝑃𝐴 = 𝐷𝐴 × 𝑆𝐴           (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: D = P/S [27]. In addition, gas transport through a membrane can also be 

expressed by the permeance or pressure-normalized steady-state flux [27]. 

Permeance is defined as the pressure- and thickness-normalized permeability 

and 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.  
 

2.3 Selectivity 
Membrane selectivity is a major key for characterization of gas separation 

membranes. It determines the product purity that can be achieved for a given 



 

 
 

25 

application. The ideal selectivity of a polymeric film for gas A relative to gas B is 

defined as the ratio of their permeability coefficients: 

𝛼𝐴/𝐵 = 𝑃𝐴
𝑃𝐵

        (6) 

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
� × �𝐷

�𝐴
𝐷�𝐵
�       (7) 

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

diffusivity or mobility selectivity DA/DB  .  
 

 

 

Figure 4. Schematic representation of the solution-diffusion model. 
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Chapter 3 

Characterization and Experimental 

 

 3.1 Synthesis of PIM-7 
PIM-7 was prepared by the highly efficient dibenzodioxane-formation reaction 

between the activated aromatic tetrachloro monomer 3 and 5,5’6,6’-

tetrahydroxy-3,3,3’3’-tetramethyl-1,1’-spirobisindane (TTSBI) in presence of 
anhydrous potassium carbonate as a base catalyst and anhydrous DMF 

[20,21]. The polymer was prepared by Dr. Bader Ghanem in the Advanced 

Membranes and Porous Materials Center at KAUST. 
 

3.1.1 Synthesis of the Tetrachloro Monomer (3) 
The tetrachloro monomer 3 was prepared by a simple two-step reaction 

scheme involving the oxidation of 5,5´,6,6´-tetrahydroxy-3,3,3´,3´-tetramethyl-

1,1´-spirobisindane 1 to the corresponding tetrone 2, followed by 
condensation with 4,5-dichloro-1,2-phenylenediamine as described previously 

by Ghanem et al. [21], as shown in Figure 5 . 
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Figure 5. Synthesis of monomer (3): Reagents and conditions: (i) cerium 

Ammonium Nitrate, acetonitrile-water, 0.5 h; (ii) 4,5-dichloro-1,2-
diaminobenzene, acetic acid, reflux, 3 h. 

3.1.2 Synthesis of PIM-7 

 
PIM-7 was prepared efficiently by polycondensation of 5,5’6,6’-tetrahydroxy-

3,3,3’3’-tetramethyl-1,1’-spirobisindane with tetrachloro monomer 1 in 1:1 molar 

ratio using some modifications in the literature procedure previously described 

[21], including the use of toluene as co-solvent The scheme is shown in Figure 6. 

To a stirred mixture of monomer 1 (0.736 g, 1.19 mmol), TTSBI (0.405 g, 1.19 

mmol) and 18-crown-6 (0.4 g, 1.5 mmol) in anhydrous DMAC (4 ml) was added 

anhydrous potassium carbonate (0.5 g, 3.63 mmol). The reaction mixture was 

heated at 150 °C under a flow of nitrogen for 20 minutes and then 5 ml of 

anhydrous toluene was added to the reaction mixture. After 40 minutes of 

heating at 150 °C another 5 ml of toluene was added and the reaction continued 

for 1 hour. The reaction mixture was cooled to room temperature, poured into 
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methanol and the product was collected by filtration, washed with distilled water 

and methanol. Purification of the crude product was achieved by re-precipitation 

from chloroform solution into methanol: THF (1:1). The resulting solid was filtered 

and vacuum dried at 150 °C to give a yellow-orange powder (0.91 g, 93 % yield). 

 

Elemental analysis: (Found: C, 77.65; H, 5.42; N, 6.69; Calculated for 

C54H44N4O4 (repeat unit): C, 79.78; H, 5.46; N, 6.89 %); δH (CDCl3, 500MHz) 

1.22-1.63 (br m, 12H), 2.18-2.64 (br m, 8H), 6.51 (br s, 2H), 6.84 (br s, 2H), 7.34-

7.56 (br m, 6H), 7.95 (br s, 2H).  

 

 GPC analysis in chloroform: Mn = 23800 g/mol, Mw = 74800 g/mol relative to 

polystyrene standards; polydispersity (PD) = 3.15. BET surface area = 690 m2 g-

1; total pore volume 0.72 cm3/g at (P/P0 = 0.9814, adsorption). TGA analysis 

(nitrogen): Initial weight loss due to thermal degradation commences at ~ 420 oC.   
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N Cl
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N
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Figure 6. Synthesis of PIM-7. Reagent and conditions: i. K2CO3, 18-crown-6, 
DMAC-toluene, 150 °C, 2 h. 

 

 



 

 
 

29 

3.1.3 Preparation of PIM-7 Membrane 
 A 2 wt.% chloroform solution of PIM-7 was filtered through a 0.45 m syringe filter 

and poured on a leveled flat-bottomed glass petri dish. The solvent was allowed 

to evaporate slowly at room temperature for two days and the resulting 

membrane was then dried in a vacuum oven at 150 °C for 16 hours. Thereafter, 

the membrane was immersed in methanol at room temperature for 16 hours and 

dried again in a vacuum oven at 150 °C for 16 hours before being used for 

sorption and permeation experiments. 
 

3.2 Characterization  

3.2.1 Film Density 

The thickness of PIM-7 films tested in this work ranged between 89 and 92 µm 

as determined with a digital micrometer. The sample was weighed on an 

analytical balance and density was calculated using the known sample thickness 

and area. The calculated density was 1.155 g/cm3. 

3.2.2 BET Surface Area 

BET tests were performed using a surface area and porosity analyzer apparatus 

(Micromeritics ASAP 2020).  Nitrogen and carbon dioxide adsorption isotherms 

measured at 77 K and 273 K confirmed that PIM-7 is microporous, as shown by 

significant gas adsorption at low pressure (Figures 7 and 8). BET analysis of the 

isotherms shows an apparent surface area for PIM-7 of 690 m2/g, which is very 

close to the reported value of 680 m2/g by McKeown et al. [21]. Figure 9 shows 

the majority of pores are distributed between 4.6 and 6.8 Å.  
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Figure 7. N2 adsorption isotherm of a powdered sample of PIM-7. 
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Figure 8. CO2 adsorption isotherm of a powdered sample of PIM-7. 
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Figure 9. Pore size distribution of PIM-7 derived from low-pressure CO2 

adsorption data. 
 

 

 

3.2.3 Thermal Gravimetric Analysis (TGA) 

The thermal stability of PIM-7 was determined by thermal gravimetric analysis 

(TGA) (TA Instruments Q5000). A sample of 11.6 mg was loaded into a platinum 

pan and tested under a 10 mL/min purge of nitrogen. Initially, the sample was 

degassed under high vacuum for 12 hours; then the sample was heated up to 

800 ◦C at a rate of 10 ◦C/min. PIM-7 is thermally stable up to 450 oC before the 

polymer starts to decompose, as illustrated in Figure 10,   
 



 

 
 

32 

 

Figure 10. Thermal gravimetric analysis for PIM-7. 

 

3.3 Gas Sorption 

3.3.1 Dual-Mode Sorption 

Sorption isotherms for gases in rubbery polymers are typically linear functions of 

pressure following Henry’s law: [28] 

𝐶 = 𝑘𝐷𝑝        (8) 

 

In the case of glassy polymers, the gas sorption isotherms are always concave to 

the pressure axis. Usually, these types of isotherms are modeled by the dual-

mode sorption model, which, is a combination of two modes: (i) sorption at low 

pressure follows the Langmuir mode, which results from the non-equilibrium 

excess free volume of the glassy polymer and (ii) sorption at high pressure 

follows Henry’s law when the gas molecules dissolve in the dense equilibrium 

structure of the polymer. The dual-mode model is typically given by:  

 

𝐶 = 𝐶𝐷 + 𝐶𝐻        (9) 
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Where C is the total concentration of gas in the polymer, CD is the dissolved 

(Henry) mode gas concentration and CH is the Langmuir-mode gas 

concentration.  

 

CD is representing the linear part and CH is expressed as a Langmuir isotherm to 

give: 

 

𝐶 = 𝑘𝐷𝑝 + 𝑐′𝐻𝑏
1+𝑏𝑝

       (10) 

 

Where kD is the Henry’s law constant that is caused by penetrant sorption into 

the equilibrium polymer matrix, c’H is the Langmuir sorption capacity parameter 

which describes the sorption capacity of the non-equilibrium excess free volume 

of the glassy state and b is the Langmuir affinity parameter. [29] 
 

3.3.2 Pure-Gas Sorption  

Pure-gas sorption measurements in PIM-7 were performed via the dual-volume 

pressure decay method [29, 30, 31]. The system was custom-designed and built 

in the AMPM center at KAUST and is illustrated in Figure 11; Figure12 shows its 

process flow diagram. The barometric system is composed of two stainless steel 

chambers of known, calibrated volumes, three main valves, a water bath to 

control the temperature, and two pressure transducers connected to a computer 

via Labview data acquisition.  

The sorption experiments are carried out as follows: Chamber A is the initial gas 

reservoir which is charged with the test gas before equalizing the pressure with 

chamber B, which is holding the polymer sample by quickly opening and closing 

valve 2,,. Initially, a 0.5 grams of PIM-7 film was placed in the sample chamber 

(chamber B) and a vacuum was maintained for 24 hours before the sorption tests 

were performed to remove sorbed air from the polymer film. Then, the gas 
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cylinder for each tested gas was connected to the system to fill chamber A with 

the required amount of gas followed by fully closing for valve 1.   

Then, valve 2 is opened to allow gas to flow from chamber A to B. By closing 

valve 2, the system is allowed to return to equilibrium and the pressures in 

chamber A and B are equal. As a result of gas sorption by the polymer, the 

pressure in chamber B will start decreasing until it reaches equilibrium. The 

difference between the gas pressure in chamber A before and after 

opening/closing valve 2 is used to calculate the number of moles of gas that were 

transferred from chamber A to chamber B. The equilibrium pressure in chamber 

B, together with known temperature and gas phase volume in chamber B, is 

used for the calculation of the final number of moles of gas in the gas phase in 

chamber B. The number of moles of gas sorbed by the polymer film can then be 

calculated as the difference between the number of moles transferred from 

chamber A and the number of moles of gas in the gas phases in chamber B. 

Sorption at higher pressures can be determined by increasing the charge 

pressure and repeating the same procedure. The complete sorption isotherms 

are then determined with this stepwise process. 

For this work, sorption isotherms of each gas were obtained for pressures up to 

20 atm at 35 oC. Only one PIM-7 film was used for all gas sorption tests. The 

sample was degassed for at least 24 hours before each gas sorption test. After 

evaluating all sorption isotherms of the PIM-7 film, nitrogen sorption was 

repeated and it gave essentially the same sorption values as determined for the 

virgin sample in the beginning of the test series. This result demonstrates that all 

sorption isotherms for PIM-7 can be determined with a single film if the sample is 

properly degassed between measurements. 

It worth mentioning that several calibration tests were performed on the sorption 

system before testing PIM-7 to ensure that the newly built system was fully 

operational and provided accurate data. First, a helium leak test was performed 

for 48 hours followed by volume calibration using the same gas at different 

pressures.  Moreover, gas sorption using a poly(dimethylsiloxane) [PDMS] 
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sample was carried out for nitrogen, carbon dioxide and methane and the results 

matched the reported data for PDMS by Merkel et al. [28]. 

  

 

Figure 11. Barometric gas sorption system (KAUST-AMPM design). 
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Figure 12. Process flow digram for the KAUST-AMPM barometric gas sorption 
system. 

 

3.4 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 Figure 13 and Figure 14. 

The permeation test procedure starts with placing a PIM-7 film that is 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 is filled with the required test pressure from the gas 

cylinder through a pressure regulator and inlet valve. Thereafter, the gas is 

introduced to the film in the permeation cell by opening its upstream valve. The 

permeability can be 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: 
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𝑃 = 𝑉𝐿
𝐴𝑇∆𝑝×0.278

× 𝑑𝑝
𝑑𝑡

× 1010      (11) 

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 only one PIM-7 film for all 

gases. After each permeation test, the sample was degassed at least for 12 

hours. Physical aging did not affect the gas permeation results, since nitrogen 

and methane permeabilities were re-tested after completing the entire test series 

and showed essentially the same values. 

 

Figure 13. Pure-gas permeation system (KAUST-AMPM design) 
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Figure 14. Process flow digram for the KAUST AMPM pure-gas permeation 
system. 

3.5 Mixed-Gas Permeation 

The mixed-gas permeation measurements of PIM-7 were performed at 35 °C 

using a custom-designed mixed-gas permeation system similar to that described 

by O’Brien et al. [32].  The feed gas mixture was 98 vol.% CH4 and  2 vol.% n-

C4H10 and the pressure was varied between 5 and 30 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. CH4 and n-

C4H10 concentrations in the permeate were detected with a gas chromatograph 

(Agilent 3000A Micro GC) equipped with a thermal conductivity detector. The 

mixed-gas permeability was calculated by: 

 

𝑃𝐶𝐻4 = 1010 𝑦𝐶𝐻4𝑉𝑑𝐿
𝑥𝐶𝐻4𝑝𝑢𝑝𝐴𝑅𝑇

𝑑𝑝
𝑑𝑡

      (12) 
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𝑃𝑛𝐶4𝐻10 = 1010
𝑦𝑛𝐶4𝐻10𝑉𝑑𝐿

𝑥𝑛𝐶4𝐻10𝑝𝑢𝑝𝐴𝑅𝑇
𝑑𝑝
𝑑𝑡

     (13) 

 

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 CH4/n-C4H10 selectivity was obtained from: 

 

𝛼𝐶𝐻4/𝑛𝐶4𝐻10 =
𝑦𝐶𝐻4/𝑦𝑛𝐶4𝐻10
𝑥𝐶𝐻4/𝑥𝑛𝐶4𝐻10

      (14) 
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Chapter 4 

Results and Discussion 

4.1 Gas Sorption 

Sorption isotherms of 7 gases in PIM-7 were determined at 35 oC and are 
presented in Figures 15, 16 and 17. All isotherms are concave to the pressure 
axis, which is consistent with the general trend for glassy polymers as described 
by the dual-mode sorption model.  

Sorption for non-condensable (very low normal boiling point, Tb <) gases (N2, 
O2, CH4) is much less than any other gas indicating clearly that these gases 
interact weakly with PIM-7. The isotherms for more condensable gases exhibit a 
much more pronounced non-linear dual-mode sorption behavior typical for glassy 
polymers.  

 The solubility coefficient S (Figures 18, 19 and 20) can be calculated using the 
following expression:  

  
𝑆 = 𝐶/𝑝 = 𝑘𝐷 + 𝑐′𝐻𝑏

1+𝑏𝑝
       (15) 

The dual-mode parameters for each gas were obtained by using a nonlinear 
regression curve fitting procedure to fit the experimental data as shown in Table 
6.  

Table 6. Dual-mode gas sorption parameters of PIM-7 at 35 oC. 

Gas kD 
[cm3(STP)/cm3·atm] 

C'H  
[cm3(STP)/cm3] 

b 
[1/atm] 

S∞  
[cm3(STP)/cm3·atm] K 

N2 0.519 6.9 0.191 1.84 2.6 
O2 0.589 11.5 0.128 2.1 2.5 

CH4 0.382 37.2 0.141 5.6 13.7 
CO2 1.24 61.6 0.352 23 17.5 
C2H6 2.29 57.4 1.09 65 27.2 
C3H8 8.16 51.5 10.8 563 68.0 

n-C4H10 29.75 49.8 43.0 2172 72.0 
 

The kD values are generally increasing with condensability (except methane) and 
this result is consistent with the general trend observed for gas sorption in the 
Henry regions of glassy polymers. The maximum number of molecules that can 
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be accommodated by the excess free volume is represented by the values of the 
Langmuir capacity parameters [33, 34]. CO2 shows the maximum among all 
penetrants because it is the smallest condensable gas among them.  

 

 

Table 7. Summary of gas properties and permeability, solubility and diffusion 
coefficients in PIM-7 at 35 oC and 2 atm. 

Gas 

Lennard-
Jones 

diameter 
dLJ (Å) 

[27] 

Critical  
temperature 

Tc (K) 
 [27] 

P  
(Barrers) 

S 
 (cm3/cm3 

cmHg) 

 
D 

(x 107 
cm2/s) 

He 2.58 5.2 830 _ - 
H2 2.92 33.2 1907 _ - 
N2 3.68 126.2 160 0.04 3.7 
O2 3.43 154.6 588 0.05 11.3 

CH4 3.82 190.6 249 0.12 1.9 
CO2 3.99 304.2 2827 0.37 6.9 
C2H6 4.42 305.3 169 0.58 0.26 
C3H8 5.06 369.9 125 0.86 0.086 

n-
C4H10 

_ 425 1010 1.43 0.63 
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Figure15. Sorption isotherms of N2, O2 and CH4 in PIM-7 at 35 oC. 
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Figure 16. Sorption isotherms of CO2 and C2H6 in PIM-7 at 35 oC. 
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Figure 17. Sorption Isotherms of C3H8 and n-C4H10 in PIM-7 at 35 oC. 
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Figure 18. Solubility coefficients of N2, O2 and CH4 in PIM-7 at 35 oC. 
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Figure 19. Solubility coefficients of carbon dioxide and ethane in PIM-7 at 35 oC. 
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Figure 20. Solubility coefficients of propane and n-butane in PIM-7 at 35  oC. 
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4.2 Gas Permeability 

4.2.1 Pure-Gas Permeation Properties 
Two permeation tests were performed for pure gases. One permeation test was 

carried for all gases at a fixed upstream pressure of 2 bar; the other one was a 

pressure dependence test for propane and n-butane. The pure-gas permeability 

coefficients at 35 oC and 2 bar of He, N2, O2, H2, CH4, CO2, C2H6, C3H8 and n-

C4H10 are shown in Table 7. Carbon dioxide shows the highest permeability 

coefficient among all gases tested because it has the smallest penetrant size 

among all condensable gases tested, which results in a significantly higher 

diffusion coefficient compared to hydrocarbon gases. For example, CO2 has a 

30-fold higher diffusion coefficient than C2H6.  .  

 

Diffussion coefficients were calculated by using eq. 5 with the experimental 

permeation and solubility data, shown in Table 7.  

 

The permeation properties of PIM-7 are summarized in Table 8 for number of 

gases, in terms of permeability coefficients and selectivity over nitrogen.  

 
Table 8. Comparision of pure-gas permeability coefficients and selectivities in 
PIM-7 at 35 oC and 2 atm (this work), and previously reported data at 30 oC and 
200 mbar [21]. 

Gas Permeability (Barrer) Selectivity (gas/N2) 
This work Budd [21] This work Budd [21] 

He 830 440 5.2 10 
N2 160 42 1 1 
O2 588 190 3.7 4.5 
H2 1907 860 11.9 20 

CH4 249 62 1.6 1.5 
CO2 2827 1100 17.7 26 
C2H6 169 - 1.1 - 
C3H8 125 - 0.8 - 

n-C4H10 1010 - 6.3 - 
    
It is interesting to note that the permeability and selectivity values for PIM-7 can 

vary significantly. For examples, the permeability values of this study are 
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significantly higher than those reported by Budd et al. [21], whereas gas 

selectivities are lower. This significant variation was probably caused by two 

factors: (i) different film formation protocols and (ii) different test conditions. In 

this study, the PIM-7 film was treated with methanol. This procedure is commonly 

used to remove traces of the casting solvent that can be entrapped in the 

micropores of PIMs films [24]. The PIM-7 membrane used in the study of Budd et 

al. was simply dried at 90 °C without prior methanol treatment. Previous studies 

have shown that methanol-treated PIMs membranes exhibit significantly higher 

permeability and lower selectivity than films formed only by heat treatment and 

drying [21, 24], which is consistent with our results. Another possible reason that 

possibly contributed to the differences in permeability and selectivity values are 

the permeation test conditions, that is, differences in temperature and pressure.   

 

Permeability coefficients as a function of pressure measured for propane and n-

butane are shown in Figure 21. Permeability increases with pressure due to the 

significant swelling of the polymer matrix, which enlarges the micropore size and 

causes a significant increase of the diffusion coefficients for propane and n-

butane, as shown in Figure22. The permeability-, solubility- and diffusivity 

selectivities of PIM-7 are shown in Table 9. 

 

Table 9. Summary of permeability-, solubility-, and diffusivity selectivities of PIM-
7 at 35 oC and 2 atm. 

Gas 
Permeability 

selectivity 
Gas /N2 

Solubility 
selectivity 
Gas /N2 

Diffusivity 
selectivity 
Gas /N2 

He 5.2 - - 
N2 1 1 1 
O2 3.7 1.3 3.1 
H2 11.9 - - 

CH4 1.6 3.0 0.5 
CO2 17.7 9.3 1.9 
C2H6 1.1 14.5 0.07 
C3H8 0.8 21.5 0.02 

n-C4H10 6.3 35.8 0.17 
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Figure 21.  Permeability coefficients of propane and n-butane of PIM-7 as 
function of pressure at 35 oC. 
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Figure 22. Diffusion coefficients of propane and n-butane in PIM-7 as function of 
concentration at 35 oC. 

 

4.2.2 Physical Aging Effect 

The physical aging of a PIM-7 membrane was studied over a period of 35 days. 

He, H2, O2, N2, CH4 and CO2 were used in the aging test. The film that was 

used in the aging study had a thickness of 90 ± 5 μm. Table 10 shows the 

permeability coefficients in the aged film and in a fresh film. The results show that 

PIM-7 lost up to 60 % from its original permeability within 35 days of aging. 

Table 10.  Summary of permeability coefficients in a fresh film versus an aged 
film of PIM-7 at 35 oC and 2 atm. 

Gas P (Barrer ) Aged 
Film 

P (Barrer) Fresh 
Film 

% Difference  

He 493 830 41 
N2 61 160 62 
O2 237 588 60 
H2 912 1907 52 

CH4 92 249 63 
CO2 1278 2827 55 
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4.2.3 Mixed-Gas Permeation Properties 

A PIM-7 film was tested with a gas mixture containing 2 vol.% n-butane in 

methane at different feed pressures (5, 10, 20 and 30 bars) at 35 oC. The results 

show that n-butane permeability is slightly increasing with pressure and methane 

permeability is slightly decreasing with pressure, as shown in Figure 23. For 

example, at 30 bar, PIM-7 has a methane permeability of 66 barrers and 

methane/n-butane selectivity of 1.75. The methane/n-butane selectivity 

decreases slightly from 2.25 at 5 bar to 1.75 at 30 bar, as shown in Figure 24. 

This result shows that the methane /n-butane selectivity of PIM-7 is dominated by 

low solubility selectivity and high diffusivity selectivity, unlike that of PIM-1 [24] 

and PTMSP [34]. 

The methane mixed-gas permeability of PIM-7 is about 2.7 times lower than that 

of PIM-1 and the n-butane mixed gas permeability of PIM-7 is about 130 times 

lower that of PIM-1. Permeating methane higher than n-butane for all tested 

pressures is an indication that there is no blocking effect not like to what was 

reported for PIM-1[24]. 
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Figure 23. Mixed-gas methane and n-butane permeability of PIM-7 as a function 
of feed pressure. Feed composition: 2 vol.% n-butane/98 vol.% methane at 
35 oC. 
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Figure 24. Mixed-gas methane/n-butane selectivity of PIM-7 as a function of feed 
pressure. Feed composition: 2 vol.% n-butane/98 vol.% methane at 35 oC. 
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Table 11. Mixed-gas properties of microporous, glassy PIM-7, PIM-1, PTMSP, 
polysulfone and rubbery PDMS. Feed composition: 2 vol.% n-butane/98 vol.% 
methane at 25 oC for all except PIM-7 at 35 oC. 

 
Material 

 
Permeability Coefficient 

(Barrer) 

Selectivity 
n-
C4H10/CH4 

Mixed-gas/pure gas 
CH4 permeability ratio 

CH4 n-C4H10 
PIM-7 64 35 0.6 0.5 

PIM-1 [24] 175 4200 24 0.7 
PTMSP [34] 1800 53500 30 0.1 
Polysulfone 

[34]  
0.21 0.13 0.6 1.0 

PDMS [18] 1250 12900 10 1.2 
 

As mentioned above, PIM-7 did not show any methane blocking effect up to 30 

bars while PIM-1 showed it and this conclusion can be justified by looking to the 

surface area and pore size distribution in both polymers; PIM-7 has a BET 

surface area of 690 m2/g with 4.6 to 6.8 Å in pore size distribution while PIM-1 

[24] has a BET surface area of 760 m2/g with 5 to 12 Å in chain spacing.  
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Chapter 5 

Conclusions 
PIM-7 is a thermally stable (up to 450 oC), high-free-volume (FFV=0.24) glassy 

polymer of intrinsic microporosity. Nitrogen sorption at 77 K gave a BET surface 

area of 690 m2/g, which clearly demonstrated the microporous nature of the 

polymer. Carbon dioxide sorption studies at 273 K were used to estimate the 

pore size distribution of PIM-7, which ranged between 4.6 and 6.8 Angstroms.  

Sorption isotherms of all gases in PIM-7 at 35 oC are concave to the pressure 

axis and can be described by the dual-mode model. Sorption of non-condensable 

gases is significantly lower than that of condensable hydrocarbons (e.g. propane, 

n-butane), which is a reflection of the weak interactions of these gases with PIM-

7. The solubility coefficients of the gases increased with increasing 

condensability. Hence, n-butane exhibited the highest sorption capacity of all 

gases tested. 

Physical aging test shows that up to 60% of the original permeability of a fresh 

PIM-7 film was lost within 35 days. This result can be ascribed to a decrease in 

free volume of the polymer due to compaction of the microporous polymer matrix.  

PIM-7 shows significant hydrocarbon-induced plasticization, as indicated by the 

significant increase in propane and n-butane permeability with increasing feed 

pressure resulting from a dramatic increase in diffusion coefficients.  

Mixed-gas permeation studies using a 2 vol % n-butane/98 vol % methane feed 

demonstrate that PIM-7 shows completely different transport behavior compared 

to other microporous polymers, such as PIM-1 and PTMSP. The latter two 

polymers show the highest n-butane/methane selectivity of any known polymers 

combined with extremely high n-butane permeability. Despite its similar BET 

surface area of 690 m2/g to that of PIM-1 and PTMSP (~ 800 m2/g ), PIM-7 

exhibits low  n-butane permeability and is methane/n-butane selective. This 
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difference is probably caused by the smaller micropores and their distribution in 

PIM-7 relative to those in PIM-1 and PTMSP. 
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