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ABSTRACT 

The Performance of a Thermally Cross-Linked Polymer of Intrinsic 

Microporosity (PIM-1) for Gas Separation 

Fahad Ibrahim Alghunaimi 

Gas transport properties of PIM-1 (the first ladder polymer with intrinsic 

microporosity) and TC-PIM-1 (thermally cross-linked PIM-1) at 35°C and different 

pressures were thoroughly studied. The purpose of this study was to evaluate 

and compare the performance of the TC-PIM-1 membranes with PIM-1 for 

natural gas separation. The TC-PIM-1 polymer was prepared by post-

modification of PIM-1 at 300°C for a period of two days. Sorption isotherms of 

seven gases, including N2, O2, CH4, CO2, C2H6, C3H8 and n-C4H10, were 

determined for PIM-1 and TC-PIM-1 using the dual-volume barometric sorption 

technique at 35°C at different pressures. The sorption isotherms followed the 

dual-mode sorption model, which is typical for glassy polymers. Moreover, 

permeability (P) of eight gases, including He, H2, N2, O2, CH4, CO2, C3H8 and n-

C4H10, were determined for PIM-1 and TC-PIM-1 at 35°C and 2.0 atm. 

Furthermore, average diffusion coefficients (𝐷�) were calculated from the 

permeability and solubility data for all tested gases for both polymers. The 

sorption (S), permeability (P) and average diffusion coefficients (𝐷�) for the TC-

PIM-1 membrane exhibited lower values than the PIM-1 membrane. However, 

the TC-PIM-1 membrane showed exceptional gas separation performance. The 

TC-PIM-1 membrane had a helium (He) permeability of 1218 barrer with He/CH4 

and He/N2 ideal selectivities of 27.1 and 23.9 respectively, and carbon dioxide 

(CO2) permeability of 1088 barrer with CO2/CH4 and CO2/N2 ideal selectivities of 

24.2 and 21.3 respectively. Additionally, the TC-PIM-1 membrane showed a 

hydrogen (H2) permeability of 2452 barrer with an ideal H2/CH4 selectivity of 

54.5.  
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CHAPTER 1 
 

1. INTRODUCTION 

Every year, new natural gas separation equipment is installed to overcome the 

global gas demand, and approximately 20% of the natural gas requires extensive 

treatment before delivery [1]. Worldwide, the consumption of natural gas is more 

than 100 trillion standard cubic feet (TSCF) per a year [2]. Moreover, Figure 1.1 

displays the future forecast of gas consumption, which is expected to increase 

dramatically [26].   

 

Figure 1.1. Expected world natural gas consumption in trillion standard cubic feet 

(TSCF) from 2008-2035 [26]. 

 

With this huge demand for natural gas and membrane improvement, the use of 

membrane technology may increase at the expense of the traditional natural gas 

separation method.  

  

1.1. Natural Gas Overview 

Natural gas that is used by consumers is different in composition from the natural 

gas that is delivered from underground wells. Processed natural gas for 

consumption is composed almost entirely of methane; however, the raw natural 
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gas, which is coming from the well, contains methane, ethane, propane, butane, 

pentanes, carbon dioxide, hydrogen sulfide, nitrogen, helium and water together 

with traces of other compounds. Indeed, the raw natural gas changes 

significantly in composition from source to source; nevertheless, methane is the 

main component [2]. Table 1.1 shows a typical composition of raw natural gas. 

 

Table 1.1. Typical composition of natural gas. 

Gas Chemical Symbol Percentage 

Methane CH4 70-90% 

Ethane C2H6 

0-20% Propane C3H8 

Butane C4H10 

Carbon dioxide CO2 0-8% 

Oxygen O2 0-0.2% 

Nitrogen N2 0-5% 

Hydrogen sulfide H2S 0-5% 

Rare gases A, He, Ne, Xe trace 

There are three types of wells that are sources of raw natural gas: 

• Oil wells - ‘associated gas’ 
• Condensate wells - 'associated gas'  
• Gas wells - 'non-associated gas’ 

The three types of raw natural gas are fed to a gas processing plant; the main 

objective of this plant is the removal of ethane, propane, butane, pentanes, acid 

gases, nitrogen and water from methane.  The traditional methods used for gas 

separations involve cryogenic distillation and absorption processes. [3] 

It is worth mentioning that the associated hydrocarbons of raw natural gas are 

typically referred as 'natural gas liquids' (NGLs), which are valuable by-products 

of natural gas processing. These NGLs, which include ethane, propane, butane, 

iso-butane, and natural gasoline, are sold separately for a variety of different 
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uses, such as enhancing oil recovery in oil wells and providing raw materials for 

production of petrochemicals. [5] 

1.2. Natural Gas in Saudi Arabia 

In 1938, oil was discovered in Saudi Arabia with estimated oil reserves of around 

254,989 million barrels, which is approximately 25% of the world’s total reserves. 

In 1988, associated and non-associated natural gas was estimated to be around 

177.294 trillion standard cubic feet (SCF) [15]. Currently, the kingdom’s natural 

gas reserves are estimated at 282.6 trillion SCF [37].  Table 1.2 shows the typical 

natural gas composition in Saudi Arabia [15]. 

Table 1.2. Typical composition of natural gas in Saudi Arabia. 

Gas Chemical Symbol Associated Non-associated 

Methane CH4 62.77 69.01 

Ethane C2H6 15.07 5.70 

Propane C3H8 6.64 2.30 

Butane C4H10 2.40 1.21 

Pentane and 

heavier 
C5+ 1.12 0.90 

Hydrogen sulfide H2S 2.80 5.02 

Carbon dioxide CO2 9.20 3.46 

Nitrogen N2 - 12.40 

 

Most of the gas produced in Saudi Arabia is associated gas. Therefore, the 

availability of petrochemical industry feedstock (methane and ethane) is tied to 

the level of oil production. 

The Master Gas System (MGS) in Saudi Arabia consists of three main units: (i) 

the gas-oil separating plants (GOSPs), (ii) the gas plants, and (iii) the 

fractionation plants as shown in Figure 1.2. [15] 
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Figure 1.2. Simplified diagram of the master gas system in Saudi Arabia. 

One of the latest gas projects to expand the Kingdom’s master gas system, 

which is currently under execution by Saudi Aramco, is the Wasit Gas Plant 

(WGP). This plant will process approximately 2,500 million standard cubic feet 

per day (MMSCFD) of gas from two non-associated offshore gas fields (Arabiyah 

and Hasbah).  The composition of the gas produced from each field is presented 

in Table 1.3. [32] 

Table 1.3. Gas composition of new fields in Saudi Arabia. 

Component (mole %) Hasbah Arabiyah 

Methane 81.29 72.31 

Ethane 0.22 2.28 

Propane 0.01 0.49 

Butane 0 0.15 

Pentane and heavier 0 0.41 

Nitrogen 6.18 12.48 

Carbon dioxide 7.97 7.51 
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Hydrogen sulfide 4.33 4.37 

 

The offshore fields of Arabiyah and Hasbah were discovered in December 2008. 

These fields are 130 km off-shore and the gas processing plant will be located 

around 30 km onshore. The wellheads are piped to the onshore plant in two 36” 

subsea pipelines. The plant is expected to start producing gas in 2014. [32] 

This project will include the design and construction of the following: 

a) Slug-catchers to physically separate the incoming gas from liquids 

b) MEG regeneration and reclamation facility. 

c) Sour water system.  

d) Acid gas removal.  

e) Sulfur recovery with Euro-Claus technology.  

f) Triethylene glycol (TEG) gas dehydration units. 

g) Propane (C3) refrigeration system. 

h) Sales gas blending and delivery system. 

i) Electrical and nonelectrical utilities (high-pressure steam boilers) 

j) Flare system. 

1.3. Traditional Methods for Natural Gas Separations 

Frequently, natural gas plant processing differs depending on the gas feed 

and required product specifications. Basically, there are five main processes 

to remove various impurities from raw natural gas: 

a) Oil and condensate removal 

b) Sulfur and carbon dioxide removal 

c) Mercury and nitrogen removal 

d) Water removal 

e) Separation of natural gas liquids. 
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Additionally, scrubbers are installed near the wellhead to remove sand and 

other large-particle impurities. Figure 1.3 shows a simplified typical natural 

gas treatment and separation process by using the traditional methods. [36] 

 

Figure 1.3. Simplified sketch of natural gas separation processes. 

The five main processes in a natural gas separation plant are:  

a) Oil and Condensate Removal 

The separation of oil and condensate from natural gas is carried-out by 

reducing the pressure of raw natural gas in a three-phase separator. It is a 

closed vessel where the heavier liquids are separated from gases simply by 

gravity. 

For wells that have high-pressure gas along with light crude oil or 

condensate, specialized equipment is utilized, called the low-temperature 

separator (LTX). This separator uses pressure differentials to cool wet 

natural gas and separate oil and condensate.  This pressure-temperature 

relationship can work in reverse to remove gas from liquid oil. [30] 
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b) Sulfur and Carbon Dioxide Removal 

Sulfur is present in natural gas primarily as hydrogen sulfide (H2S) and 

mercaptanes. Some natural gas wells contain significant amounts of sulfur 

and carbon dioxide, which is commonly called 'sour gas'. Natural gas is 

usually considered sour if the H2S content is higher than 5.7 milligrams of 

H2S per cubic meter. The main process for removing H2S from sour gas is 

amine treating. At very low concentrations, it is also possible to use solid 

desiccants like iron sponges to remove both the H2S and carbon dioxide. 

In the amine plant, the sour gas enters a tower that contains amine solution. 

Currently, monoethanolamine (MEA) and diethanolamine (DEA) are the two 

main amine absorbents used for sulfur compounds removal from the sour 

gas. The main solution is regenerated by heat to remove the absorbed sulfur 

and then reused to treat more sour gas. 

Sulfur can be sold and used if reduced to its elemental form. Elemental sulfur 

is a bright yellow powder and can often be seen in large storage facilities 

near gas treatment plants. The process used to recover sulfur is known as 

Claus process, which involves using thermal and catalytic reactions to extract 

the elemental sulfur from the hydrogen sulfide solution. [30] 

c) Water Removal  

Removal of the associated water with natural gas involves a relatively simple 

separation and is usually performed at or near the wellhead. However, the 

removal of the water vapor that exists in natural gas involves a more complex 

treatment. This treatment consists of 'dehydrating' natural gas that usually 

performed by one of two processes, either absorption or adsorption.  

Absorption occurs when a dehydrating agent removes the water vapor such 

as glycol dehydration that has a chemical affinity for water. On the other 

hand, adsorption occurs when the water vapor is condensed and collected 
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on the surface that consist of two or more adsorption towers filled with a solid 

desiccant, such as activated alumina or a granular silica gel material. [36] 

d) Nitrogen Removal 

When hydrogen sulfide and carbon dioxide are removed to acceptable levels, 

the treated gas is then sent to a nitrogen rejection unit (NRU) where the gas 

enters a series of passes through a column and brazed aluminum plates. 

The nitrogen is separated cryogenically or by using an absorbent solvent. 

The absorbed methane and hydrocarbons are removed from the solvent by 

reducing the pressure in multiple gas decompression steps. [30] 

e) Separation of Natural Gas Liquids 

Typically, there are two methods to remove natural gas liquids (NGLs) from 

natural gas streams, which are complicated to operate, with moving parts, 

and with high capital and operating costs [5]. 

1. Absorption Method 

In this process, natural gas is passed through an absorption tower that is 

filled with absorbing oil that has an affinity for NGLs. The solution of 

absorption oil, propane, butanes, pentanes and heavier hydrocarbons is 

then heated above the boiling point of the NGLs but below that of the 

absorbing oil for separation from methane. 

2. Cryogenic Expander Process 

The main concept of this process is to drop the natural gas temperature to 

approximately -84.4oC by using a turbo expander process. The rapid 

temperature drop condenses ethane and heavier hydrocarbons; however, 

methane is maintained in gaseous form. 

After removal of the NGLs, their components are separated by fractionation. 

The fractionation process is based on the different boiling points of the 

hydrocarbons and consists mainly of distillation columns which are arranged 
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in the following order: 

o Deethanizer column to separate the ethane from the NGL stream. 

o Depropanizer column to separate propane. 

o Debutanizer column to separate butane. [30] 
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CHAPTER 2 
 

2. MEMBRANE TECHNOLOGY 

A synthetic membrane can be defined as a layer that works as a selective barrier 

between two phases. It is impermeable or semi-permeable to specific solutes or 

molecules when exposed to the action of a driving force. Some components are 

allowed passage by the membrane from the feed into a permeate stream, 

whereas others are rejected to the residue stream. [1] Also, a membrane can 

simply be defined as an interphase between two bulk phases [13].  

Membranes can be classified in three groups based on their material:  

1. Inorganic  

2. Polymeric 

3. Biological membranes.  

The transport through membranes can be classified into two mechanisms: 

 Porous membranes (Pore flow) 

 Dense membranes (Solution/diffusion) 

There are three types of porous membranes according to their pore diameter 

size [1]: 

1. Microporous (dp < 2 nm) 

2. Mesoporous (2 nm < dp < 50 nm) 

3. Macroporous (dp > 50 nm) 

 

Membranes are typically produced in flat-sheet (planar) or hollow-fiber geometry. 

[1] 

 

The use of membranes for separation processes has grown quickly during the 

last 30 years. Reverse osmosis, nanofiltration, and air separation are examples 

of large-scale membrane applications [14]. 

Currently, membrane technology for natural gas separation appears to be 

extremely attractive over the existing traditional methods due to its advantages, 
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which include the followings: [13] 

1. Lower capital and operating costs. 

2. Lower energy required. 

3. Easier to operate. 

Figure 2.1 shows a schematic representing a membrane separation process for 

natural gas. Generally, gas separation membranes can be categorized into two 

major categories [3]: 

• Porous inorganic  
• Dense polymeric  

 

 

Figure 2.1.  Schematic representation of natural gas membrane separation 

process [31]. 

In this study, PIM-1, a glassy, microporous polymer was investigated for its 

potential use in membrane-based natural gas separation.   

2.1. Gas Transport Theory in Polymeric Membranes  

Diffusion can be defined as the net transport of molecules from a higher 

concentration region to lower concentration region by random motion. [1] 
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Fick’s first law describes gas diffusion through a membrane as: 

          

                            𝐽 = −𝐷 �𝑑𝑐
𝑑𝑥
�                    (1) 

                     

J: Flux of the gas through the membrane (at steady-state, J is constant) 

D: Diffusion coefficient   

�𝑑𝑐
𝑑𝑥
�: Concentration gradient of the gas across the membrane 

 

If D is constant, Fick’s law leads to:  

         𝐽 = 𝐷 𝐶0 − 𝐶1
𝑙

                       (2) 

C0: Gas upstream concentration 

C1: Gas downstream concentration 

: Thickness of the membrane 

 

At low pressures, Henry’s law can express the gas concentration in the 

membrane: 

 

                                                                                                   (3) 

 

S:  Henry’s solubility constant  

p:  Gas pressure 

 

Substituting Eq. (3) into Eq. (2), yields: 

 

                                                             
(4) 

pSC ⋅=


 )()( 00 iiii

iii
ppPppSDJ −

=
−

⋅=
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Therefore, permeability is a product of the diffusivity and solubility coefficients of 

the gas species [3]. 

 

                                               𝑃 = 𝐷 .  𝑆                                                 (5) 

 

Selectivity is a measure of a membrane’s ability to separate two gases i and j, 

which is the ratio of their permeabilities: 

 

                                                                                      
(6) 

: Mobility selectivity (the ratio of the diffusion coefficients of two gases)  

 : Sorption selectivity (the ratio of the solubility coefficients) 

The mobility selectivity is related to the ratio of the molecular size of the two 

gases. The sorption selectivity is related to the relative condensability of two 

components; in general, sorption of a component increases with increased 

condensability. [2] 

 

2.2. Polymeric Membranes for Gas Separation  

A polymer is a long chain of molecules with a high molecular weight. Polymer are 

either amorphous, liquid crystals or semi-crystalline. The most common types 

used in membrane manufacture are amorphous polymers. [21] 

Recently, the use of polymeric membranes has significantly increased in the gas 

separation field [16, 17]. This is due to their adequate separation properties, low 

cost, and their ease of membrane manufacturing [19].  
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In polymer materials, gas diffusion coefficients (D) increase when molecular size 

decreases and gas sorption coefficients (S) increase as condensability 

increases. The sorption selectivity of non-interacting gases, such as 

hydrocarbons, is similar for all amorphous polymers; however, the diffusion 

selectivity can vary significantly depending on the physical state of the polymer 

(rubbery or glassy state). [2] 

Polymers in the rubbery state are above their glass transition temperature (Tg) 

and have high polymer chain mobility [21]. Thus, the polymer is elastic and the 

effect of molecular size of the permeating gases on relative mobility is relatively 

small. Polydimethylsiloxane (PDMS) is an example of a rubbery polymer, which 

has high gas permeability and its selectivity is controlled by the gas 

condensability, as shown in Figure 2.2 [5].  

 

 

Figure 2.2. Condensability (boiling point) for natural gas components [2].  

Because of their flexible nature, rubbery polymers exhibit low selectivity for CO2 

removal from methane. Consequently, rubbery polymers are not utilized in 

natural gas applications for acid gas treatment [22]. 

When a polymer is kept below its Tg, the polymer will be in its glassy state. 

Glassy polymers are tough and rigid; therefore, they are often much less 

permeable to gases than rubbery polymers, but their selectivity tends to be 

higher because of their better size-sieving capabilities [2, 21, 22], as shown in 

Figure 2.3. 



 

 
 

25 

Figure 2.3. Relative size (kinetic diameter) for natural gas components. [2] 

 

Typically, all industrial membranes use glassy polymers due to their high gas 

selectivity and good mechanical properties (high tensile strength and resistance). 

Medium to high free volume glassy polymers (such as polyimides) are usually 

used to fabricate membranes. [5] 

 

Water is a much smaller and more condensable molecule than methane; 

therefore, it can easily be separated by both rubbery and glassy polymers. 

Nitrogen can be separated from methane by glassy polymers because N2 has 

smaller molecular size than methane. In this case, methane will be delivered as 

high-pressure product on the residue-side of the membrane system. On the other 

hand, rubbery polymers are more permeable for methane over nitrogen because 

methane is more condensable than nitrogen. However, the CH4/N2 selectivity is 

small and the methane-rich permeate has to be re-compressed to pipeline 

pressure. [2] 

Generally, the selectivity is a function of the differences in diffusivity and solubility 

coefficients for two gases. Commonly, most membrane gas separation systems 

are based on diffusivity selectivity; however, specific industrial and environmental 

applications are driven by solubility selectivity [3]. 
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2.3. Solution-Diffusion Model 

The Solution-diffusion model is the main transport mechanism in dense 

polymeric materials [17, 23, and 24]. As explained in Figure 2.4, there are 

three process steps that occur in this mechanism.  

1- Gas molecules are sorbed on the upstream side of the membrane. 

2- Then, gas molecules diffuse through the membrane down a concentration 

gradient.  

3- Finally, gas molecules desorb from the downstream side.  

 

 

Figure 2.4. Sketch for transport through non-porous (dense) membranes. 

 
2.4. Dual-Mode Sorption Model 

For glassy polymers, the gas sorption is expressed by the combination of Henry’s 

law and Langmuir expressions. This is called “dual-mode sorption theory” [17]. 

This model has been utilized to explain the decrease in permeability of the glassy 

polymer membrane with increasing feed pressure [7, 9, 10]. 
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Figure 2.5. The dual-mode sorption model. [8] 

As shown in Figure 2.5, there are two different adsorption sites: the Henry type 

(as observed in liquids or rubbery polymers) and the Langmuir type adsorption 

sites (inner surfaces of microporous materials). Therefore, the total quantity of 

sorbed gas at any given pressure equals the total sum of sorption in Henry’s 

mode and Langmuir mode. 

Henry’s law [8, 11] relates the gas concentration to the pressure linearly, as 

shown in equation 7: 

𝐶𝐷 (𝑝) =  𝑘𝐷  𝑝                                           (7) 

where CD is assumed to be associated with the dense region of the polymer and 

𝑘𝐷 is the solubility coefficient of the gas in the polymer. 

The Langmuir isotherm, CH, describes the pore filling of micropores with a 

saturation capacity 𝐶 ′𝐻 and the affinity constant b as follows: 
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𝐶𝐻 (𝑝) =   𝐶′𝐻  𝑏𝑝
1 + 𝑏𝑝

                                            (8) 

Therefore, the pressure-dependent concentration for a glassy polymer is equal to 

the sum of Henry mode and Langmuir mode [8, 9, 10, and 12]. 

𝐶 (𝑝) =  𝐶𝐷 + 𝐶𝐻 =  𝑘𝐷  𝑝 +  
 𝐶′𝐻  𝑏𝑝
1 +  𝑏𝑝

                                      (9) 

Obviously from Figure 2.5, it is clear that at low pressure adsorption follows the 

Langmuir mode, whereas at higher pressures the Henry mode becomes 

dominant. 

2.5. Polymers of Intrinsic Microporosity (PIMs)  

Polymers of intrinsic microporosity (PIMs) are an interesting new class of 

amorphous glassy polymers that contain interconnected pores with sizes less 

than 2 nm. They have high free volume and high surface areas [24]. PIMs are 

soluble in common organic solvents such chloroform, dichloromethane (DCM) 

and tetrahydroforan (THF) [8]. Recently, PIMs were developed as promising 

membrane materials for gas separation. [20] 

PIM-1 is one of the first microporous polymers for gas separation that show very 

high gas permeability with moderate selectivity above the Robeson upper bound 

for several important gases [27]. The chemical structure of PIM-1 is shown in 

Figure 2.6. Lately, several studies have been conducted to post-modify PIM-1 for 

enhancement of selectivity. [20]         

In this study, the post-modification of PIM-1 through by thermal crosslinking to 

enhance selectivity was investigated.  
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Figure-2.6. Chemical structure of PIM-1. [18] 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

30 

CHAPTER 3 

3. EXPERIMENTAL SECTION  
 

3.1. PIM-1 Synthesis 

PIM-1 was synthesized using the procedure reported by Du et al. [25]; the 

chemical reaction is presented in Figure 3.1: 

 

Figure 3.1. Chemical reaction to produce PIM-1 

3,3,3’,3’-tetramethyl-spirobisindan-5,5’6,6’-tetraol (340 mg, 1.00 mmol) and 1,4-

dicyanotetrafluorobenzene (200 mg, 1.00 mmol) were dissolved in anhydrous 

DMAC (2.7 ml). The solution was stirred at room temperature for 15 min. 

Thereafter, K2CO3 (390 mg, 2.5 mmol) was added in one portion and the 

reaction system was stirred at room temperature for another 30 minutes. The 

solution was then heated to 150 oC and the viscosity increased significantly 

during the first 10 minutes. Then, toluene (3.0 ml) was added in one portion and 

the system was stirred at 150 oC for another 10 min. After that, the solution was 

poured into methanol/water (1:1) to precipitate the polymer. Then, the precipitant 

was filtrated and washed with boiled water for 3 times. After that, it was dissolved 

in chloroform and precipitated again in methanol. Finally, a yellow powder (450 

mg, 97.8% yield) was obtained after vacuum drying at 120 oC for 12 hrs. [25] 
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3.2. PIM-1 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) for the original PIM-1 was performed with 

nitrogen and it was found that PIM-1 had a very high thermal stability. The initial 

weight loss due to thermal degradation occurred at 460oC, as shown in Figure 

3.2. 

 

Figure 3.2. Thermogravimetric analysis (TGA) for the original PIM-1. 

3.3. Thermal Crosslinking of PIM-1  

The thermal cross-linking treatment of PIM-1 films was carried out in a vacuum 

furnace. The temperature was increased to 300°C with a rate of 10°C/min and 

held over a period of two days. After the thermal cross-linking treatment process, 

the films were cooled naturally in the vacuum furnace to room temperature and 

stored in a desiccator for further studies. Coloration of the PIM-1 film from yellow 

to dark brown was observed after the thermal crosslinking process. All films after 

thermal treatments were flexible and tough enough for characterization, gas 

permeation and gas sorption experiments. Figure 3.3 shows a picture of the PIM-
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1 film before the thermal treatment process and Figure 3.4 shows a picture of 

PIM-1 film after the thermal treatment. 

  

Figure 3.3. PIM-1 film before heat-treatment. 

 

 

Figure 3.4. Thermally treated PIM-1 film (2 days at 300°C). 
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3.4. Dual-Volume Pressure Decay System  

Gas solubility for glassy and rubbery polymers can be determined by using a 

barometric gas sorption system based on the pressure-decay method. The 

system consists of two volume-calibrated chambers (A and B), two valves, two 

pressure transducers and a vacuum pump, as shown in Figure 3.5. [6]  

 

Figure 3.5. Schematic of a dual-volume pressure decay sorption system. 

Chamber-B accommodates the polymer sample and chamber-A is utilized as a 

reservoir to introduce the required gas pressure for chamber-B.  The two 

chambers, valves and piping connection are immersed in a water bath to keep 

the temperature constant. All system parts including valves are made from 

stainless steel to avoid corrosion [6].  

The custom-designed KAUST AMPM center barometric sorption system is 

shown in Figure 3.6. 
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Figure 3.6. Custom-designed KAUST AMPM center dual-volume pressure decay 

sorption system. 

First, the polymer sample is installed in chamber-B of the dual-volume pressure 

decay sorption cell. Then, the entire cell, as shown in Figure 3.7, is immersed in 

the water bath and connected to the control system to start the sorption 

experiment. 

 

Figure 3.7. Dual-volume pressure decay sorption cell. 

The test gas is then introduced to chamber-A to a specific pressure that was 

calculated based on the volume ratio between the two chambers. Thereafter, the 



 

 
 

35 

gas is introduced into chamber-B and the pressure is equilibrated for around one 

second. The pressures in the two chambers are continuously recorded from time 

= 0 until chamber-B pressure reaches steady-state. 

3.5. Permeation Measurement System  

The custom-designed gas permeation measurement system was constructed in 

a box, to control the temperature, which contained the following: 

1. Membrane test cell 

2. Two volume vessels (upstream/downstream) 

3. Six valves 

4. Two pressure transducers  

5. Fans and heaters to control the temperature  

6. Vacuum pump 

7. PC to collect data 

Figure 3.8 shows a simplified sketch of a pure-gas permeation system that was 

custom-designed and built in the Advanced Membranes and Material Porous 

Center (AMPM) at King Abdullah University of Science and Technology 

(KAUST).   
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Figure 

3.8. Sketch for a pure-gas permeation measurement system. 

Figure 3.9 displays a picture of a pure-gas permeation system that is available in 

the AMPM center at KAUST. 

 

Figure 3.9. Pure-gas permeation measurement system in the AMPM center at 
KAUST. 
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CHAPTER 4 

4. RESULT AND DISCUSSION 
4.1. Gas Sorption Coefficients 
 

The gas sorption coefficients (S) of N2, O2, CH4, CO2, C2H6, C3H8, and n-C4H10 

of the original PIM-1 and the TC-PIM-1 polymers were experimentally determined 

by using the dual-volume pressure-decay technique. A weight of 0.40 g PIM-1 

polymer was installed in the system for testing. After the test was completed, the 

PIM-1 film sample was removed and thermally treated in a muffle oven for two 

days at 300°C to produce the TC-PIM-1 polymer. The heat-treated sample was 

then installed in the sorption system and sorption experiments were performed. 

Both series of experiments were carried out at 35oC and the results are shown in 

Table 4.1 with previously reported results from other research groups. 

Table 4.1. Solubility coefficients (S) of N2, O2, CH4, CO2, C2H6, C3H8, and n-
C4H10 in PIM-1 and TC-PIM-1 membranes. 

 [cm3 (stp)/cm3 polymer atm] 
 (S) PIM-1 (S) PIM-1 (S) PIM-1 (S) TC-PIM-1 

N2 2.2 2.7 2.0 2.0 

O2 2.4 3.5 2.3 2.3 

CH4 7.7 8.9 9.1 7.4 

CO2 27.7 31 35 27.3 

C2H6 43.2 37.7 - 38.2 

C3H8 66.3 66.6 - 56.9 

n-C4H10 88.8 - - 82.8 

Testing 
Method 

Dual-volume 
sorption cell 

Dual-volume 
sorption cell Time-lag 

Dual-volume 
sorption cell 

Temp. 35 oC 25 oC 25 oC 35 oC 
Pressure 1 atm 1 atm 1 atm 1 atm 

Reference This study Li et al. [28] Budd et al.[29] This study 
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From Table 4.1, it can be noted that the solubility coefficient value for each tested 

gas in TC-PIM-1 is lower than in PIM-1. This results from the formation of triazine 

rings in the thermally cross-linked PIM-1, which reduces the excess free volume 

in the polymer, as shown in Figure 4.1 [20, 34]. Consequently, the amount of 

sorbed gas in TC-PIM-1 is less than in PIM-1. 

 

Figure 4.1. Thermal cross-linking reaction of PIM-1. [20] 

The gas-pair solubility selectivity calculated for both PIM-1 and TC-PIM-1 

showed no significant variation, as shown in Table 4.2 

Table 4.2. Gas-pair solubility selectivity (α)S of PIM-1 and TC-PIM-1. 

 (𝜶)𝑺 PIM-1 (𝜶)𝑺 TC-PIM-1 

O2 /N2 1.1 1.1 

CO2 /N2 12.8 13.4 

CH4 /N2 3.6 3.6 

CO2 

/CH4 
3.6 

3.7 
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Plots of the sorption isotherms for N2, O2, CH4, CO2, C2H6, C3H8, and n-C4H10 

of PIM-1 at 35oC are presented in Figure 4.2 (a), (b) and (c). 

 

Figure 4.2 (a). Sorption isotherms of N2, O2, and CH4 in PIM-1 at 35oC. 

 

Figure 4.2 (b). Sorption isotherms of CO2 and C2H6 in PIM-1 at 35oC. 
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Figure 4.2 (c). Sorption isotherms of C3H8, and n-C4H10 in PIM-1 at 35oC. 

All gases were tested at pressures up to 20 atm; except C3H8 up to 7.0 atm and 

n-C4H10 up to 2.0 atm. As shown in Figure 4.2 (a), (b) and (c), sorption follows 

the order of gas condensability, that is, N2<O2<CH4<C2H6<CO2<C3H8<n-C4H10. 

All sorption isotherms are concave to the pressure axis for all gases. This is the 

typical trend for glassy polymers, which is described by the dual- mode sorption 

model (equation 9), which can be written as follows: 

𝑐
𝑝

=  𝑆 =   𝑘𝐷  +   𝐶′𝐻  𝑏
1 + 𝑏𝑝

                                 (10) 

The dual-mode parameters 𝑘𝐷, 𝐶 ′𝐻 and 𝑏, for N2, O2, CH4, CO2, C2H6, C3H8, 

and n-C4H10 in PIM-1, were determined by using a non-linear regression method 

by fitting the data in Figure 4.2 (a), (b) and (c) to the dual-mode sorption model 

(equation 9) as shown in Table 4.3. 
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Table 4.3. Dual-mode sorption parameters for N2, O2, CH4, CO2, C2H6, C3H8, 
and n-C4H10 in PIM-1 at 35oC. 

Gas KD C'H b 𝑆∞ [cm3 (stp)/cm3 atm] 
N2 0.47 31.7 0.057 2.26 

O2 0.288 52.2 0.043 2.51 

CH4 0.465 56.1 0.15 8.81 

CO2 1.48 87.9 0.42 38.6 

C2H6 3.35 65.1 1.58 106 

C3H8 8.82 64.7 7.92 522 

n-C4H10 25.1 67.6 16.6 1147 

Furthermore, plots of solubility coefficients versus pressure for the seven gases 

in PIM-1 at 35oC are shown in Figure 4.3 (a), (b) and (c). 

 

Figure 4.3 (a). Solubility coefficients of N2, O2, and CH4 in PIM-1 at 35oC. 
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Figure 4.3 (b). Solubility coefficients of CO2 and C2H6 in PIM-1 at 35oC. 
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Figure 4.3 (c). Solubility coefficients of C3H8 and n-C4H10 in PIM-1 at 35oC. 
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It can be observed from Figure 4.3 (a), (b) and (c) that the solubility coefficients 

decrease with increasing the pressure for all gases. The decrease in S value for 

N2 and O2 was small and almost linear for the entire tested range from 0 to 20 

atm, whereas the decrease was convex for CH4. For CO2 and C2H6, the 

decrease in S value was large in the region from 0 to 10 atm, then; the decrease 

was smaller over the pressure range from 10 to 20 atm, as shown in Figure 4.3 

(b).  For the most condensable tested gases (C3H8, and n-C4H10), the decrease 

in S value was extremely sharp at low pressure (0 to 1 bar), as shown in Figure 

4.3 (c). 

The sorption isotherms of N2, O2, CH4, CO2, C2H6, C3H8, and n-C4H10 in the 

TC-PIM-1 at 35oC are presented in Figure 4.4 (a), (b) and (c). 

 

Figure 4.4(a). Sorption isotherms of N2, O2, and CH4 in TC-PIM-1 at 35oC. 
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Figure 4.4(b). Sorption isotherms of CO2 and C2H6 in TC-PIM-1 at 35oC. 

 

Figure 4.4(c). Sorption isotherms of C3H8 and n-C4H10 in TC-PIM-1 at 35oC. 
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The dual-mode parameters 𝑘𝐷, 𝐶 ′𝐻 and 𝑏, for N2, O2, CH4, CO2, C2H6, C3H8, 

and n-C4H10 in TC-PIM-1, were determined by using a non-linear regression 

method by fitting the data in Figure 4.4 (a), (b) and (c) to the dual-mode sorption 

model (equation 9) and presented in Table 4.4. 

Table 4.4. Dual-mode sorption parameter of N2, O2, CH4, CO2, C2H6, C3H8, and 
n-C4H10 in TC-PIM-1 at 35oC. 

Gas KD C'H b 𝑆∞ [cm3 (stp)/cm3 atm] 
N2 0.250 421 0.044 2.12 

O2 0.177 54.9 0.040 2.35 

CH4 0.308 53.8 0.152 8.49 

CO2 0.945 80.5 0.487 40.1 

C2H6 2.98 54.3 1.84 102.8 

C3H8 8.64 53.6 9.04 492.9 

n-C4H10 27.0 59.2 16.3 991.5 

The solubility coefficients as a function of pressure of the seven gases in TC-
PIM-1 at 35

o
C are shown in Figure 4.5 (a), (b) and (c).  
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Figure 4.5 (a). Solubility coefficients of N2, O2 and CH4 in TC-PIM-1 at 35oC. 
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Figure 4.5 (b). Solubility coefficients of CO2 and C2H6 in TC-PIM-1 at 35oC. 
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Figure 4.5 (c). Solubility coefficients of C3H8 and n-C4H10 in TC-PIM-1 at 35oC. 
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As shown in Figure 4.5 (a), (b) and (c), the S values in the TC-PIM-1 polymer 

decrease with increasing pressure for all gases. As a general trend, the gas 

solubility in TC-PIM-1 has lower values than in PIM-1. 

 

4.2. Pure-Gas Transport Properties 
The pure-gas permeation properties of the original PIM-1 polymer were 

determined experimentally at 35oC and 2.0 atm. The permeability coefficients at 

2.0 atm are shown in Table 4.5 for various gases and compared with previously 

reported values from other groups. 

Table 4.5. Gas permeability (P) of N2, He, O2, H2, CH4, CO2, C3H8 and n-C4H10 
of PIM-1 reported by different groups. 

 (P) PIM-1 (P) PIM-1 (P) PIM-1 (P) PIM-1 

N2 240 254 337 340 

He 1060 1168 - 1,500 

O2 790 847 1257 1,300 

H2 2330 2653 3949 3,600 

CH4 360 388 472 430 

CO2 3500 4736 6957 6,500 

C2H6 - 329 - 1,500 

C3H8 - 270 - 5,500 

n-C4H10 
- 

8102 
- 25,500 @ 2 

atm 

Temp. 25oC 35oC 35oC 25oC 

Pressure 1 atm 2 atm 3.5 atm 4.4 atm 

Reference Staiger et al. 
[7] This study Li et al. [20] Thomas et al. 

[18] 
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As shown in Table 4.5, PIM-1 exhibited high permeability for He, H2, O2 and 

CO2. It is important to note that the permeability values in this study were 

somewhat different than those reported by other groups. This result is not 

unexpected as the permeability of highly rigid glassy polymers can vary 

significantly based on the film formation protocols [18, 35]. 

The selectivity calculated for several gas pairs in PIM-1 is shown in Table 4.6.  

Table 4.6. Gas-pair selectivity of selected gases in PIM-1. 

 (𝜶) PIM-1 (𝜶) PIM-1 (𝜶) PIM-1 (𝜶) PIM-1 

O2 / N2 3.3 3.3 4.3 3.8 

CO2 / N2 15 18.6 20.7 19.0 

He / N2 4.4 4.6 - 4.4 

CO2 / CH4 9.7 12.2 14.8 15.1 

He / CH4 2.9 3.0 - 3.5 

H2 / CH4 6.5 6.8 8.4 8.4 

Reference Staiger et al. 
[7] This study Li et al.  

[20] 
Thomas et al. 

[18] 

 

A PIM-1 film was thermally treated under vacuum at 300oC for two days. The TC-

PIM-1 sample was tested with the same gases under the same conditions as 

PIM-1 to compare the permeation properties of the two polymers. 

Table 4.7 shows the gas permeabilities obtained in this study with those reported 

by Li et al. [20]. 
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Table 4.7. Gas permeability (P) of N2, He, O2, H2, CH4, CO2, C3H8 and n-C4H10 

in TC-PIM-1 of this study and Li et al. [20]. 

 (P) TC-PIM-1 (P) TC-PIM-1 

N2 51 96 

He 1218 - 

O2 340 582 

H2 2452 3872 

CH4 45 73 

CO2 1088 4000 

C2H6 18 - 

C3H8 2 - 

C4H10 3568 - 

Temp. 35oC 35oC 

Pressure 2 atm 3.5 atm 

Reference This study Li et al. [20] 

The pure-gas ideal selectivity in TC-PIM-1 for several gas-pairs is summarized in 

Table 4.8 and compared to that reported by Li et al [20]. 

Table 4.8. Gas-pair selectivity of selected gases in TC-PIM-1 

 (𝜶) TC-PIM-1 (𝜶) TC-PIM-1 

O2/N2 6.7 6.1 

CO2/N2 21.3 41.7 

He / N2 23.9 - 

CO2/ CH4 24.2 54.8 

He / CH4 27.1 - 

H2 / CH4 54.5 53.0 

Reference This study Li et al. [20] 

Tables 4.5 and 4.6 show that the original PIM-1 membrane displayed an 

extremely high gas permeability and moderate selectivity for all gases. On the 
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other hand, the gas permeability in TC-PIM-1 for all penetrant gases decreases 

considerably with a great enhancement in gas-pair selectivity. 

One possible reason for the permeability decrease in TC-PIM-1 is that the cross-

linking reaction tightens the polymer chains and lowers the free volume. Figure 

4.6 shows that PIM-1 has significant excess free volume and a reduction in its 

free volume will occur after thermal cross-linking, as proposed by Li et al [20].  

 

Figure 4.6. PIM-1 membrane before/after thermal cross-linking reaction. [20] 

Moreover, because of the cross-linking reaction, bulky triazine rings are formed 

that reduce the pore size and cause the enhancement in the gas-pair selectivity. 

Furthermore, these triazine rings will reduce the excess free volume as 

mentioned before in section 4.1.  

4.3. Average Diffusion Coefficient Calculations  

Because the solubility and the permeability coefficients were determined 

individually, the average diffusion coefficients (𝐷�) for N2, O2, CH4, CO2, C2H6, 

C3H8, and n-C4H10 could be calculated from equation 5. Table 4.9 shows the 𝐷� 

of PIM-1 at 35oC and 2.0 atm. 

Table 4.9. Average diffusion coefficients (𝐷�) of N2, O2, CH4, CO2, C2H6, C3H8, 
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and n-C4H10 in PIM-1. 

Gas 
Kinetic 

diameter 
dk (Å) [33] 

S 
cm3(stp)/(cm3·atm) 

P 
(barrer) 

𝐷� 
(x 105 cm2/s) 

N2 3.64 2.08 254 0.093 

O2 3.46 2.34 847 0.275 

CH4 3.76 6.89 388 0.0428 

CO2 3.30 21.6 4736 0.167 

C2H6 4.0 28.1 329 0.0089 

C3H8 4.30 39.3 270 0.0052 

n-C4H10 4.30 57.9 8102 0.106 

 

Similarly, average diffusion coefficients (𝐷�) in TC-PIM-1 polymer for different 

gases at 35oC and a pressure 2.0 atm are shown in Table 4.10. 

Table 4.10. Average diffusion coefficients (𝐷�) of N2, O2, CH4, CO2, C2H6, C3H8, 
and n-C4H10  in TC-PIM-1. 

Gas 
Kinetic 

diameter dk 
(Å) [33] 

S 
cm3(stp)/(cm3.atm) 

P 
(barrer) 

𝐷� 
(x 105 cm2/s) 

N2 3.64 1.96 51 0.0197 

O2 3.46 2.19 340 0.118 

CH4 3.76 6.58 45 0.0052 

CO2 3.3 20.8 1088 0.0397 

C2H6 4.0 24.3 18 0.00056 

C3H8 4.3 34.0 2 0.000048 

n-C4H10 4.3 55.7 3568 0.0486 
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Tables 4.9 and 4.10 show that, the diffusion coefficients for all gases in PIM-1 

and TC-PIM-1 decrease as the kinetic diameter increase, except for O2 and n-

C4H10.  

Moreover, it is clear that the permeability coefficients of TC-PIM-1 are lower than 

those of PIM-1. This is primarily caused by the significant reduction in average 

diffusion coefficients after the thermal treatment that is much higher than the 

small reduction in gas solubility.  
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5. CONCLUSIONS 

Permeability and solubility of PIM-1 and TC-PIM-1 were determined for various 

gases at 35oC over a range of pressures. TGA for the original PIM-1 was 

performed to ensure that the synthesized samples have high thermal stability to 

carry out the thermal treatment at 300oC. The dual-mode sorption parameters 

were deduced by using a non-linear regression method for both polymers. 

Moreover, the average diffusion coefficients (𝐷�) were calculated from the 

measured permeability and solubility coefficients at a pressure of 2.0 atm. 

The following conclusions can be deduced from this study: 

1) Sorption isotherms for all gases in PIM-1 and TC-PIM-1 showed typical 

dual-mode behavior for glassy polymers. 

2) Sorption isotherms and solubility coefficients for all gases in TC-PIM-1 

displayed lower values than in PIM-1. 

3)  The thermally-treated TC-PIM-1 membrane exhibited lower permeability 

coefficients than PIM-1 for all gases. 

4) The thermally cross-linked TC-PIM-1 membrane showed exceptional gas 

separation performance for important gas pairs such as H2/CH4, O2/N2 

and He/CH4. 

5) After the PIM-1 thermal treatment, the polymer chains tightened in TC-

PIM-1, which resulted in a reduction of the pore size and a lowering of the 

free volume. 

6) The average diffusion coefficients for all gases in TC-PIM-1 had 

significantly lower values than PIM-1.   

This research suggests that additional thermal treatment studies of PIM-1, such 

as changing temperature or duration, are desirable. Additionally, the thermal 

treatment should be investigated for other microporous polymers, such as PIM-7.  
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