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ABSTRACT 
 
 
 Supervising Professor:  Dr. John P. Ferraris 
 
 
 
 
Membrane-based gas separation is a potential alternative for expensive and energy intensive 

conventional separation techniques such as pressure swing adsorption and cryogenic/fractional 

distillation.  Polymer and carbon molecular sieve (CMS) membranes are two commonly studied 

types of membranes for gas separations. Despite their ease of application and relatively 

inexpensive nature, polymer membranes suffer from the gas permeability/selectivity trade-off, and 

they are also highly susceptible to plasticization.  On the other hand, physical aging in CMS 

membranes results in less efficient separations over time, as a result of reduced permeabilities.  

This dissertation describes approaches to overcome the above problems in polymer and CMS 

membranes. The first chapter briefly describes current trends and concerns in membrane-based 

gas separations.  This chapter also discusses the importance of membrane-based gas separations 

as an alternative for conventional gas separation techniques.  The second chapter explains the 

utilization of a thermally crosslinkable polymeric precursor to fabricate aging resistant CMS 

membranes under simulated industrial conditions.  Synthesis of a high molecular weight, thermally 

crosslinkable polymer, 6FDA-DABA, is reported for the first time.  The fabrication technique for 



 

vii 

aging resistant CMS membranes described is simple and relatively inexpensive compared to 

previously reported aging prevention techniques.  The CMS membranes show excellent 

propylene/propane separation properties (propylene permeability of 257 Barrer and 

propylene/propane selectivity of 20) with about 92% permeability retention after 15 days.  The 

third chapter reports the fabrication and characterization of novel carbon-carbon composite 

membranes (a type of CMS membranes) from a compatibilized immiscible polymer blend, 

polybenzimidazole (PBI)/6FDA-DAM:DABA (6FDD).  Morphology control of the PBI:6FDD 

immiscible polymer blend is the key to obtaining membranes with higher gas permselectivities, 

which is an effective way to overcome the gas permeability/selectivity trade-off. In addition, this 

trade-off can be addressed by converting the morphology controlled immiscible polymer blends 

into carbon-carbon composite membranes.  The synergistic effect of polymer blending and carbon-

carbon composite membrane fabrication is investigated for H2/CO2 separations.  Morphology 

controlled carbon-carbon composite membranes showed an approximately three-fold increase in 

both H2 permeability and H2/CO2 selectivity in comparison to the membrane without morphology 

control.  The fourth chapter explains how an immiscible polyimide blend can be converted to a 

miscible polymer blend using a reactive small molecule compatibilizer.  This technique allows the 

fabrication of CO2/CH4 separation membranes with excellent plasticization resistance and gas 

permselectivities.  Thermal crosslinking of the polymer blend membranes improves the 

plasticization resistance.  Plasticization resistance is greater for the crosslinked miscible polymer 

blends in comparison to the crosslinked immiscible polymer blends.   
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CHAPTER 1 

INTRODUCTION  
 

Despite their efficiency in gas separations, cryogenic/fractional distillation and pressure swing 

adsorption are extremely expensive technologies and must be replaced with cheaper alternatives.1-

3  Regeneration of sorbent materials and recirculation of gas streams make pressure swing 

adsorption (PSA) more complex and expensive, when compared with membrane-based separation 

modules.4, 5  Numerous reports show that building PSA-membrane hybrid systems not only reduce 

the cost of the separations and equipment, but also improve the purity of the products.6-8  Fractional 

distillation requires an enormous amount of energy to do separations by vaporizing  

Figure 1.1. Total U.S. energy consumption and energy required for distillation (Adapted from 
reference 1) 

the components in the chemical mixture.9  In addition, cryogenic distillation requires a lot of 

energy to maintain low temperatures constantly throughout the process.10  According to C&EN 

global enterprise magazine, in U.S., roughly 45-55% of industrial energy is used for separation 
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processes.  Distillation alone accounts for ~50% of the energy consumed in these separation 

processes (Figure 1.1).  However, replacing distillation with membranes would conserve ~90% of 

the energy consumed in industrial separations.1   

The gradual increase in the number of journal articles and patents published on ‘membrane gas 

separations’ is a great indicator, which is useful in understanding the importance of membrane-

based gas separation research.  Statistics from SciFinder® was used to obtain the graph shown in 

Figure 1.2.  The focus of the majority of these studies has been to understand and prevent issues 

such as gas permeability/selectivity trade-off, plasticization, physical aging, scale up, and 

mechanical integrity.  The aim of this dissertation is to study possible techniques to address 

physical aging, gas permeability/selectivity trade-off, and plasticization in two common types of 

membranes: carbon molecular sieve membranes (CMSMs) and polymeric membranes.   

Figure 1.2. Increase in the number of journal articles and patents published during the period, 
1961-2020.  

CMSMs are frequently used in gas separations because of their excellent gas permselectivities, 

ease of fabrication, and extraordinary thermal and chemical stabilities.11, 12  These membranes 

separate gases based on a sorption-sieving mechanism.13-16  In other words, larger pores increase 

gas flux through sorption, and smaller pores account for sieving of larger gas molecules from 
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smaller ones (selectivity).  However, physical aging is a major drawback of CMSMs, which limit 

their applications.17, 18  Physical aging is simply the densification of the porous carbon structure 

due to its collapse, which results in a decrease in gas flux over time along with an increase in 

selectivity.  The ‘gas pair selectivity vs permeability’ plot shown in Figure 1.3 can be used to 

understand the performance decay in CMSMs due to pore collapse.  Only a handful of studies 

report approaches to mitigate physical aging in CMSMs. Storing CMSMs under an active gas feed 

of 100 psig CO2 prevents aging, as reported in a Ph.D. thesis dissertation.19  In another study, Wenz 

and Koros attempted to prevent physical aging in CMSMs by incorporating diamine crosslinks 

after  

Figure 1.3. Performance decay in CMSMs due to pore structure collapse during physical aging 

pyrolyzing hollow fiber membranes of 6FDA/PPDA-DAM.  Although this approach improved the 

CO2/CH4 selectivity, it was found that physical aging cannot be mitigated.20  Swaidan and 

coworkers synthesized metallopolyimide precursors to fabricate aging-resistant carbon molecular 
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sieve hollow fiber membranes.17  They claim metal-incorporated CMSMs to be more stable 

towards physical aging due to added rigidity by the metals.  In contrast, our approach to minimize 

physical aging is rather simple and effective.  Chapter 2 explains the fabrication of aging-resistant 

CMSMs with excellent gas permeability and selectivity (for C3H6/C3H8 separation) using a 

thermally crosslinked polyimide, 6FDA-DABA. 

Gas permeability/selectivity trade-off is a common phenomenon observed in gas separation 

membranes in general.21  More permeable materials are usually less selective, and the inverse is  

Figure 1.4. Gas permeability/selectivity trade-off relationship explained using a Robeson upper 
bound 

also true for gas pairs including, but not limited to, O2/N2, CO2/CH4, H2/N2, H2/CH4, CO2/N2, 

N2/CH4, H2/CO2.22, 23  This phenomenon can be understood using a plot, which uses gas 

permeability (x axis) and selectivity (y axis) as introduced first by L.M. Robeson in 1991.23  An 

example Robeson plot is given in Figure 1.4.  Most membranes fall within the area shaded in green, 
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which was proposed by Robeson based on the published data for a certain gas pair.  The 

hypothetical dashed line in Figure 1.4 is known as an upper bound.  Membranes with higher 

permeability and selectivity can be plotted in the upper right-hand quadrant (shaded in red) and 

are possibly the best membranes for industrial separations in terms of performance.  Designing 

and fabricating membranes with performance surpassing the upper bound has been the main goal 

of membranologists.  Numerous attempts have been made to produce such membranes using 

techniques such as surface crosslinking and other modifications,24-26 mixed-matrix membranes 

(MMM) fabrication,27-29 facilitated transport,30, 31 CMSM fabrication,11 and polymer blending.32-

35  Polymer blending is a simple, inexpensive, and efficient technology in comparison to other 

techniques. The third chapter describes a procedure to fabricate carbon-carbon composite 

membranes (a type of CMSMs) for H2/CO2 separations using a carbonized immiscible polymer 

blend, polybenzimidazole and 6FDA-DAM:DABA.  We have been able to fabricate membranes 

with excellent gas separation properties using small molecule compatibilized polymer blends. 

Polyimides have been frequently used in gas separations36-38 because of their favorable properties 

such as high thermal stability, mechanical integrity, and high gas permselectivities (for CO2/CH4, 

CO2/N2, H2/CH4 etc.).  However, a great obstacle for polyimide membranes is plasticization,39, 40 

which reduces their separation selectivities over time.  Typical permeability and selectivity 

variation profiles for Matrimid 5218® and P84® polyimides are shown in Figure 1.5.  Plasticization 

occurs due to the destruction in the packing of polymer chains in a membrane due to the dissolution 

of gases such as CO2 and heavy hydrocarbons.41, 42  These destructions produce swelled polymer 

matrices, which allow larger gases to pass easily through a membrane.  This is how the gas pair 

selectivities reduce over time due to plasticization.  Therefore, suppression of plasticization in 
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polyimides has been a commonly discussed topic in membrane science.  Crosslinking,43-47 

thermally rearranged polymers,48 polymer blending,49-51 and mixed-matrix membrane (MMM)52, 

53 fabrication are usual strategies used to alleviate plasticization.  Chapter 4 of this dissertation 

reports the synergistic effect of polymer blending and thermal crosslinking on the plasticization of 

a polyimide blend.  Compatibilized immiscible polyimide blend membranes with enhanced gas 

permselectivities/plasticization resistance were fabricated using a reactive compatibilization 

technique.  This effective approach is inexpensive and simple, and can be easily scaled up for 

industrial gas separations.  

Figure 1.5. Variation of CO2 permeability and CO2/CH4 selectivity with feed pressure in 
different polymers.  (Reprinted with permission from reference 37) 
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2.1 Abstract 

Although propylene/propane separation remains a challenge for industrial processes, carbon 

molecular sieve membranes (CMSMs) have the potential to replace traditional separation methods.  

A high molecular weight crosslinkable polyimide was utilized to fabricate CMSMs, which showed 

pure gas permeabilities in excess of 400 barrers with propylene/propane selectivities as high as 25.  

Mixed gas (C3H8:C3H6 50:50) measurements yielded a propylene permeability of 257 barrers and 

a selectivity of 20.  CMSMs from thermally precrosslinked polymer precursors demonstrated a 

98% propylene permeability retention after aging for 20 days under vacuum.  Active gas flow 

conditions resulted in slightly lower permeability retention (92.5%) after 15 days of testing. 
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2.2 Introduction 

Propane and propylene are invaluable gasses in industrial and household applications.  

Propylene is a key starting material for the syntheses of a variety of industrially relevant chemicals 

and polymers including acrylonitrile, propylene oxide, propylene glycol, isopropanol, phenol, 

acetone, polypropylene, acrylonitrile rubber, etc.1, 2  Propane, also known as liquefied petroleum 

gas, is widely used as a fuel in both industrial and domestic applications.3  Both propane and 

propylene are produced at oil refineries during the cracking process and need separation, which is 

traditionally done using fractional cryogenic distillation.2  However, distillation is a highly energy 

intensive process, owing to high pressures and cryogenic temperatures needed for achieving the 

separation of these C3 species, which have similar boiling points (boiling points C3H6 = -47 oC, 

C3H8 = -49 oC).4, 5  Although research has been carried out on modified distillation techniques with 

lower energy consumptions,6-8 there is a need for alternative separation methods.  One such 

technique is membrane-based gas separation.  Carbon molecular sieve membranes (CMSMs) have 

been widely studied for C3 separation.  However, CMSMs age with time and the permselectivity 

changes.  Herein, we report the fabrication and characterization of versatile CMSMs based on a 

crosslinkable polyimide, made from the condensation polymerization between (4,4’-

hexafluoroisopropylidene) diphthalic anhydride (6FDA), and 3,5-diaminobenzoic acid (DABA), 

6FDA-DABA.  

According to Amedi et al., the total operating cost for an inorganic membrane-based C3 

separation system is approximately 50% of what is required for a distillation system.9  In addition, 

the simplicity of membrane gas separations is an additional incentive  for replacing  complex and 

energy intensive separation techniques.10, 11  A stable membrane with 15-35 C3H6/C3H8 separation 
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selectivity and a propylene permeance/permeability of 20-40 GPU/1 barrer would be commercially 

viable for a  separation plant.5, 12  Mixed matrix membranes (MMMs), facilitated transport 

membranes, glassy polymer membranes and carbon molecular sieve membranes (CMSMs) are the 

most common types of membranes studied for C3 separations.  Glassy polymer membranes are 

less attractive due to the permselectivity trade-off behavior and plasticization.  Facilitated transport 

membranes (FTMs) can be fabricated with superior selectivities for olefin separation.13-16  

However, FTMs are not suitable for long term use due to poor chemical stability of the inorganic 

additives used.  Ag+ is the most common olefin carrier used in these membranes and Ag+ is easily 

reduced to inactive Ag metal by exposure to light or reducing species such as hydrogen in gas 

streams.13  Although MMMs have shown promising selectivities for C3 separation, the 

permeabilities are not comparable to CMSMs.12, 17, 18  The thermal and chemical stabilities 

accompanied by the superior gas permselectivities are additional advantages of CMSMs.19-21  

Aromatic polyimides are attractive precursors for carbon membranes for several reasons.22, 23  The 

main advantage is the tunability of properties based on chemical structure of the polyimide.24, 25  

In addition, polyimides are easily converted into carbon materials by simple pyrolysis procedures, 

where the carbon yields are usually high (> 50 % in N2).26-28  There have been numerous studies 

on the gas separation properties of both precursor and carbon membranes.  Variation of gas 

permselectivities upon changing the pyrolysis atmosphere (vacuum, CO2, helium etc.)29, 30 and 

temperature31 has been studied for 6FDA, pyromellitic dianhydride (PMDA) and 3,3’,4,4’-

biphenyltetracarboxylic dianhydride (BPDA) based polyimides.  Several researchers studied 

CMSMs of co-polyimides synthesized using various combinations of diamines and dianhydrides 

for CO2 separation.22, 24, 25, 32  This work revealed a relationship between the gas permselectivities 
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and the chemical structure of the precursor polyimides.  Recent reports on carbon membranes 

based on polyimides for C3 separation show promising results in terms of permselectivities.19, 33-36  

However, problems with aging over 3-12 days for these membranes due to oxygen chemisorption34 

and physical aging34, 35 have been reported.  Ma et al. treated the aged membranes with H2 at 300 

oC for 24 h to recover performance.34  Swaidan et al. reported plasticization-resistant membranes 

based on PIM-6FDA polymer, nevertheless their technique involves complex and extensive 

polymer synthesis which adds to the final cost of the technique.36 

Crosslinking is a versatile technique by which a polymer can be transformed into a rigid, 

plasticization-resistant material with usually higher gas pair selectivities in comparison to the 

pristine polymer.  UV treatment,37 thermal crosslinking,38-42 and chemical crosslinking43-46 have 

been utilized to induce crosslinking in various polyimides.  Chemical crosslinking with diamines 

is a reversible process,47, 48 thus they are less attractive for high temperature processes.  A recent 

study on olefin/paraffin separation reports the use of iron in the form of Fe2+ which acts as a 

crosslinking agent for –COOH containing polyimide.49  The authors observed gel formation in the 

polymer solution with higher loadings (>3 wt%) of Fe2+ which potentially limits the application of 

this technique.  Thermal crosslinking on the other hand, has only been successfully investigated in 

few studies related to gas separation membranes.  Xiao et al.21 studied CO2/CH4 and O2/N2 

separation properties of CMSMs fabricated using polyimides containing internal acetylene units.  

Crosslinking was induced by heating the membranes at 400 oC, which promoted Diels-Alder 

cycloaddition of internally arranged acetylene units.  Thereafter, the crosslinked membranes were 

carbonized at 800 oC.  Higher acetylene group concentrations resulted in higher selectivities and 

lower permeabilities for both CO2/CH4 and O2/N2 gas pairs.  Qiu et al.50 examined gas 
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permselectivities of a crosslinkable copolyimide containing –COOH functionality.  Polyimide 

membranes treated at 370 oC were insoluble in hot NMP confirming the structural change of the 

polymer during the thermal process.  Precrosslinked carbon membranes showed superior CO2/CH4 

permselectivities at all final pyrolysis temperatures ranging from 550 oC to 800 oC. 

In this work, we fabricated defect free carbon molecular sieve membranes with aging 

resistance using a thermally crosslinkable polyimide (6FDA-DABA) containing carboxylic acid 

groups.  This work has the potential to increase the applicability of CMSMs in industrial 

applications, because of the simplicity of the techniques involved.  To the best of our knowledge, 

this is the first report on CMSMs for propylene/propane separation based on a thermally 

crosslinked precursor.  In addition, this is the first report on the synthesis of high molecular weight 

6FDA-DABA which is a critical factor for the fabrication of defect free CMSMs.  

2.3 Experimental 

2.3.1 Materials 

The chemicals were used as received unless otherwise stated.  (4,4’-hexafluoroisopropylidene) 

diphthalic anhydride (6FDA, 99%), and N,N-dimethylacetamide (DMAc, >99.5%) were 

purchased from Alfa Aesar.  6FDA was purified by vacuum sublimation.  3,5-diaminobenzoic acid 

(DABA, 98%), dimethyl sulfoxide-D6, and 1-methyl-2-pyrrolidone (NMP, 99.8 %) were 

purchased from Sigma Aldrich.  DABA was purified by recrystallization with water.  After 

purification, 6FDA and DABA were stored in separate vacuum ovens at 105 oC for 24 h prior to 

use.  Xylenes (98.5%) was purchased from EMD.  2,6-lutidine (> 98.0%) was purchased from 

TCI.  NMP, xylenes and 2,6-lutidine were dried using 4A molecular sieves prior to use.  
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2.3.2 Polymer Synthesis 

6FDA-DABA (6FDB) was synthesized using a novel modified polycondensation procedure as 

summarized in Scheme 2.1.  All glassware was dried at 100 oC for at least 12 h prior to use.  First, 

a two-necked round-bottomed flask (100 ml) was fitted with a 50 ml constant-pressure addition 

funnel, and a condenser was then connected to the open end of the addition funnel.  Dried 4A 

molecular sieves were added into the addition funnel to trap the water produced during the reaction.  

The glassware setup was sealed with two rubber septa (for the openings in round-bottomed flask 

and condenser) and degassed for at least 2 h prior to the experiment.  Then, stoichiometric amounts 

of 6FDA (4.000 g, 9 mmol) and DABA (1.370 g, 9 mmol) were dissolved in NMP to obtain 20 

wt% solutions in separate vials.  Next, 1.04 ml (9 mmol) of 2,6-lutidine was mixed with DABA 

and this mixture was injected to the round-bottomed flask which was kept at 0-5 oC.  Next, 6FDA 

solution was injected into the flask at a rate of 0.5 ml/min.  The resultant viscous polyamic acid 

solution was then allowed to stir at room temperature for 24 h.  Next, 10 ml of xylenes were 

injected into the reaction mixture and the temperature was raised to 195 oC to complete the 

imidization.  Here, xylenes promote the removal of water from the system by making an azeotropic 

mixture.  After letting the mixture react for another 24 h, the polyimide was precipitated into 

methanol.  The polymer was then separated by filtration and was purified using Soxhlet extraction 

with methanol for 3 days.  Next the material was dried under vacuum at 200 oC for 24 h.  Yield = 

89%. 1H NMR (500 MHz, CD3COCD3), ppm: 7.94 (s, 2H), 8.02 (s, 1H), 8.06 (d, 2H), 8.17 (d, 

2H), and 8.32 (s, 2H).  Molecular weight from GPC (THF, triple detection using RI, LS and 

viscosity detectors): Mw = 103,000 Da, PDI = 1.24.  ATR-FTIR (6FDA-DABA, ν,  
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cm-1): 1784 (asym imide C=O, str), 1720 (sym imide C=O, str), 1350 (imide C-N, str), 3000-3500 

(carb acid -OH, str). 

Scheme 2.1. Synthesis scheme for 6FDA-DABA 

 

2.3.3 Fabrication of Precursor Polymer Membranes 

Flat dense membranes were fabricated from 15 wt% solutions of 6FDA-DABA in DMAc.  The 

solution was cast into a thin film on a special glass substrate using an automatic film applicator 

(Sheen, model 1133N) and a variable thickness doctor blade (500 µm height) under ambient 

conditions inside a laminar-flow fume hood.  Membranes were then carefully peeled off from the 

substrate after drying in a custom built drying table under N2 flow at 50 oC for 4 h.  After that, the 

membranes were annealed under vacuum at 200 oC for 24 h by sandwiching between two clean 

glass plates. 

2.3.4 Fabrication of CMSMs 

Flat 6FDA-DABA precursor membranes were cut into ~2 cm x 2 cm pieces before processing.  

These membrane pieces were then placed on a piece of silicon wafer prior to placing in a three-

zone tube furnace (MTI OTF1200X-III) with programmable temperature controllers.  The furnace 

tube was then degassed for 1 h to get rid of reactive gasses such as O2 and CO2.  Then the 
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membranes were treated under ultra-high purity N2 (flow rate = 200 cm3/min) using the following 

protocols. 

Protocol a: Un-crosslinked carbon membranes 

i. From 20 oC to 550 oC at a rate of 10 oC/min. ii. Isothermal at 550 oC for 2 h. iii. Natural cooling 

to room temperature.  These membranes will be notated as 6FDB-550C from here on.  

Protocol b: Precrosslinked carbon membranes 

i. From 20 oC to Tcross (crosslinking temperature) at a rate of 10 oC/min.  ii. Isothermal at Tcross for 

required time.  iii. From Tcross to 550 oC at a rate of 1 oC/min.  iv. Isothermal at 550 oC for 2 h.  v. 

Natural cooling to room temperature.  Membranes will be notated using the crosslinking 

temperature, crosslinking time and carbonization temperature.  For example, a 6FDA-DABA 

membrane that is crosslinked at 350 oC for 2 h and carbonized at 550 oC will be named 6FDB-

350X/2h-550C. 

2.3.5 Characterization 

Polymer 

Molecular weight of the synthesized polymer was determined using a size exclusion 

chromatograph (Viscotek GPCmax VE2001) equipped with a triple detector system (TDA 302, 

refractive index (RI), light scattering (LS), and viscosity).  1H-NMR studies were carried out using 

a Bruker III 500 MHz spectrometer.  

Membranes 

Thermal gravimetric analyses (TGA) were carried out using a PerkinElmer Pyris 1 TGA 

thermogravimetric analyzer.  All TGA experiments were carried out using a UHP N2 flow of 20 

cm3/min and a ramp rate of 10 oC/min.  Data saving was started after keeping the samples at 105 
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oC for 15 min to remove the adsorbed water.  Modulated differential scanning calorimetry (MDSC) 

was carried out using a TA Instruments DSCQ2000 instrument using a UHP N2 flow of 50 

cm3/min.  For these experiments, a ramp rate of 2 oC/min was used along with a 60 s modulation 

period and a 1.272 oC modulation amplitude.  Scanning electron microscopy (SEM) was carried 

out on the cross-sections of membranes using a Zeiss SUPRA 40 scanning electron microscope. 

Membrane cross-sections were made by freeze fracturing the samples inside liquid nitrogen.  

Attenuated total reflectance-Fourier transform infrared spectroscopic (ATR-FTIR) analyses were 

carried out using a Nicolet 360 FTIR instrument equipped with a diamond crystal single bounce 

ATR attachment.  Raman analyses were carried out using a DXR Raman spectrophotometer with 

a 532 nm laser. 

Gas permeability testing 

Single gas experiments 

A custom-built permeameter51 was used to obtain pure gas permeability of each membrane 

with LabVIEW 7.1 software interface (National Instruments).  Gas permselectivities were 

reproduced using separate membranes.  All experiments were carried out at 35 oC.  For each 

experiment, membranes with known area mounted inside a permeation cell.  Then, the entire 

system was subjected to degassing for at least 12 h using a vacuum pump operating at 1.3e-3 mBar.  

A gas leak test was performed before each experiment in order to obtain accurate permeability 

measurements.  The leak rates were measured to be less than 0.013 mBar/h for each experiment. 

During the experiments, the upstream side of the permeation cell was pressurized to 3.3 bar with 

the respective gas (C3H6 and C3H8 in this study).  Both upstream and downstream pressures were 

recorded as a function of time using pressure transducers placed at upstream and downstream sides.  
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The upstream and downstream sides were degassed for 6 h between each run of the same gas, as 

well as prior to switching between two gasses, to ensure total desorption of adsorbed gas 

molecules.  Equation 1,52 which explains the relation between permeability of gas (Pi), flux of gas 

(ni), thickness of the membrane (l) and transmembrane partial pressure difference (∆pi), was used 

to calculate the permeabilities.  The slope of downstream pressure vs. time curve was used to 

calculate the permeability, once the steady state was reached.  Ideal selectivity was calculated 

using the permeability ratio of propylene (P-C3H6) and propane (P-C3H8) for each membrane.  

Pi= ni (l)
∆pi

 Equation 1 

Equation 2 and, 3 were used to calculate diffusivity (D) and solubility (S) using the calculated 

permeabilities (Equation 1).  In Equation 3, ‘l’ and, ‘θ’ stands for the thickness of the membrane 

and, the time lag.  

P = S × D Equation 2 

D = l#

$%
 Equation 3 

Mixed gas experiments 

Mixed gas (propane:propylene = 50:50) permselectivities were obtained using a previously 

reported53 custom-built high pressure, high temperature permeameter equipped with a calibrated 

SRI-3610 gas chromatograph (GC) with a thermal conductivity detector.  GC was calibrated using 

pure C3H6 and C3H8 with helium as the carrier gas.  Pure gas samples at pressures between 0.07 

and 1.0 Bar were injected into the GC sampling loop, and the detector signals were plotted against 

pressure to obtain calibration curves.  Upstream and downstream sides of the permeation cell was 

degassed for at least 1 h before starting experiments.  Prior to each experiment a gas leak test was 
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performed and the leak rates were found to be less than 0.0013 Bar.  Permeation cell for the 

experiment was kept at 35 oC and the upstream pressure was maintained at 2.0 Bar.  The upstream 

and downstream pressures were recorded as a function of time using pressure transducers.  A stage 

cut (Ø) (Equation 4) of 0.1 was used for this experiment.  Retentate purge rate (QR) to obtain a 

stage cut of 0.1 was determined using the mixed gas flow rate across the membrane (QP) without 

stage cut.  A mass flow controller connected to the feed side was used to control QR during the 

experiment.  

Ø	 = 	
)*

)*+),
 Equation 4 

 

Once the downstream side of the membrane was sufficiently pressurized, permeate gas was 

injected into the GC to obtain the mixed gas selectivity. Mixed gas selectivity was then determined 

using the ratio of detector signals obtained for each gas, and the calibration curves. The determined 

mixed gas selectivity was then used to back calculate the permeabilities of propane and propylene 

using mixed gas permeability through the membrane.  

Aging experiments 

Aging under reduced pressure 

The apparatus for single gas experiments was used for these measurements. Membranes were 

not removed from the permeation cells until the end of the experiments.  Aging was enforced by 

keeping both upstream and downstream sides under vacuum (1.33e-3 mBar) for the required 

duration (1 day, 2 days,.. up to 20 days).  The upstream and downstream sides were degassed for 

6 h between each run of the same gas, as well as prior to switching between two gasses, to ensure 

total desorption of adsorbed gas molecules. 
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Aging under a pressure gradient 

The apparatus for mixed gas experiments was used for this study.  Membranes were not 

removed from the permeation cells until the end of the experiments.  Aging was enforced by 

keeping the upstream pressurized with the gas mixture or pure gasses.  The downstream pressure 

was recorded with time to determine permeability. 

2.4 Results and Discussion 

2.4.1 Modified Synthesis of 6FDA-DABA 

Basicity of the diamine is one of the key factors which promotes the formation of high 

molecular weight polyimides.54-57  However, the amine groups in DABA have low basicity and a 

reactivity towards the electrophilic carbonyl carbons in 6FDA, due to protonation by carboxylic 

acid groups.  This is the possible cause for extremely low molecular weight (15,100 Da) reported 

for 6FDA-DABA in comparison to 6FDA-DAM (514,000 Da) and 6FDA-mPDA (198,000 Da)  in 

an earlier study.24  By reacting DABA with 2,6-lutidine, the -NH3
+ groups can be converted back 

to –NH2 groups which can readily react with the dianhydride.  6FDA-DABA with a molecular 

weight in excess of 100 kDa was successfully synthesized.  

2.4.2 Optical Images and Solubility of Crosslinked Membranes 

Figure 2.1a shows optical images of membranes treated under different temperatures.  

Membranes became darker upon crosslinking and the darkness further increased when crosslinked 

at higher temperature.  All crosslinked membranes except the membrane treated at 350 oC for 10 

min were insoluble in DMAc even after boiling for 24 h (Figure 2.1b).  This can be attributed to 
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the interchain crosslinks that arise as a result of thermal treatment.  Other researchers have also 

observed insoluble materials upon crosslinking the pristine polymers.38, 39 

Figure 2.1. a. Optical images of 6FDB based membranes, b. Solubility of 6FDB membranes in 
DMAc 

2.4.3 Crosslinking Mechanism  

Several previous studies have reported a possible crosslinking mechanism for –COOH 

containing polyimides.38, 39, 50, 58  It involves dehydration of two adjacent –COOH groups to an 

anhydride, followed by decarboxylation/decarbonylation and crosslinking of the resultant phenyl 

radicals (Scheme 2.2), to form biphenyl functionalities. 

Scheme 2.2. Possible thermal crosslinking mechanism for –COOH containing materials 
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2.4.4 Spectroscopic Characterization of Crosslinked Membranes 

ATR-FTIR spectroscopy (Figure 2.2) was used to monitor the chemical structural changes of 

6FDA-DABA upon thermal crosslinking.  The entire spectra are shown in supporting information 

(Figure 2.9).  Pristine 6FDA-DABA shows a broad, broad –OH stretching band 3000-3500 cm-1 

region as shown in Figure 2.2a.  Only a slight intensity decrease was observed for the membrane 

treated at 350 oC for 10 min.  However, upon heating at 350 oC and 450 oC for two hours, this band 

reduces in intensity due to dehydration as discussed in the previous section.   Furthermore, a new 

peak at 1494 cm-1 (Figure 2.2b) was observed for the membranes treated at 350 oC and 450 oC for 

2 h, which is consistent with the formation of a biphenyl during the crosslinking as reported in 

previous studies.59, 60 

Figure 2.2. ATR-FTIR spectra of membranes: a. –OH stretching vibration, b. additional peak 

2.4.5 Thermal Analysis (TGA, DSC) of 6FDA-DABA 

Figure 2.3 shows the TGA and differential TGA (DTGA) curves of the membranes.  For this 

experiment, pristine and thermally treated (at 350 oC and 450 oC for 2 h) 6FDA-DABA membranes 

were used.  Two weight losses, a minor one at 445 oC, and a major one at 550 oC were observed 

for pristine 6FDA-DABA.  Other researchers have also obtained similar results for carboxylic acid 
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containing polyimides such as 6FDA-DAM:DABA and 6FDA-mPDA:DABA.38, 39, 50  The minor 

weight loss is due to decarboxylation, whereas the major loss at 550 oC results from the degradation 

of polymer backbone as reported in earlier studies.  However, the membrane treated at 350 oC 

showed a smaller weight loss at 445 oC in comparison to pristine 6FDA-DABA.  The possible 

reason for this is the conversion of a fraction of –COOH groups into biphenyl crosslinks.  

Interestingly, the membrane treated at 450 oC did not show the weight loss at 445 oC.  This suggests 

that the crosslinking process is temperature dependent, and 450 oC results in essentially complete 

crosslinking.  Comparison of the weight losses at 1000 oC for pristine (~50 %) and fully 

crosslinked (~40 %) 6FDA-DABA were used to estimate the percentage of –COOH groups in the 

polymer.  The experimental difference (10 %) matches the theoretical value (8 %), confirming that 

450 oC is the optimum temperature for crosslinking 6FDA-DABA.  

Figure 2.3. a. TGA, b. derivative TGA curves  

Modulated differential scanning calorimetry (MDSC) was also used to monitor the 

crosslinking process of 6FDA-DABA.  In MDSC, the heat flow to the sample is modulated at a 
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certain amplitude and frequency.61  This technique is widely used for various characterizations 

including glass transition temperature (Tg), phase transitions, and crystallization temperatures, 

especially if these overlap with each other.62, 63  For instance, Xiao et al. were not able to identify 

the Tg for their crosslinkable polyimide during a conventional DSC experiment, because the Tg 

was masked by the crosslinking reaction exotherm.22  In this study, however, by utilizing MDSC 

(conditions for MDSC experiments are explained in characterization section), glass transition 

temperature was obtained for both pristine and crosslinked polymers as shown in Figure 2.4.  

Interestingly, the Tg of 6FDA-DABA increased from 327 oC to 348 oC upon crosslinking at 450 

oC for 2 h.  Restricted polymer chain movements due to interchain links are the reason for this 

increase in glass transition temperature.  Previous studies have also reported similar variations for 

Tgs upon crosslinking.64, 65 

 

Figure 2.4. MDSC curves: a. 6FDB, b. 6FDB-450X/2h 
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2.4.6 Scanning Electron Microscopy 

The scanning electron micrographs of 6FDA-DABA membranes crosslinked at different 

temperatures are shown in Figure 2.5.  These images can be used to understand the extent of 

crosslinking in each membrane.  Pristine 6FDA-DABA has a coarse nodular structure as can be  

Figure 2.5. SEM images of membrane cross-sections: a & d. 6FDB, b & e. 6FDB-350X/2h, c& f. 
6FDB-450X/2h 

seen in Figure 2.5a & d.  However, the coarse morphology diminished when 6FDA-DABA was 

thermally crosslinked at 350 (Figures 2.5b & e), and 450 oC (Figures 2.5c & f).  Other researchers 

have seen similar trends when polymers were thermally/chemically crosslinked.66, 67 

2.4.7 Raman Spectroscopic Analysis of CMSMs 

Raman spectroscopy was used to understand the relationship between the crosslinking 

temperature and the graphitic carbon content in the carbon membranes (Figure 2.6).  A typical 

Raman spectrum of an amorphous carbon material consist of four peaks known as D, G, I and, D” 

in 1000-1800 cm-1 wavenumber region.  The D band appears around ~1350 cm-1 as a result of 

disordered (sp3) carbons, whereas the G band ascribed to graphitic (sp2) carbons is observed in the 
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region 1580-1600 cm-1.68, 69  Disorder in the graphitic carbons or bonds between sp2-sp3 carbons 

generates the I peak at 1180-1290 region.70, 71  The D” peak (~1500 cm-1) can be seen in the Raman 

spectra of amorphous carbon materials because of semicircle stretch of benzene rings.72  The 

Raman spectra of the membranes were deconvoluted into the underlying peaks using a previously 

reported method.68  Peak areas of D and G peaks were then used to calculate the intensity ratios 

(ID/IG).  Carbon membranes of uncrosslinked 6FDA-DABA (6FDB-550C) exhibited a higher ID/IG 

ratio in comparison to the carbon membranes prepared using crosslinked precursors (6FDB-

350X/2h-550C and 6FDB-450X/2h-550C).  This can be attributed to the high concentration of sp2 

carbons  

Figure 2.6. Fourier transform-Raman spectra of carbon membranes: a. 6FDB-550C, b. 6FDB-
350X/2h-550C, c. 6FDB-450X/2h-550C 

generated during the crosslinking process.  During the crosslinking, biphenyl functionalities are 

expected to form in place of –COOH groups as described earlier using Scheme 2.2.  However, 

none to a very few crosslinks are expected to form in 6FDB-550C, which was confirmed using 

TGA and DTGA curves shown in Figure 2.10.  Here, the TG analyzer was programmed using the 

carbonization protocols (Protocols a and b) to obtain TGA/DTGA curves.  The membrane treated 

with ‘protocol a’ showed only a faint weight loss at 448 oC, whereas the membrane treated with 

‘protocol b’ showed a strong weight loss at the same temperature.  This implies that the extent of 
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crosslinking in 6FDB-450X/2h-550C is higher compared to 6FDB-550C and possibly the reason 

for higher graphitic contents of precrosslinked carbon membranes.  

2.4.8 Gas permselectivities 

Pure gas permselectivities of CMSMs 

Table 2.1 shows the pure gas permeabilities and selectivities of the carbon membranes.  

Average permeability and standard deviations were determined with the permeabilities obtained 

using two separate membranes for each case. Propane is slightly larger in kinetic diameter (4.5 Å) 

compared to propylene (4.3 Å), which explains the higher permeabilities of propylene in all carbon 

membranes.  Propane permeability decreased with increasing crosslinking extent, and this can be 

attributed to the denser structure of precrosslinked membranes.  Similar trends have been observed 

by Xiao et al. with O2, N2, CH4 and CO2 for their precrosslinked carbon membranes.22  

Interestingly, propylene permeability increased with increasing crosslinking extent, which 

produced higher propylene/propane selectivities.  Therefore, propylene permeabilities were 

deconvoluted into solubility (S) and diffusivity (D) using equations 2 and 3 to investigate the 

contribution of solubility for the higher permeabilities.  

Table 2.1. Pure gas permeabilities (in Barrer) of membranes at 35 oC and 3.3 bar 

Membrane P-C3H6 P-C3H8 α (C3H6/ C3H8) 

6FDB 0.05 ± 0.04 4.31 ± 0.21 0.013 ± 0.012 

6FDB-550C 378 ± 13 29.5 ± 0.7 12.8 ± 0.1 

6FDB-350X/2h-550C 390 ± 3.5 18.4 ± 0.4 21.2 ± 0.3 

6FDB-450X/2h-550C 403 ± 13 15.8 ± 0.2 25.4 ± 1.1 
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Table 2.2 summarizes solubility and diffusivity coefficients of the carbon membranes.  Time 

lags (θ) were obtained using ‘downstream pressure vs. time’ plots as shown in Figure 2.11.  As 

expected, the precrosslinked carbon membranes showed lower propylene diffusivities in 

comparison to the noncrosslinked carbon membrane.  However, crosslinked membranes exhibited 

higher propylene solubility values, resulting in higher propylene permeabilities.  This trend is 

consistent with the higher graphitic carbon content in the precrosslinked carbon membranes, which 

could enhance π-π interactions with propylene.  Sun et al. in their study of MMMs for propylene 

separation concluded that the reason for higher propylene permeability is due to the higher 

propylene solubility arising from π-π interactions between the C60 and propylene.73  However, 

correlation between the graphitic carbon content in CMSMs has not been studied up to now will 

be a foundation for such studies in the future.  

Table 2.2. Propylene solubility and diffusivity coefficients of carbonized membranes 

Membrane D-C3H6 (cm2 s-1) S-C3H6 (cm3 cmHg-1) 

6FDB-550C (9.14 ± 0.08) x 10-9 (4.04 ± 0.19) x 1010 

6FDB-350X/2h-550C (6.90 ± 0.06) x 10-9 (5.62 ± 0.11) x 1010 

6FDB-450X/2h-550C (4.52 ± 0.09) x 10-9 (8.83 ± 0.23) x 1010 

 

Pure gas permselectivities of CMSMs 

Mixed gas permselectivity was determined using a 50:50 mixture of propane/propylene.  

Mixed gas experiments are important because they provide more information as to how these 

membranes behave in real world applications.  The 6FDB-450X/2h-550C membrane exhibited a 
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mixed gas selectivity of 20 along with a propylene permeability of 257 barrer.  Other researchers 

have also observed similar trends for CMSMs used in propylene/propane separations.34-36 

Figure 2.7 shows the C3 separation performance of the CMSMs with respect to carbon 

membrane upper bound.2, 20  Some previously reported CMSMs, which have been tested under the 

same operating conditions, are also displayed for comparison.  All our membranes surpassed the 

upper bound with the precrosslinked membranes demonstrating improved selectivities.  In 

addition, 6FDA-DABA based carbon membranes showed superior permeabilities, behind only one 

other reported membrane.  Although, most traditional CMSMs are susceptible to physical aging, 

none of the previously reported membranes were evaluated for their aging resistance capability.   

Remarkably, 6FDB-450X/2h-550C retained its permeability and selectivity even after subjecting 

to physical aging as described below. 

 

Figure 2.7. Comparison of membrane performance with the carbon membrane upper bound 
(dashed line)2, 20: Solid symbols represent membranes from this work. All data points represent 

single gas permselectivities except for solid diamond. (●)6FDB-550C, (◼)6FDB-350X/2h-550C, 
(▲)6FDB-450X/2h-550C, (⬥)6FDB-450X/2h-550C mixed gas, (�)6FDA/BPDA-DAM 

CMSM,32 (�)PIM-6FDA-OH CMSM,36 (◻)PIM-CD-2% CMSM,42 (○)PAEK:Azide (80:20) 
CMSM,46 (�)6FDA-mPD 700 CMSM,28 and (+)6FDA-mPD 550 CMS28 
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2.4.9 Aging Resistance of Precrosslinked Carbon Membranes 

Physical aging of carbon membranes is an obstacle faced by gas separation membrane 

scientists.74  In general, flux declines and selectivity growths are observed over time due to the 

collapse of pore structure in carbon molecular sieve membranes.74, 75  Attempts have been made to 

address this issue by increasing the thickness of CMSMs.  However, by doing so, the flux of those 

membranes was reduced by an order of magnitude.75  Herein, we report a versatile technique, 

thermal precrosslinking to produce aging resistant carbon membranes.   

The aging behavior of CMSMs was studied both under reduced pressure and continuous gas 

flow conditions.  Aging under reduced pressure has been utilized to minimize the chemical aging 

of CMSMs due to oxygen chemisorption, water vapor adsorption, and organic adsorption.74, 76  

This technique allows the study of the physical aging behavior of CMSMs due to the pore collapse 

of the carbon microstructure.  Figures 2.88a & b show the variation of permeabilities and 

selectivity for crosslinked and noncrosslinked carbon membranes over a period of 20 days.  Just 

after one day, the noncrosslinked membrane showed 7% and 4% losses for propylene and propane 

permeabilities, respectively.  This membrane showed a 25% overall decrease in propylene 

permeability after a twenty-day period, whereas the overall propane permeability loss was 50%.  

As a result, a 146% increase was observed in propylene/propane selectivity.  Remarkably, the 

precrosslinked carbon membrane did not exhibit aging behavior.  It showed only a 2% decrease in 

propylene permeability and the selectivity remained unchanged during the duration of the 

experiment.  This improvement can be attributed to the added rigidness due to crosslinking in the 

carbon structure of the precrosslinked carbon membrane.  In addition, it is essential to understand 

how these membranes behave under a gas stream for extended periods.  Therefore, dynamic aging 
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experiments were carried out by keeping two separate membranes (6FDB-450X/2h-550C) under 

mixed (50:50 propane:propylene) and pure propylene gas streams for 15 days.  The membrane 

kept under the mixed gas stream showed a 28% decrease for mixed gas permeability, and the 

membrane kept under pure propylene stream showed a 7.5% decrease (Figure 2.8c).  These losses 

can be attributed to the pore blockage due to adsorption of propane and propylene gas molecules.77  

Membranes were kept in vacuum for a prolonged period of time in the case of aging under vacuum 

(Figures 2.8a & c), and therefore the effect of gas molecule adsorption is minimal.  

Figure 2.8. Variation of permeability and selectivity upon aging (a-b: aging under vacuum, c. 
aging under a pressure gradient): a. 6FDB-550C, b & c. 6FDB-450X/2h-550C (lines are used as 

guides for the eye) 

 

2.5 Conclusions 

To the best of our knowledge, we report the synthesis of high molecular weight 6FDA-DABA 

for the first time.  Polymer membranes changed color upon thermally treating above 350 oC.  The 

extent of crosslinking depends on the treatment temperature as determined using optical images, 

solubility, ATR-FTIR, and TGA studies.  Modulated DSC was used to determine the glass 

transition temperature of both pristine and crosslinked polymer.  An increase in glass transition 

temperature was observed upon crosslinking at 450 oC, which can be attributed to the restricted 

movements of polymer chains due to interchain crosslinking.  Precrosslinked carbon membranes 
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demonstrated higher graphitic carbon contents, which resulted in higher propylene solubility, 

possibly due to the π-π interactions of propylene and graphitic carbons.  Pure gas propylene 

permeabilities of precrosslinked carbon membranes improved as a result of the enhanced 

propylene solubility.  Carbon membranes precrosslinked at 450 oC showed a slightly lower mixed 

gas selectivity (20) in comparison to ideal selectivity (25).  Moreover, precrosslinked carbon 

membranes exhibited excellent aging resistance compared to the pristine carbon membrane under 

vacuum conditions as well as under active gas flow during the testing period of 15-20 days. 

2.6 Appendix A: Supporting Information 

Figure 2.9. ATR-FTIR spectra of 6FDA-DABA membranes treated differently 
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Figure 2.10. TGA and DTGA plots of 6FDA-DABA membranes treated using protocols a (top) 
& b (bottom) 

 

Figure 2.11. Downstream pressure vs time plots: a & d. 6FDB-550C, b & e. 6FDB-350X/2h-
550C, c & f. 6FDB-450X/2h-550C 
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Table 2.3. Time lag and thickness measurements of the membranes (Figure 2.11) 

Membrane Thickness (µm) Time lag (s) 

6FDB-550C 
a 39.07 280.3 

d 38.61 270.1 

6FDB-350X/2h-550C 
b 44.03 471.0 

e 45.00 486.2 

6FDB-450X/2h-550C 
c 51.07 947.0 

f 45.70 781.0 
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3.1 Abstract 

Carbon molecular sieve membranes (CMSMs) have drawn great attention recently due to their 

unprecedented gas permselectivities.  The use of polymer blends as precursors for CMSMs is 

advantageous, since the pore structure can be optimized and controlled by varying the precursor 

polymer.  However, the use of completely miscible polymer blends is limited due to the 

uncontrollable phase separation.  In contrast, compatibilized immiscible polymer blends can be 

used as precursors with controlled morphologies, which allows for a unique pore architecture to 

be obtained.  Herein, an immiscible polymer blend comprising polybenzimidazole (PBI) and a 

copolyimide (6FDA-DAM:DABA {3:2}) is used with durene diamine as a compatibilizer.  

CMSMs derived from compatibilized immiscible polymer blends showed an approximately three-

fold increase in both H2 permeability and H2/CO2 selectivity compared to membranes derived from 

non-compatibilized polymer blends. 
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3.2 Introduction 

Membrane-based gas separation has become an active research topic over the past few decades, 

due to its simplicity and potentially wide applications.1-4  Among the different types of systems 

studied, carbon molecular sieve membranes (CMSMs) have become more attractive, due to their 

excellent thermal and chemical stabilities as well as unprecedented gas separation performances.5-

6  The separation properties of CMSMs are critically dependent on membrane microstructure, 

which reflects in part that of the precursor polymer.5  Previous studies show that it is difficult to 

control the microstructure and associated properties of a CMSM by using a single polymer 

precursor.5-6  We have previously reported the use of polymer blends to control membrane 

microstructure.7-8  We have now extended this approach to prepare CMSMs with superior 

properties.   

CMSMs possess enhanced separation properties due to their distinct pore sizes (2.5 to 10 Å) 

that are small enough to distinguish gas molecules based on their kinetic diameters (e.g., He (2.6 

Å), H2 (2.89 Å), CO2 (3.3 Å), O2 (3.46 Å), N2 (3.64 Å), CH4 (3.8 Å), C3H8 (4.3 Å), C3H6 (4.5 Å)).  

These membranes separate gases primarily through adsorption and molecular sieving mechanisms 

that depend on the microstructure of the membrane, in which the micropores (7-20 Å) allow fast 

diffusion and the ultramicropores (<7 Å) provide selectivity.9-11  Hence, control of the pore 

structure of CMSMs is paramount in optimizing their permselectivities.  Selection of polymer 

precursor is the most common factor considered when optimizing CMSM properties because 

different polymers have favorable properties such as chain packing, molecular weight, free 

volume, Tg, Td, etc.12-14  CMSM materials with different porosities have been prepared by 

pyrolyzing polymeric precursors such as polyimides,15-19  polyetherimides,20-22 and phenolic 



 

49 

 

resins.23-25  When a polymer blend is used as a precursor, the differing thermal properties of the 

individual polymers can lead to distinct pore arrangements upon thermal treatment at high 

temperatures.  An effective blend would result in a carbon membrane with selective 

ultramicropores from one polymer, interconnected with highly permeable micropores from the 

other polymer.  Miscible blends are not viable precursors to meet the challenges of CMSMs due 

to the small library of possible blend combinations, resulting in a lack of tunability.  Furthermore, 

the library of miscible polymers may already be optimistic depending upon the technique used to 

determine blend homogeneity.  For example, differential scanning calorimetry (DSC) resolves 

glass transition temperatures(Tg)s for domain sizes down to 10 to 20 nm, whereas solid state NMR 

resolves domain sizes down to 2 to 5 nm.26-28  Subsequently, only a few CMSMs from miscible 

polymer blend precursors have been studied.29-30 Immiscible blends with a sacrificial polymer 

component as precursors for CMSMs have recently been studied.31  These phase separated blends 

contain polymers with differing thermal stabilities that introduce mesopores upon pyrolysis.  

Although this sacrificial method can lead to enhanced permeabilities, it does not allow for precise 

control over the CMSM’s internal microstructure or performance.10, 31-34  Currently, there is a lack 

of understanding regarding how the gas permselectivities of the resulting CMSMs are related to 

the blend morphology and chemical properties of the resulting carbonaceous materials.  

Several factors that affect the properties of CMSMs during the fabrication process must be 

carefully controlled in order to obtain membranes suitable for difficult separations such as N2/CH4, 

O2/N2, and H2/CO2.  Various methods have been utilized to optimize the pore architecture and 

improve properties such as selectivity and aging.35  For example, pretreatment with air and treating 

with non-solvents prior to carbonization have been studied.36-37  Another approach utilizes 
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composite precursors which includes polymers mixed with inorganic materials such as silica, 

zeolites, ceramics and carbon nanotubes.38-41  In spite of positive results of mixed-matrix 

membrane precursors, these CMSMs suffer from non-uniformity and poor mechanical properties.  

The properties of the CMSMs can also be altered by varying the pyrolysis temperature, ramp rate 

and soak time.16, 19  Additionally, post treatment processes such as post oxidation with air42, and 

chemical vapor deposition using carbon precursor gasses such as propylene43 were also studied to 

manipulate the pore structure.  Although these modifications resulted in improved gas separation, 

there is a need for simpler and more economical approaches for efficient CMSM fabrication. 

Even though the use of polymer blends precursors is advantageous, the number of miscible 

polymer blends is limited due to the unfavorable thermodynamics of mixing of polymers, which 

leads to uncontrollable phase separation of component polymers.44  One way to increase the 

possible polymer combinations is to use compatibilized immiscible polymer blends as precursors 

for carbon molecular sieve membranes.  Our research group recently discovered that high 

performance immiscible polymer blends can be compatibilized using metal organic frameworks 

and commercially available small organic molecules.7-8, 45  In this study, a novel small molecule 

additive has been used to compatibilize the immiscible polymer blend of PBI and a polyimide 

derived from 4,4-(hexafluoroisopropylidene)diphthalic anhydride (6FDA).  Then the resulting 

compatibilized polymer blend was used as a precursor to fabricate CMSMs.  This work describes 

a novel strategy to obtain CMSMs with enhanced gas separation properties.   
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3.3 Experimental 

3.3.1 Materials  

All chemicals including solvents were used as received unless otherwise stated.  Anhydrous 1-

methyl-2-pyrrolidone (NMP, 99.8% purity), 2,4,6-trimethyl-1,3-phenylenediamine (DAM, 96% 

purity) and 2,3,5,6-Tetramethyl-1,4-phenylenediamine (durenediamine, DuD, 99% purity) were 

purchased from Sigma-Aldrich.  DAM and DuD were purified further by vacuum sublimation and 

recrystallization from methanol respectively.  3,5-Diaminobenzoic acid (DABA, 98% purity) was 

purchased from Alfa Aesar and was purified by recrystallization from water.  4,4’-

(hexafluoroisopropylidene)diphthalic anhydride (6FDA, >99% purity) was purchased from Akron 

Polymer Systems Inc. and was vacuum dried further at 150 oC prior to use.  N,N-

Dimethylacetamide (DMAc, 99.5% purity) and deuterated dimethyl sulfoxide (DMSO-d6) were 

purchased from Acros Organics.  Xylenes (GR ACS) was purchased from EMD MILLIPORE.  

Polybenzimidazole (PBI, 26wt% Dope in DMAC, with 1.5%(W/W) LiCl, Mw~ 30,000 Da) was 

purchased from PBI Performance Products Inc.  Tetrahydrofuran (THF) certified was purchased 

from Fisher Scientific.  

3.3.2 Synthesis of 6FDA-DAM:DABA (6FDD) – 3:2 Molar Ratio Polymer 

A two step polycondensation followed by thermal imidization (synthesis route shown in 

supporting scheme 3.1) was used to synthesize the polymer in NMP solvent following reported 

procedures.46-47  The reaction was performed under N2 atmosphere in a 100 mL three-necked 

round-bottomed flask equipped with a constant pressure addition funnel containing dried 

molecular sieves, and a condenser.  First, 3.602 mmol (0.548 g) of DABA and 9.004 mmol (4.000 
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g) of 6FDA were dissolved in 5.0 mL and 17.0 mL of NMP in separate vials, respectively.  After 

injecting the DABA solution into the round-bottomed flask, the 6FDA solution was also injected 

dropwise into the flask.  The reaction mixture was stirred at 0-5 oC for 1 h.  Then 5.404 mmol 

(0.816 g) of DAM dissolved in 5.0 mL of NMP and was injected to the above reaction mixture.  

The overall monomer concentration was maintained at ~20 wt% throughout the reaction.  Next, 

the contents were allowed to react for ~26 h at room temperature to form the polyamic acid 

precursor.  After that, 10.0 mL of Xylenes were added to the round-bottomed flask which produces 

an azeotropic mixture with the water generated in the next step.  Then, the temperature of the 

reaction mixture was increased to 190 oC and the contents were stirred for another 18 h.  Finally, 

the resulting polymer was separated by precipitating into methanol followed by filtration, isolation, 

and vacuum drying for at least 2 days at 120 oC.  The polymer yield was calculated to be 89% 

(4.774 g).  6FDD had a PDI of 3.7 with a weight averaged molecular weight (Mw) of ~400 kDa as 

the molecular weight.  

3.3.3 Membrane Fabrication 

Fabrication of polymer blend membranes 

Solution casting technique was used to fabricate the polymeric precursor membranes.  The 

required amounts of polymers were dissolved separately in DMAc to obtain 15 wt% solutions by 

stirring at 80 oC for 2 h.  After mixing the two polymer solutions, the mixture was stirred at 1200 

rpm for 30 minutes while heating at 80 oC.  Next, the polymer blend dope solution was sonicated 

at ~80 oC for 30 minutes.  After that, the solution was stirred again at 1200 rpm for another 30 

minutes at 80 oC.  This solution was then cast into a thin flat membrane on a glass substrate using 

a Sheen automatic applicator (model 1133N) and a variable thickness doctor blade.  These 
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membranes were initially dried under N2 purge on a custom-built drying table at 50 oC for at least 

5 h.  After carefully peeling off the membranes from the glass substrate, they were annealed up to 

250 oC under vacuum using the reported protocol8 by sandwiching between two flat aluminum 

sheets.  

Fabrication of compatibilized polymer blend membranes 

Fabrication of compatibilized polymer blend membranes was performed following the same 

protocol described above.  Here, prior to the mixing of 6FDD with PBI, one-third of the PBI 

solution was used to dissolve the desired amount of the small molecule additive.  The correct 

amount of the additive was determined by using the ratio between the mass of the small molecule 

and the total mass of the solids including polymers and additives in a membrane.  For example, 

the mass of DuD needed for fabricating a membrane containing either 5 or 9 wt% with respect to 

DuD, were calculated using the ratio “[(mass of DuD)/(mass of DuD + mass of two polymers)]”.  

After dissolving the additive in the small portion (one-third) of PBI by stirring and sonication, the 

rest of the PBI solution was combined.  After that, the 6FDD solution was mixed with PBI+DuD 

solution and the membranes were fabricated following the same casting, drying and, annealing 

procedures described in above section.  From here onwards, the membranes will be notated using 

the respective compatibilizer concentration.  For example, a 1:1 blend of PBI and 6FDD with 5 

wt% DuD will be designated as 5DuD-PBI:6FDD. 

Fabrication of carbon membranes 

CMSMs were fabricated using the polymeric precursor membranes fabricated as described 

above.  First, the precursor polymeric membranes were cut into pieces with a desired area.  After 

that, the membrane sections were placed on a silicon wafer in such a way that the membrane pieces 
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are in contact with the polished surfaces of the wafer.  Next, the membranes were subjected to 

carbonization in a tube furnace (MTI OTF1200X-III) equipped with a programmable temperature 

controller under UHP-nitrogen at a flow rate of 200 mLmin-1 using a reported temperature 

protocol.48 

3.3.4 Characterization 

Characterization of polymer 

Weight average molecular weight (Mw) of synthesized 6FDD was determined with a size 

exclusion chromatograph (Viscotek GPCmax VE2001) equipped with a Viscotek TDA302 triple 

array detector and two ViscoGEL I-MBHMW 3078 columns in series using tetrahydrofuran (THF) 

eluant. Polystyrene standards (Polymer Laboratories) were used to calibrate the instrument. 

OmniSEC software (version 4.6) was used to analyze the data.  Conversion of polyamic acid into 

polyimide was confirmed with FTIR spectroscopy (Figure 3.10).  The 1H-NMR spectrum of 6FDD 

(Mw = ~ 400 kDa, PDI = 3.7) dissolved in DMSO-d6 was collected on a Bruker III 500 MHz 

spectrometer using TMS internal standard (Figure 3.11).  A TA Instruments Q2000 Differential 

Scanning Calorimeter (DSC) was used to determine the glass transition temperature (Tg) of the 

synthesized polymer (Figure 3.12).  

 

Characterization of membranes (SEM, TGA, FTIR, Raman) 

Scanning electron microscope (SEM) images of the membrane cross-sections were obtained 

using a Zeiss SUPRA40 SEM equipped with an electron gun operating at a voltage of 10 keV.  

Membranes were freeze-fractured inside liquid nitrogen to acquire cross-sections prior to the SEM 

imaging.  A Denton Vacuum Desk II sputter coater equipped with a gold/palladium target was 
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used to apply a thin conductive coating on the SEM samples to avoid problems with charging 

during SEM imaging.  Thickness measurements of the membranes and the analysis of 

microstructure were made using the SEM images.  Thermogravimetric analysis (TGA) was 

performed under nitrogen at a ramp rate of 10 oCmin-1 on a TA Instruments Q600 Simultaneous 

TGA/DSC instrument.  All TGA experiments were conducted using the same protocol unless 

otherwise stated, starting isothermally at 105 oC (15 min) up to 1000 oC at a rate of 10 oCmin-1 

under an UHP N2 atmosphere (flow rate 50 cm3min-1).  Data recording began after holding the 

samples at 105 oC for 15 minutes in order to remove the residual water.  Fourier transform infrared 

(FTIR) studies were done with a Nicolet 360 FTIR spectrophotometer equipped with a single 

bounce attenuated total reflectance (ATR) attachment (diamond crystal).  A DXR Raman 

microscope with a 532 nm laser and a DXR 532 nm filter (Thermo Scientific) was used to obtain 

the Raman spectra of CMSMs. 

Gas permeability testing 

A previously reported custom-built permeameter was used to quantify the gas permeation of 

each membrane with the aid of LabVIEW 7.1 software interface (National Instruments).49  

Membranes with known area and thickness were used to determine permselectivities by mounting 

the membrane inside a permeation cell kept at 35 oC.  The membrane separates the upstream side 

(pressurized to 2000 Torr) from the downstream side, which is connected to a vacuum operating 

at 1 mTorr pressure.  The upstream and downstream sides including the gas reservoirs were 

evacuated for at least 12 h prior to testing. Additionally, gas leak tests were also carried out.  The 

pressures at both upstream and downstream sides were recorded with time using individual 

pressure transducers placed at each side.  The solution-diffusion model was used to calculate 
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permeability of each gas in which permeability is described as pressure-and-thickness-normalized 

flux.  Solution diffusion model is described by the equation, Pi = (flux of i) {l}/{∆pi}, where Pi, l, 

and, ∆pi are pressure of gas I, thickness of the membrane and, differential pressure for that gas, 

respectively.50  Once the steady state was reached, the slope of the curve, downstream pressure vs. 

time was used to calculate the permeability (using only the final 50% of the data after reaching the 

steady state).  Ideal selectivity (α) for H2/CO2 separation was calculated using the ratio of the single 

gas permeabilities of each gas (P-H2/P-CO2).  Average permeabilities and standard deviations were 

obtained using at least two different membranes. 

Four theoretical models were used to study the gas transport behavior of fabricated membranes.  

The calculations were done using parallel, series, Maxwell and, equivalent box models (EBM) for 

carbonized 6FDD:PBI (1:1) blend.51  Equations 1 through 4, shown in supporting information, 

represent the above-mentioned models in the order given.  

3.4 Results and Discussion 

3.4.1 Characterization 

Figure 3.1 shows TGA curves of the precursor materials.  The minor weight loss observed 

around 200 oC was attributed to the loss of residual DMAc.52, 53  PBI shows two decompositions 

at 400 oC and at 700 oC.  The minor weight loss at 400 oC is due to the evolution of NH3 and the 

major weight loss at 700 oC is due to the degradation of polymer backbone.54, 56  6FDD also shows 

two weight losses around 400 oC and 600 oC.  These correspond to decarboxylation followed by 

the decomposition of polymer backbone including the evolution of bulky C-F species.52, 57  Carbon 
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yields of blend membranes display intermediate values compared to PBI and 6FDD, which is 

consistent with the ratio of the two polymers in the blend.  

3.4.2 Membrane Microstructure 

SEM images of membrane cross-sections 

Figure 3.1. TGA Curves of PBI, 6FDD and PBI:6FDD (1:1) 
SEM imaging was used to analyze the microstructure of both precursor  and the carbon 

membranes.  Figure 3.13 (supporting information) shows the morphologies of cross-sections of 

pure PBI (Figure 3.13a) and 6FDD (Figure 3.13b) membranes.  Both membranes show their unique 

nodular morphologies.  During the carbonization of the membranes, PBI seems to have retained 

its precursor morphology (Figure 3.13c) with very little change in comparison to 6FDD (Figure 

3.13d).  This further illustrates the higher thermal stability of PBI over 6FDD.  Figure 3.2 shows 

the SEM images of the cross-section of blend membranes of 6FDD and PBI (1:1 polymer weight 

ratio).   
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SEM images of the entire membrane cross-sections are shown in Figure 3.14.  The 6FDD 

domains of the non-compatibilized blend membrane (Figure 3.2a-b) are not uniform and large 

voids can be observed at the interface of the two polymers.  This uncontrollable phase separation 

is due to the immiscibility of the polymers in the blend.  In contrast, as seen in Figure 3.2d-e, g-h,  

Figure 3.2. Cross-section membrane morphologies: polymer blend (left column), polymer blend 
after solvent extraction (2nd to left column), CMSM (2nd to right column) and, graphical 

representation of CMSM (right column). The concentration of the compatibilizer is shown in 
each row. Scale bar = 2 µm. 
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j-k, with increasing compatibilizer amount, 6FDD domains become smaller and more uniform, 

which is an indication of the improved compatibility between two polymers.  This is in agreement 

with our previous studies carried out on the same blend system with different compatibilizers 

including metal organic frameworks and 2-methylimidazole (2-MI).8  Furthermore, the voids are 

no longer seen in compatibilized membranes which suggests enhanced interfacial adhesion 

between 6FDD and PBI.  The gas permselectivities of these blend membranes depend mainly on 

the microstructure of the blend membranes as discussed later. Figures 3.2c, f, i, and l show the 

SEM images of the cross-sections of the carbonized membranes.  Interestingly, even after 

carbonizing at 550 oC, membranes still exhibit the matrix-droplet morphology.  Since the 

permselectivities of the carbons derived from PBI and 6FDD are different, we hypothesize that the 

gas permselectivities of these blend CMSMs will also be governed by the membrane 

microstructure. 

6FDD domain size distributions 

The enhanced compatibility between the two polymers due to the addition of DuD can be 

further elaborated using the following histograms (Figure 3.3).  SEM images of the cross-sections 

of each membrane was analyzed to construct the histograms for the 6FDD domain size distribution.  

About 200 domains were used in each case to construct the plots and to calculate the average 

domain sizes (d) and standard deviations (σ).  The polymer blend without compatibilizer showed 

a wide distribution (AVG = 5.6 ± 5.6 µm) of domain sizes and all the domains were larger than 

2.6 µm.  With the introduction of DuD, 6FDD domain sizes and σ decreases as shown in Figure 

3.3b-d. 
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Figure 3.3. Histogram plots indicating 6FDD domain size distributions 

Table 3.1 summarizes the percent decrease of 6FDD domain sizes and σ, as well as the relative 

standard deviations (%RSD).  For example, the membrane containing 17wt% DuD showed 725 % 

and 3700 % decreases in domain size and standard deviation (with respect to 0DuD - 6FDD:PBI), 

along with a 19% RSD (100% for 0DuD - 6FDD:PBI).  These results can be attributed to the 

compatibilization induced by DuD.  
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Table 3.1. Comparison of 6FDD domain properties in polymer blend membranes 

Membrane d/µm 
% decrease 

%RSD 
d σ 

0DuD - 6FDD:PBI 5.6 ± 5.6   100 

5DuD - 6FDD:PBI  1.6 ± 0.4 350 1400 25 

9DuD - 6FDD:PBI 0.86 ± 0.29 650 1900 33 

17DuD - 6FDD:PBI 0.77 ± 0.15 725 3700 19 

 

3.4.3 Spectroscopic Characterization of Membranes 

FTIR spectroscopy 

The improved compatibility between the polymers can be explained with the interfacial 

localization of the small molecule as we have reported previously.8  To study chemical interactions 

between 6FDD and PBI, a membrane was fabricated with 1:1 polymer ratio.  No extra peaks or 

major peak shifts were observed in the FTIR spectrum of the 1:1 blend membrane (Figure 3.4c.) 

in comparison to the FTIR spectra of the pure polymers.  Only a minor peak shift was observed 

for the peak of symmetric imide carbonyl stretch peak (1785 cm-1, Figure 3.4c.) of 6FDD in 

6FDD:PBI membrane.  These observations suggest the complete immiscibility of the two 

polymers.  The minor peak shift may be due to hydrogen bonding between the polymers.  Further, 

to study the chemical interactions between the polymers and DuD, membranes comprised of 

6FDD:DuD and PBI:DuD in 1:1 weight ratio were fabricated.  These membranes were then 

annealed at 100 oC under vacuum for 5 days to remove DMAc.  As inferred by the spectral analysis 
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shown in Figure 3.4.a-b (entire spectrums in supporting information: Figure 3.15), there are no 

major IR peak shifts observed for both polymers.  However, the peak corresponding to the 

Figure 3.4. ATR-FTIR spectra of the fabricated membranes 

asymmetric imide carbonyl stretch (1720 cm-1, Figure 3.4a.) shows an intensity decrease, while 

the intensity of the peak at 1625 cm-1 shows an intensity increase when mixed with DuD.  This is 

due to the conversion of carboxylic acid (carbonyl IR stretching frequency: 1710-1680 cm-1) 

groups of 6FDD into carboxylate groups (carbonyl IR stretching frequency: 1650-1550 cm-1) upon 

the addition of the aromatic diamine, DuD.  In addition, drastic intensity decreases were observed 

for the peaks corresponding to C-N bond stretching (1080 cm-1, Figure 3.4a-b), and N-H bond 

wagging (835 cm-1, Figure 3.4a-b) of DuD, in both 6FDD:DuD (1:1), and PBI:DuD (1:1).  These 
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intensity changes were attributed to the hydrogen-bonding interactions of the polymers and the 

compatibilizer (DuD).58  These hydrogen-bonding interactions restrict aggregation and 

coalescence of 6FDD domains within the membrane matrix.7-8  Therefore, smaller and more 

uniform 6FDD domains are obtained.  In this process, DuD is not involved in the possible 

nucleophilic attack to the imide carbonyl group which results a ring opening.  This was  

confirmed using FTIR spectroscopy as illustrated in Figure 3.16, where imide carbonyl  

stretch remains without any significant change. 

Raman spectroscopy 

Carbonized membranes were characterized using Raman spectroscopy.  Figure 3.5 shows the 

deconvoluted Raman spectra of the carbonized polymers as well as carbonized polymer blends 

(both non-compatibilized and compatibilized blends).  The deconvolution was done according to 

a previously reported procedure for amorphous carbons.59  Typical Raman shifts for carbon 

materials appear at ~1350 cm-1 and ~1580-1600 cm-1 which correspond to D and G bands 

respectively (Figure 3.5).60  The D band is a result of sp3 carbon, and  graphitic carbons produce 

the G band.59-61  In addition, two more peaks, I and D”, appear in all spectra.  The I band is visible 

in all spectra around ~1180-1290 cm-1, and resulted from either the disorder in the graphitic lattice 

or the bonds between sp2-sp3 carbons.62-63  The D” band appears as a result of both C-H bond 

vibrations, and semicircle ring stretch vibration of benzene rings.64  The intensity ratios of D and 

G bands (Id/Ig) indicate the amount of graphitization of the material.  Table 3.2 shows the ID/IG 

ratios for the carbonized membranes.  The ID/IG ratio with respect to the peak heights of PBI and 

6FDD CMSMs were 0.40 and 0.85, and the CMSMs fabricated using blends showed intermediate 

Id/Ig ratios.  Interestingly, the CMSM fabricated using the compatibilized polymer blend (17DuD-
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6FDD:PBI) showed a higher degree of graphitization compared to the CMSM of the non-

compatibilized blend.  This improvement in graphitic content of the CMSM fabricated using the 

compatibilized polymer blend is attributed to the stabilized microstructure induced by the 

compatibilizer, DuD. 

Figure 3.5. Raman spectra of the carbonized membranes 

Table 3.2. Id/Ig ratios of CMSMs.  

Membrane  Id/Ig ratio 

6FDD CMSM 0.85 

PBI CMSM 0.40 

6FDD:PBI CMSM 0.70 

17DuD - 6FDD:PBI CMSM 0.44 

 

3.4.4 Gas Permeation Properties of Membranes 

Table 3.3 summarizes the gas permeabilities of the precursor membranes.  PBI is highly 

selective for H2/CO2 separation, while 6FDD is highly permeable for H2.  As expected, 

permeabilities and selectivities for the blend membranes fall within those of the pure polymer 
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membranes.  However, Compatibilized polymer blends showed improvements in both H2 

permeability as well as H2/CO2 selectivity.  Increasing the compatibilizer ratio from 0 wt% to 17 

wt% resulted in enhanced permeability and H2/CO2 selectivity by ~700% and ~250% respectively.  

These results can be attributed to the unique gas transport pathways formed due to the phase 

transitions of DuD (MP 150-155 oC and BP 310 oC 65), which occur during the annealing process.8  

Table 3.3. Single gas permeation data for precursor membranes. (P denotes permeability in Barrer. 
Permeability measurements were carried out at 35 oC and 2000 Torr) 

Membrane P-H2 P-CO2 α (H2/CO2) 

PBI 1.3 0.05 22.6 

6FDD 100 51 1.9 

0DuD - 6FDD:PBI 3.6 0.5 7.2 

5DuD - 6FDD:PBI 10.0 ± 0.8 1.3 ± 0.1 7.9 ± 0.5 

9DuD - 6FDD:PBI 17.0 ± 1.6 1.0 ± 0.1 17.6 ± 1.0 

17DuD - 6FDD:PBI  26.8 ± 0.9 1.3 ± 0.1 20.4 ± 1.1 

 

Further, the improvements in the H2/CO2 selectivity can also be justified using the membrane 

microstructure.  The higher DuD concentration resulted in better compatibility between polymers 

as described earlier with SEM images (Figure 3.2) and the domain size distributions (Figure 3.3). 

Graphical representations of blend membrane microstructures (Figure 3.6 a. 0DuD, b. 5DuD,  

c. 9DuD, and d. 17DuD) can be used to further elaborate on the effect of compatibilization on gas 

permselectivities.  The arrows represent a generalized gas transport pathways through the 

membrane cross-section from the upstream side (left) to the downstream side (right).  The less-
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selective pathway (blue arrow in Figure 3.6a) is formed by the less selective material (6FDD).  

Therefore, gas molecules will have the freedom to pass through either pathway, where non-

selective gas transport is the most favorable due to the less resistance in the non-compatibilized 

blend membrane (Figure 3.6a).  However, the probability of a gas molecule to pass through a non-

selective pathway is restricted in compatibilized polymer blend membranes due to their unique 

morphology.  The aggregation of 6FDD domains is greatly suppressed in the compatibilized blend 

membranes with higher compatibilizer loading.  Therefore, 17DuD-6FDD:PBI membrane 

possesses the lowest probability for existence of the unselective pathways, followed by the 9wt% 

and 5wt% DuD containing membranes, respectively.  Furthermore, the number of selective 

polymer (PBI) passages in a unit length across the cross-section of each membrane can also be 

used to understand the gas permselectivities.  For example, the number of passages are only a few 

in the non-compatibilized polymer blend (Figure 3.6a), whereas a high number of passages can be 

observed in the most compatible blend (Figure 3.6d).  Moreover, the thickness of these selective 

passages constructed by PBI varies with compatibilizer concentration.  Let the thicknesses of the 

passages of PBI in the membrane be t0 (0DuD), t5 (5DuD), t9 (9DuD), and t17 (17DuD).  Then, the 

magnitudes of thicknesses follow the order, t0 > t5 > t9 > t17.  Thus, 17DuD-6FDD:PBI membrane 

is expected to have the highest flux and highest selectivity.  Hence, the enhanced permselectivities 

can be rationalized based on the unique microstructure of the compatibilized polymer blend 

membranes.  On the other hand, the thickness of the PBI skin of the blend membranes is also 

important in explaining the behavior of polymer blend membranes.  The PBI skin thickness is 

roughly 20 µm for the non-compatibilized polymer blend membrane (Figure S6a).  With the 

incorporation of the compatibilizer, the skin thickness is reduced to less than 0.5 µm in 17DuD-
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6FDD:PBI membrane (Figure 3.14).  As a result of this thick, less permeable PBI skin, a significant 

reduction in hydrogen permeability is observed for 0DuD-6FDD:PBI in comparison to the 

compatibilized blend membranes. 

 

Figure 3.6. Schematic representations of 6FDD:PBI polymer blend membranes: a) 0 wt% DuD, 
b) 5 wt% DuD, c) 9 wt% DuD, and d) 17 wt% DuD  

Table 3.4 summarizes the gas permeability performances of the carbon molecular sieve 

membranes.  Even after carbonization, PBI is the less permeable (more selective) component, 

while 6FDD remains as the highly permeable component.  The PBI CMSM showed only a 5-fold 

increase in permeability with respect to the precursor polymer membrane.  In contrast, the 6FDD  

Table 3.4. Single gas permeation data for CMSMs. (P denotes permeability in Barrer. Permeability 
measurements were carried out at 35 oC and 2000 Torr) 

Membrane P-H2 P-CO2 α (H2/CO2) 

PBI 10.3 0.62 16.6 

6FDD 19400 16740 1.2 

0DuD - 6FDD:PBI 97.0 29.0 3.4 

5DuD - 6FDD:PBI 128.6 ± 8.6 21.0 ± 1.0 6.1 ± 0.2 

9DuD - 6FDD:PBI 290.1 ± 10.2 26.5 ± 0.9 9.8 ± 0.4 

17DuD–6FDD:PBI 230.6 ± 4.6 15.3 ± 0.3 15.0 ± 0.1 

a b c d
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CMSM showed a substantial 190-fold increase in permeability.  This can be attributed to the 

different thermal stabilities of the polymers at the temperature of carbonization (550 oC).  During 

carbonization, 6FDD is converted into a material with high permeability for both gasses.  On the 

other hand, PBI CMSM shows just a minor increase in permeability and it remains as a selective 

material due to its high thermal stability.   

As shown in Figure 3.1, at 550 oC PBI retains a higher percentage of its initial weight compared 

to 6FDD.  To further confirm the difference in thermal stability, additional TGA analyses were 

carried out on the two pure polymers.  In this experiment, the carbonization temperature protocol 

was used to program the TG analyzer.  Figure 3.7 shows the respective TGA plots obtained for 

6FDD, PBI, compatibilized, and non-compatibilized polymer blends.  Specifically, 70-250 oC at 

15 oCmin-1 (zone A in Figure 3.7), 250-535 oC at 4 oCmin-1 (zone B in Figure 3.7), 535-550 oC at  

Figure 3.7. TGA curves (TGA programmed with carbonization protocol) of 6FDD, PBI and 
PBI:6FDD (1:1)  
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0.25 oCmin-1 (zone C in Figure 3.7), and isothermal at 550 oC for 2h (zone D in Figure 3.7) were 

the steps of carbonization protocol.  Weight retentions at the end of the thermal protocol were 

~58% and ~90% for 6FDD and PBI, respectively.  Similar trends have also been observed by other 

researchers previously.66  The high weight retention of PBI is due to higher thermal stability in 

comparison to 6FDD.  Therefore, it results in two unique materials with unique gas 

permselectivities, and the properties of carbonized blend membranes are governed by these two 

materials where one is highly permeable (dispersed carbon phase-6FDD derived) and the other is 

highly selective (continuous carbon phase-PBI derived).  In addition, the TGA plots of 

compatibilized and non-compatibilized blends are also included in Figure 3.7.  As expected, the 

blends show intermediate weight retention (~70%) compared to the two polymers.  

Gas permselectivities of CMSMs are analogous to those of the precursor membranes.  The 

carbon membranes derived from the polymer blend precursors show intermediate permeabilities 

and selectivities compared to those of 6FDD and PBI.  SEM images of membrane cross-sections 

shown in Figure 3.2 reveal that two distinct phases exist even after the carbonization.  Therefore, 

the variation of gas permselectivities of the CMSMs derived from polymer blends can be 

understood using the same explanation used for the behavior of polymer blend membranes.  

H2/CO2 selectivities of CMSMs increases significantly with increasing compatibilizer 

concentration.  However, in the carbon membrane derived from the non-compatibilized polymer 

blend, gas transport can be complicated due to the wide passages of low permeable PBI derived 

carbon.  Gas separation performance of the CMSMs are summarized using a Robeson plot4 as 

shown in Figure 3.8. Both PBI and 6FDD CMSMs surpassed the upper bound due to the high 

selectivity and superior permeability of the two materials, respectively.  More importantly, the 
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composite membranes derived from the compatibilized polymer precursors surpassed the upper 

bound approaching the commercially attractive upper right-hand quadrant with increasing DuD 

concentration. 

Figure 3.8. Robeson plot: 2008 Robeson upper bound compared with H2/CO2 separation 
performances of carbon-carbon composite membranes 

To further increase the performance of these membranes, a study was carried out to understand 

the effect of carbonization temperature on the gas separation performance.  Typically, a decrease 

in permeability is observed coupled with an increase in selectivity as the final carbonization 

temperature increases.  The reason for this observation is mainly due to the increase of 

ultramicropores being formed at higher carbonization temperatures.19  The maximum temperature 

of carbonization was increased to 675 oC following the same carbonization protocol introduced in 

the membrane fabrication section.  Table 3.5 shows a comparison between the CMSMs derived 
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from 9DuD-6FDD:PBI compatibilized polymer blend.  Both hydrogen and carbon dioxide 

permeabilities decreased upon carbonization at 675 oC.  However, a significant improvement in 

H2/CO2 selectivity was observed for the membrane carbonized at 675 oC compared to the 

membrane carbonized at 550 oC.  

Table 3.5. Comparison of CMSMs prepared under different conditions (P denotes permeability in 
Barrer. Permeability measurements were carried out at 35 oC and 2000 Torr) 

Membrane P-H2 P-CO2 α (H2/CO2) 

9DD - 6FDD:PBI 550 CMSM 290.1 ± 10.2 26.5 ± 0.9 9.8 ± 0.4 

9DD - 6FDD:PBI 675 CMSM 195.5 14.0 13.9 

3.4.5 Understanding the applicability of gas permeation models for precursors and CMSMs 

As described in the experimental section, gas permeability models were used to construct a 

plot of H2 permeability versus carbonized 6FDD volume fraction (Figure 3.9).  The volume 

fractions of carbonized polymers were determined using the densities of carbonized PBI (1.24 g 

cm-3) and 6FDD (1.29 g cm-3).  The dotted line in Figure 10 predicts the miscible behavior of the 

two materials in the blend (carbonized PBI and 6FDD in this study).  The positions of data points 

reflect the relation between the morphology of CMSMs and the permeability models.  As expected, 

the carbon membrane derived from the non-compatibilized polymer blend can be best described 

using the Maxwell model (immiscible material).  However, the performance of the CMSMs 

derived from the compatibilized polymer blends show a trend of approaching the miscible behavior 

with increasing compatibilizer concentration (shown by the arrow in Figure 3.9). 
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Figure 3.9. Variation of H2 permeability predicted by the permeability models. (Open squares: 
experimental pure materials and non-compatibilized blends, bold circles: experimental 

compatibilized blends; light bold represent the blends compatibilized with 5 wt% of DD and dark 
represent 17 wt%) 

 

3.5 Conclusions 

To the best of our knowledge, this is the first report on using a compatibilized immiscible 

polymer blend (PBI and 6FDA-DAM:DABA) as a precursor for CMSMs.  A commercially 

available non-imidazole based Durene diamine (DD) small molecule was used as a compatibilizer 

for the forth mentioned polymer blends.  We believe that compatibilization with DD arises through 

the hydrogen bond interactions between the DD and both the polymers.  In spite of hydrogen 

bonding, the small molecule additive does not chemically interact with the polymers.  With 

increasing amount of DD, compatibility of the two polymers increases resulting in an enhancement 

in both H2 permeability and H2/CO2 selectivity.  More importantly, transforming the 
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compatibilized immiscible polymer blends into CMSMs improved the H2 permeabilities allowing 

for the Robeson upper bound to be surpassed for H2/CO2 separation (Figure 11).  Separation factors 

for the CMSMs derived from compatibilized polymer blends were significantly higher than those 

for the CMSMs of non-compatibilized polymer blends containing 6FDD.  Although, CMSMs of 

PBI and 6FDD surpassed the upper bound, PBI showed a low permeability for H2 (10.3 barrer), 

while 6FDD showed a low selectivity (1.2).  Additionally, by studying several permeability models 

for polymer blend membranes, we could justify that the solution diffusion model can be used to 

study gas transport through compatibilized immiscible polymer blends.  We believe this approach 

will lead to the formation of a new class of CMSM derived from immiscible polymer blends 

precursors in an economical and convenient fashion. 
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3.6 Appendix B: Supporting Information 

Scheme 3.1. Synthesis route for 6FDA-DAM:DABA (3:2) also known as 6FDD 
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Figure 3.10. ATR FTIR spectra of 6FDD polyimide 

Peak assignments: broad peak at 3600-2900 cm-1 - hydrogen bonded carboxylic acid O-H 

stretching frequency from the DABA moiety of the polymer; peaks at 1786.44 cm-1 and 1720.84 

cm-1 - imide ring carbonyl symmetric stretch and asymmetric stretch respectively; peak at 1355.25 

cm-1 - C-N stretch; peak at 720.40 cm-1 - imide deformation mode.8, 67 
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Figure 3.11. 1H-NMR spectrum of 6FDD in dimethyl sulfoxide (DMSO-d6) solvent 

Peak assignments: 13.48 ppm – COOH from DABA moiety; 8.5-7.25 ppm – aromatic protons 

from 6FDA, DAM and DABA moieties; 2.18 & 1.96 – methyl protons from DAM moiety; 3.37 – 

water; 2.54 – DMSO-d6. Peaks at 11.0 & 3.8 ppm are due to the unconverted polyamic acid 

molecules.68, 69   

Peak integration: COOH:Aromatic:Methyl = 1:39:27 (theoretical)/1.25:39.00:26.75 (calculated 

using spectrum); methyl protons a:b = 2:1 (theoretical).  
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Figure 3.12. Differential scanning calorimetry (DSC) curve of 6FDD; scan rate 10 oCmin-1 under 
50 mLmin-1 UHP-N2

 flow rate. 
 

Glass transition temperature for the synthesized polymer is ~ 370 - 375 oC. Reported value is  

~387 oC.70  

 

Figure 3.13. Cross-section SEM images: (a) PBI, (b) 6FDD, (c) PBI CMSM, (d) 6FDD CMSM 
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Figure 3.14. Cross-section SEM image showing the entire cross-sections of the polymer blend 
membranes: (a) 0DuD - 6FDD:PBI, (b) 5DuD- 6FDD:PBI, (c) 9DuD- 6FDD:PBI,  

(d) 17DuD-6FDD:PBI 
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Figure 3.15. ATR-FTIR spectra of the fabricated membranes 
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Figure 3.16. FTIR spectra of 6FDD, DD and 6FDD:DD (1:1) 
 

An experiment was carried out by mixing DD and 6FDD (at 1:1 weight ratio) in DMAc 

followed by complete evaporation of all the solvent, first using air drying at 80 oC, followed by 

vacuum drying at 100 oC for 5 days. The resulted material was then analysed using FTIR to observe 

changes in imide carbonyl peaks (symmetric stretching at 1785 cm-1 and asymmetric stretching at 

1720 cm-1).8, 67 Possible reaction between an amine and an imide ring is shown as well. In the case 

of durene diamine, this reaction is least probable to occur due to the steric hindrance provided by 

the methyl groups at the α positions for the –NH2 groups. Had this reaction occurred, a strong IR 

peak for the amide carbonyl stretch would have appeared within the range of 1690 – 1630 cm-1.8, 
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where; Φ1, Φ2 and P1, P2 denotes respective volume fractions and experimental permeabilities 

(calculated using solution diffusion) for the two components in the polymer blend. 

- = 	-2
34+1356174 356	34

34+135+74 356	34
	 Equation 3 

where; ΦC, ΦD and PC, PD are volume fractions and experimental permabilities for the continuous 

(C) and dispersed (D) polymers, respectively. 

- = -/Φ/8 + -1Φ18 + Φ9
1 7:;

3:
+

7#;

3#
 Equation 4 

where; Φ< = Φ/< + Φ1<; Φ/8 = (Φ/ − Φ/2?) (1 − Φ/2?)
B:; Φ18 =

(Φ1 − Φ12?) (1 − Φ12?)
B#; Φ/< = Φ/ − Φ/8; Φ1< = Φ1 − Φ18 

where; P1 and P2 are the permeabilities of the two components 1 and 2, Φ1cr and Φ2cr are critical 

threshold percolation values for the components, T1 and T2 are the critical universal exponents for 

the components.  
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CHAPTER 4 

REACTIVE SMALL MOLECULE COMPATIBILIZATION OF IMMISCIBLE 

POLYIMIDE BLENDS FOR ENHANCED PLASTICIZATION RESISTANCE IN 

CO2/CH4 SEPARATION MEMBRANES  
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4.1 Abstract 

Polymer blending and crosslinking have been studied as effective methods to suppress 

plasticization in gas separation membranes.  Polymer blending allows the combination of favorable 

properties of multiple polymers to develop materials with enhanced properties.  Thermal 

crosslinking is an inexpensive and easy way to stabilize a polymeric membrane towards 

plasticization.  Herein, we report the fabrication of high-performance polyimide blend membranes 

with excellent plasticization resistance for CO2/CH4 separations.  For the first time, a reactive small 

molecule compatibilizer (6FDA) was utilized to compatibilize immiscible blends of 6FDA-

DABA:other polyimide (6FDA-DAM, 6FDA-MPDA or 6FDA-NDA).  Compatibilized polyimide 

blends exhibited higher pure gas permselectivities (CO2 permeability = 40.4 Barrer, CO2/CH4 

selectivity = 117.1) in comparison to the non-compatibilized blends (CO2 permeability = 32.8 

Barrer, CO2/CH4 selectivity = 99.7).  Further, this technique allows the conversion of an 

immiscible polymer blend into a miscible blend.  Overall, thermal crosslinking of 6FDA-DABA 

improved the plasticization resistance of blend membranes.  More importantly, crosslinked 

miscible polyimide blend exhibit enhanced plasticization resistance (plasticization point at 20 bar) 

in comparison to crosslinked immiscible polyimide blend (plasticization point at 15 bar). 
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4.2 Introduction 

Various favorable properties of polymers can be combined to produce a superior material using 

polymer blends.1-4  A polymer blend can be either miscible or immiscible depending on how well 

the polymers mix together.5  However, immiscible blends are less attractive due to their 

unpredictable nature of the properties.6-8   Numerous attempts have been made to compatibilize 

immiscible polymer blends to obtain materials with enhanced properties. This work reports how a 

reactive compatibilization technique can be utilized for the compatibilization of immiscible 

polyimide blends using a commercially available small molecule compatibilizer.  This technique 

allows the easy fabrication of polymer blend membranes with desired microstructure which is 

simpler and more economical in comparison to synthesizing block-copolymers.   

Copolymers are extremely useful materials which have been utilized for various applications 

in numerous fields including chemistry, physics, material science, and biological/medical 

sciences.9-10  For example, gas separation properties of various copolyimide membranes and their 

carbonized membranes has been studied to establish a correlation between gas permeability and 

density of polymer.11-12  Monomers with bulky groups allowed to tailor the fractional free volume 

(higher gas permeability), while –COOH containing diamine (3,5-diaminobenzoic acid) allows 

crosslinking (plasticization resistance13).  In addition, gas transport through various compositions 

of rubbery polybutadiene and glassy polystyrene copolymers has also been studied.14  Unique 

microstructure induced by the phase separation of polystyrene and polybutadiene influenced CO2 

permeation in these copolymer membranes.  In general, synthesis of copolymers (especially block-

copolymers) is complex, expensive, and time consuming mainly because of the catalysts and 

controlled reaction conditions used.15-18  For instance, reactivity of various diamines and 
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dianhydrides are of paramount importance to get high molecular weight polyimides,19-20 and 

extreme care must be taken when synthesizing such polymers.  Due to these reasons, new materials 

need to be explored as alternatives for copolymers.  

Polymer blends, on the other hand, have the potential to replace copolymers, mainly because 

of lower processing cost, and the tunability of properties to obtain a large pool of unique 

materials.21-23  Polymer blend membranes have been prepared and tested for O2/N2, CO2/CH4, 

CO2/N2, H2/CO2, etc.24-26  Most of the studies focused on fabricating membranes with enhanced 

gas separation performance to address the gas permeability/selectivity trade-off behavior of single 

polymer membranes.6, 24, 27-28  However, a majority of polymer blends are immiscible, which leads 

to uncontrollable phase separation of the component polymers.  Thus, gas separation performance 

of the membranes prepared form these polymer blends are poor.7-8, 25  As a result, various polymer 

blend compatibilization techniques have been studied for gas separation applications such as, 

block-copolymer addition,29-31 nanoparticles incorporation,32-33 and metal organic frameworks.7, 34  

Small organic molecules have also been utilized as compatibilizers for immiscible polymer blends 

in gas separations8, 28, 35 and this technique is promising in terms of simplicity and cost when 

compared with other techniques.  

Polyimides are suitable for a number of applications including spacecrafts, flexible display 

devices, solar cells, microelectronic devices and gas separation membranes,36-37 because of their 

favorable properties such as high thermal stability and mechanical integrity.  In addition to these 

properties, high gas permselectivities (for CO2/CH4, CO2/N2, H2/CH4 etc.) of polyimides make 

them suitable for industrial gas separations.37  However, performance decay due to plasticization 

is a great obstacle for these membranes in industry.38-39  Many approaches have been introduced 
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for the suppression of plasticization of polyimides, including crosslinking,40-44 thermally 

rearranged polymers,45 polymer blending3, 46-47 and mixed-matrix membrane (MMM)48-49 

fabrication.   

Present study describes a compatibilization technique for immiscible polyimide blends.  A 

reactive small molecule compatibilizer was utilized to control the phase separation of these blends.  

Ultimately, one of the blends was converted into a miscible blend by adding a higher amount of 

the compatibilizer.  Membranes made from compatibilized polymer blends showed enhanced gas 

separation properties.  Moreover, once thermally crosslinked, the membrane derived from the 

miscible polymer blend exhibited enhanced plasticization resistance in comparison to other blends. 

4.3 Experimental 

4.3.1 Materials 

All the chemicals were used as received unless otherwise stated.  Dimethyl sulfoxide (DMSO)-

D6, N,N-dimethylacetamide (DMAc, anhydrous), 1-methyl-2-pyrrolidone (NMP, 99.8%), aniline 

(>99.5%), acetic anhydride (AcAn, >99%), triethyl amine (TEA, >99.5%), m-phenylenediamine 

(mPDA), 1,5-naphthalenediamine (NDA), and 3,5-diaminobenzoic acid (DABA, 98%) were 

purchased from Sigma Aldrich.  Aniline was purified by distillation and was stored in an air tight 

flask containing 4A molecular sieves.  NDA was purified using vacuum sublimation.  

Recrystallization (in water) was utilized to purify DABA.  (4,4’-hexafluoroisopropylidene) 

diphthalic anhydride (6FDA, 99%) was purchased from Alfa Aesar, and was purified using 

vacuum sublimation.  Methanol, tetrahydrofuran (THF, HPLC grade), potassium hydroxide 

(KOH) and benzoic acid were purchased from Fisher Scientific.  Xylenes (98.5%) was purchased 
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from EMD.  2,6-lutidine (>98%) was purchased from TCI.  6FDA and DABA were further dried 

at 105 oC in separate vacuum ovens for 24 h prior to use.  NMP, xylenes and 2,6-lutidine were 

dried using 4A molecular sieves prior to use.  

4.3.2 Polymer and Materials Synthesis 

Polymer synthesis 

Scheme 4.1 shows the general synthesis route for a polyimide.  In a typical synthesis, the 

dianhydride and diamine were first reacted at room temperature in dry NMP under N2 purge for 

24 h to obtain polyamic acid.  Then the polyamic acid was converted to the polyimide by thermal 

imidization at 195 oC.  In this step, xylenes were added to the reaction mixture to remove water by 

forming an azeotropic mixture.  Detailed synthesis procedure for 6FDABA is published 

elsewhere.50  Similar steps were followed for all other syntheses, except for the addition of 2,6-

lutidine in the first step as a deprotonation agent for DABA. 

Scheme 4.1. Synthesis route for polyimides 
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Polymer characterization 

6FDABA: Yield = 91%. 1H NMR (500 MHz, CD3COCD3), ppm; 7.94 (s, 2H), 8.02 (s, 1H), 8.06 

(d, 2H), 8.17 (d, 2H), and 8.32 (s, 2H).  Molecular weight from GPC (THF, refractive index (RI) 

detector); Mw = 160,300 Da, PDI = 1.74.  FTIR (ν, cm-1); 1784 (asym imide C=O, str), 1720 (sym 

imide C=O, str), 1350 (imide C-N, str), 3000-3500 (carb acid -OH, str). 

6FDAM: Yield = 88%. 1H NMR (500 MHz, CD3COCD3), ppm; 1.90 (s, 3H), 2.12 (s, 6H), 7.31 

(s, 1H), 7.91 (m, 4H), and 8.16 (d, 2H).  Molecular weight from GPC (THF, refractive index (RI) 

detector); Mw = 122,130 Da, PDI = 2.4.  FTIR (ν, cm-1); 1786 (asym imide C=O, str), 1720 (sym 

imide C=O, str), 1354 (imide C-N, str). 

6FMPDA: Yield = 89%. 1H NMR (500 MHz, CD3COCD3), ppm; 7.57 (m, 3H), 7.70 (t, 1H), 7.76 

(s, 2H), 7.95 (d, 2H), 8.18 (d, 2H). Molecular weight from GPC (THF, refractive index (RI) 

detector); Mw = 104,600 Da, PDI = 1.9.  FTIR (ν, cm-1); 1784 (asym imide C=O, str), 1720 (sym 

imide C=O, str), 1351 (imide C-N, str). 

6FNDA: Yield = 89%. 1H NMR (500 MHz, CDCl3), ppm; 7.53 (m, 2H), 7.65 (m, 2H), 7.83 (m, 

2H), 8.00 (m, 4H), 8.13 (m, 2H). Molecular weight from GPC (THF, refractive index (RI) 

detector); Mw = 99,760 Da, PDI = 2.2.  FTIR (ν, cm-1); 1784 (asym imide C=O, str), 1720 (sym 

imide C=O, str), 1353 (imide C-N, str). 

Materials synthesis 

Synthesis of 6FDA-Aniline (6FAn) 

First, 6FDA (1.000 g/2.25 mmol) was dissolved (in a glass vial) in 5 mL of THF by sonication 

and heat.  Next, a stoichiometric amount of distilled aniline (0.41 mL/4.50 mmol) was added to 

the vial containing 6FDA to obtain an amic acid (Scheme 4.2.), and the mixture was allowed to 
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react for 10 min at room temperature with stirring.  Then, a mixture of AcAn/TEA (0.85 mL/1.25 

mL, 9.00 mmol) was added into the amic acid solution to complete the reaction by chemical 

imidization.  After waiting for 1 h, the contents in the vial were poured into hexanes and left stirring 

for 12 h before separating the solid product by vacuum filtration.  The obtained product was further 

purified by recrystallization in water and the purity was confirmed using thin layer 

chromatography.  Finally, the chemical structure of 6FDA-Aniline was confirmed by 1H-NMR 

spectroscopy.  1H-NMR (500 MHz, CDCl3), ppm: 7.44 (m, 6H), 7.53 (t, 4H), 7.89  

(d, 2H), 7.93 (s, 2H), 8.05 (d, 2H).  

Scheme 4.2. Synthesis of 6FDA-Aniline 
 

 

Synthesis of 6FDA-Benzoic acid (6FBa) 

First, 6FDA (1.000 g/2.25 mmol) was added into 3 mL of THF in a glass vial and the solid was 

allowed to dissolve by heating.  Next, benzoic acid (0.550 g/4.50 mmol) was dissolved in 1 mL of 

THF in a separate vial, and this solution was added to the 6FDA solution.  After allowing 6FDA 

and benzoic acid to react for 12 h at room temperature, the contents were precipitated into hexanes.  

The gel like solid was then separated by rotary evaporation and was further purified by redissolving 

and reprecipitation.  Dried product was then characterized by 13C-NMR spectroscopy. 
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4.3.3 Membrane Fabrication 

Polymer blend membranes 

All membranes were cast using solution casting method.  First, identical masses of the two 

polymers (ex: 6FDABA and 6FNDA) were dissolved separately in DMAc (at 80 oC while stirring) 

to obtain 15 wt% solutions.  Next, the solutions were mixed by adding the second polymer (either 

6FNDA or 6FMPDA) solution into 6FDABA solution.  Then, the polymer blend solution was 

stirred at 1200 rpm for 30 min at 80 oC.  Thereafter, this solution was sonicated for 30 min at room 

temperature.  This was followed by stirring at 1200 rpm 30 min at 80 oC.  After that, the polymer 

blend solution was cast on a specialty glass substrate using an automatic film applicator (Sheen 

1133N) and a variable thickness doctor blade (thickness set to 500 µm).  The membranes were 

then dried under N2 purge using a custom built drying table at 50 oC to remove excess solvent.  

Membranes were then dried at 200 oC under vacuum for 24 h, after carefully peeling off from the 

glass substrate.  

Compatibilized polymer blend membranes 

This was done using the same procedure for polymer blend membranes reported above.  The 

small molecule compatibilizer was dissolved in 6FDABA solution prior to mixing two polymer 

solutions together.  The weight percentage (wt%) of the compatibilizer was determined using the 

ratio between “mass of compatibilizer” and “total mass of solids”.  From here on, membranes will 

be identified using the polymer composition and the weight percentage of compatibilizer in the 

membrane.  For example, a 6FDABA:6FDAM blend membrane containing 2wt% compatibilizer 

will be notated as 2CM-6FDABA:6FNDA.   
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Thermal crosslinking of membranes 

Membranes were thermally crosslinked at 400 oC for 2h to study the enhancement of 

plasticization resistance.  Membrane pieces were sandwiched between two clean silicon wafers 

before heating in a three-zone tube furnace (MTI OTF1200X-III) with programmable temperature 

controllers.  Membranes were then crosslinked under a flow of ultra-high purity N2 at a rate of 200 

cm3/min.  The furnace was programmed to reach 400 oC at a rate of 10 oC/min from room 

temperature.  After keeping the temperature constant at 400 oC for 2h, the furnace was allowed to 

cool down to room temperature naturally.   

4.3.4 Characterization of Polymers, Membranes and Other Materials 

Weight averaged molecular weights (Mw) of 6FDABA, 6FMPDA, 6FNDA were determined 

with a size exclusion chromatograph (Viscotek GPCmax VE2001) equipped with a RI detector 

(Viscotek TDA 302 and ViscoGEL I-MBHMW 3078 column).  Polystyrene standards (Polymer 

Laboratories) were used to calibrate the instrument with tetrahydrofuran (THF) mobile phase.  

Version 4.6 OmniSEC software was used to analyze data.  1H and 13C-NMR spectra of polymers 

and other materials were obtained using a Bruker III 500 MHz spectrometer.  Modulated 

differential scanning calorimetry (MDSC) was performed using a TA Instrument Q2000 DSC 

setup.  Water contact angles were determined using a Digital Scientific Corp. contact angle 

goniometer (Model OCA 15EC).  Scanning electron microscopy (SEM) of membrane cross-

sections were performed using a Zeiss SUPRA40 SEM equipped with an electron gun operating 

at 8 keV.  A sputter coater equipped with a gold/palladium target was used to apply a 3-4 Å 

conductive layer on the membrane cross-sections to avoid charging during SEM imaging.  Fourier-
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transform infrared (FTIR) spectra were collected using a Nicolet 360 FTIR spectrophotometer 

equipped with a single bounce attenuated total reflectance (ATR) attachment (diamond crystal). 

4.3.5 Gas Separation Performance of Membranes 

Single gas permeabilities 

Single gas permeabilities (at 35 oC and 5 bar) of membranes were determined using a 

previously reported custom-built permeameter.51   Gas separation performance were reproduced 

using two separate membranes for each case.  First, a membrane with known area and thickness 

was mounted inside a permeation cell.  Then, the entire permeameter setup was degassed for at 

least 12 h with the aid of a vacuum pump operating at a pressure of 1e-6 Bar.  Gas leak tests were 

performed before starting the permeation experiments for each membrane.  Leak rates less than 

1e-5 Bar/h were obtained throughout this study, and the leak rate values were used to calculate the 

permeability with more accuracy.  Upstream and downstream gas pressures were recorded using 

two pressure transducers placed in either side.  Upstream and downstream sides were degassed for 

6 h between each run of the same gas and before switching gasses to ensure accuracy.   Thickness 

and area of membrane, gradient of downstream pressure vs. time curve (at steady state), and 

upstream pressure were used to calculate permeability in barrer.  Ideal selectivities were 

determined using the ratio of permeability for each gas (CO2 and CH4).  

Plasticization studies 

A previously reported high pressure/high temperature permeameter52 was used to carry out the 

plasticization studies at pressures up to 30 Bar at 35 oC.  Degassing, leak rate testing and 

permeation studies were done in the same manner explained in above section.  Permeability (in 

Barrer) was determined using the slope of downstream pressure vs. time curve at the steady state. 
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4.4 Results and Discussion 

4.4.1 Morphology and Immiscibility of Compatibilized Polyimide Blends 

Membrane pieces were freeze-fractured inside liquid nitrogen to make cross-sections for SEM 

imaging.  Then, the membrane cross-sections were immersed in 1M KOH for 10 seconds to 

selectively extract 6FDABA.  Solubility of 6FDABA, 6FDAM, 6FMPDA, and 6FNDA in 1 M 

KOH was tested using membrane pieces of the same weight as well as the same volume of KOH 

as described in supporting information Figure 4.8.  It was found that only 6FDABA dissolves in 

1M KOH.  Therefore, 6FDABA can be selectively extracted from the polymer blend matrix, and 

this allows to analyze the membrane cross-sections for their morphological features with greater 

accuracy during SEM imaging.  Figure 4.1 shows the SEM images of cross-sections of a set of 

membranes fabricated in this work.  The compatibilizer (CM) used in these membranes was 6FDA.  

All the membranes except for 17CM-6FDABA:6FNDA exhibited matrix droplet phase separated 

morphology.  6FDABA constitutes the continuous matrix and other polyimides (6FDAM, 

6FMPDA) create the droplet phase in all the membranes except for 17CM-6FDABA:6FNDA.  

Histogram plots were constructed using the dispersed phase droplet sizes of each membrane and 

the results are shown in supporting information Figure 4.9.  Two separate SEM images of each 

membrane were used to obtain the droplet sizes for the histograms.  Average (d), standard 

deviation (SD) and percent relative standard deviation (%RSD) values for the droplet sizes are 

shown in table 4.1.  Percent RSD is a measure of uniformity of the droplet sizes and can be used 

to understand the compatibility of the blended polymers in a membrane.  Incorporating 6FDA 

significantly improved the compatibility of the polymers as inferred by the decreases in droplet 

sizes as well as %RSD.  Effect of the compatibilizer (6FDA) is more prominent in 
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6FDABA:6FNDA blend, as this blend became miscible after adding the compatibilizer (Figure 

4.1f).  On the other hand, 6FDABA:6FDAM and 6FDABA:6FMPDA membranes showed 

significant decreases in both average droplet sizes and %RSDs once compatibilized (Table 4.1).  

These observations can be attributed to the compatibilization induced by 6FDA in the polymer 

blends.  

Figure 4.1. SEM images of membrane cross-sections of, a-b. 0CM-6FDABA:6FDAM, c-d. 
6FDABA:6FMPDA, and e-f. 6FDABA:6FNDA. 6FDA (17wt%) was used as the compatibilizer 
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Table 4.1. Droplet size variation in polyimide blend membranes upon the addition of 
compatibilizer 

 

Compatibility of 6FDABA:6FNDA with varying CM concentration  

A series of membranes were fabricated using various concentrations of CM ranging from  

2 wt% to 9 wt%, to determine the minimum concentration of CM required to convert 

6FDABA:6FNDA into a miscible blend.  Figure 4.2 shows the SEM images of cross-sections of 

these membranes (Lower magnification images are shown in supporting information, Figure 4.11).  

Membrane cross-sections were made in the same manner described in section 4.4.1.  Droplet sizes 

of 6FNDA in each membrane was then analyzed to understand the effect of CM concentration on 

the morphology.  Table 4.2 summarizes the average, %RSD of 6FNDA droplet sizes.  Average 

6FNDA droplet sizes decreases gradually up to 5 wt% CM containing membrane, and at 9 wt% 

CM the membrane become completely miscible.  Interestingly, %RSD values also decrease with 

increasing CM concentration indicating enhanced compatibility of the two polymers at higher 

concentrations of CM.  

Membrane d (µm) SD (µm) % RSD 

0CM-6FDABA:6FDAM (Figure 1a) 5.86 2.56 43.7 

17CM-6FDABA:6FDAM (Figure 1b) 3.59 0.962 26.8 

0CM-6FDABA:6FMPDA (Figure 1c) 1.75 0.505 28.8 

17CM-6FDABA:6FMPDA (Figure 1d) 0.579 0.0600 10.4 

0CM-6FDABA:6FNDA (Figure 1e) 0.614 0.135 22.0 

17CM-6FDABA:6FNDA (Figure 1f) N/A N/A N/A 
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Figure 4.2. SEM images of 6FDABA:6FNDA membrane cross-sections with, a. 0 wt% CM, b. 2 
wt% CM, c. 5 wt% CM, and d. 9wt% CM. 

Table 4.2. 6FNDA Droplet size variation in 6FDABA:6FNDA blend membranes with different 
CM concentrations 

Membrane d (nm) SD (nm) % RSD 

0CM-6FDABA:6FNDA (Figure 2a) 614 135 22.0 

2CM-6FDABA:6FNDA (Figure 2b) 348 61 17.5 

5CM-6FDABA:6FNDA (Figure 2c) 213 34 16.0 

9CM-6FDABA:6FNDA (Figure 2d) N/A N/A N/A 
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Determination of glass transition temperatures to confirm miscibility of 6FDABA:6FNDA 

/

BC,E
= 	

F:

BC,:
+	

F#

BC,#
 Equation 1 

Modulated differential scanning calorimetry (MDSC) was carried out to confirm the 

miscibility of 17CM-6FDABA:6FNDA membrane using glass transition temperatures (Tg).  Fox 

equation53 (Equation 1) can be used to calculate the theoretical glass transition temperature of a 

miscible polymer blend (Tg,b) based on the Tgs (Tg,1 and Tg,2) and weight fractions (w1 and w2) of 

component polymers in the blend.  Figure 4.3 shows the MDSC curves corresponding to  

0CM-6FDABA:6FNDA (immiscible) and 17CM-6FDABA:6FNDA (miscible) polymer blend 

membranes.  MDSC allows the efficient detection of Tg when there are other overlapping 

phenomena such as phase transitions, crosslinking and crystallization.54-55  Thermal crosslinking 

of 6FDABA is also expected to occur at temperatures above 300 oC as we have reported 

Figure 4.3. MDSC curves of, a. 0CM-6FDABA:6FNDA and b. 17CM-6FDABA:6FNDA.  
Green lines were plotted using the minimum values of modulated heat vs temperature curves 

(purple lines).  Entire MDSC curves are shown in supporting information Figure 4.10. 
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previously.50  Two glass transitions were obtained for the immiscible 6FDABA:6FNDA blend, at 

~335 oC (6FDABA) and at ~390 oC (6FNDA).  These values are in agreement with previously 

reported glass transition temperatures of the two polymers (327 oC for 6FDABA50 and 392 oC for 

6FNDA56).  Equation 1 predicts 360.4 oC as the glass transition temperature for miscible polymer 

blend (using 335 oC and 390 oC as Tgs of components from Figure 4.3a), and this number is closer 

to the experimentally observed Tg (~370 oC) as shown in Figure 4.3b.   

4.4.2 Reactive compatibilization of polymer blends using CM 

It was hypothesized that CM (6FDA) improves the compatibility of the immiscible polymer 

blends by reacting with 6FDABA.  To confirm this, an experiment was carried out using 6FDA 

and benzoic acid as described in section 4.3.2.  Benzoic acid was chosen instead of 6FDABA to 

avoid interference from the imide carbonyl groups during the FTIR spectroscopy experiments.  

Possible mixed anhydride formation reaction is shown in scheme 4.3.57  Mixed anhydride 

formation was monitored using FTIR and 13C-NMR spectroscopies and the resulting spectrums 

are shown in Figure 4.4a-b and 4.4c respectively.  FTIR Peaks corresponding to asymmetric (1850  

cm-1) and symmetric (1775 cm-1) anhydride (6FDA) carbonyl stretching frequencies58 were greatly 

diminished in 6FBa as shown in Figure 4.4.  The peak corresponding to carboxylic acid carbonyl 

 stretching58 (1675 cm-1, benzoic acid) was also diminished upon the reaction.  On the other hand, 

two new peaks appeared at 1740 cm-1 and 1700 cm-1 which can be attributed to the acyclic  

Scheme 4.3. Mixed anhydride (6FBa) formation between 6FDA and benzoic acid 
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anhydride carbonyl stretching58 of 6FBa (Figure 4.4a).  A typical cyclic anhydride shows two -

CO-O-CO- stretching bands in 800-1300 cm-1 region.58  Figure 4.4b shows two peaks for 6FDA  

Figure 4.4. a-b. ATR-FTIR spectra, c. 13C-NMR spectra of 6FDA, benzoic acid and 6FBa 

at 1147 cm-1and 891 cm-1 which cannot be seen in 6FBa spectrum.  Instead, a new peak can be 

seen at 1207 cm-1 in the 6FBa FTIR spectrum which is attributed to the acyclic anhydride -CO-O-

CO- stretching.58  13C-NMR spectroscopy was utilized to identify the different carbonyl carbons 

present in 6FDA, benzoic acid and 6FBa (Figure 4.4c).  Neither carboxylic acid C=O (172.5 ppm) 

nor anhydride C=O (163.1) can be seen in the 13C-NMR spectrum of 6FBa.  Instead, three new 

peaks appear in the 13C-NMR spectrum of 6FBa at 168.2, 167.6 and 164.2, which can be assigned 

to the three carbonyl carbons in 6FBa.  Based on these observations, mixed anhydride formation 

can be justified as the pathway by which compatibilizer (6FDA) reacts with 6FDABA.   
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Theoretically, the percentage of -NH2 end groups in 6FDABA (Mw ~ 160300 g/mol, molar 

mass of repeat unit = 548.35 g/mol) is only 0.7% of the total number of reactive groups (for a 

single 6FDABA polymer chain, # -COOH = 160300/548.5 = 292, and # terminal -NH2 = 2).  

Therefore, the reaction between terminal amines and 6FDA is negligible when compared to the 

reaction between carboxylic acid and 6FDA.  The experiment carried out using varying CM 

concentration (section 4.4.1, Figure 4.2) can also be used to describe this phenomenon.  If only the 

terminal amine groups contribute for the compatibilization by reacting with 6FDA, improvements 

in the polymer compatibility cannot be expected as described earlier.  Terminal amine groups will 

require only a little amount of 6FDA to react.  For example, 0.1 g of 6FDABA will require only 

1.5 µmol 6FDA to react with all amine end groups.  Even a 2wt% CM containing membrane 

(2CM-6FDABA:6FNDA) will have excess 6FDA (9 µmol) compared to the terminal amine 

groups.  However, a clear improvement in polymer compatibility can be observed (Table 4.2), 

when the concentration of the compatibilizer is increased.  This can only be explained using the 

reaction between -COOH and 6FDA. Therefore, the contribution of amine end groups for the 

reactive compatibilization can be disregarded.   

Effect of 6FDA-Aniline (6FAn) on immiscible polymer blends 

Less reactive 6FAn was utilized to further confirm the reactive compatibilization of 6FDA.  

Unlike 6FDA, 6FAn doesn’t contain any reactive functionalities, which can react with -COOH 

groups in 6FDABA.  Figure 4.5 shows a comparison of SEM images of membrane cross-sections 

made with 17wt% 6FAn.  For comparison, membrane cross-sections with 17wt% 6FDA and 0wt% 

6FDA are also shown.  Average droplet sizes (d) for both 6FDA and 6FAn containing membranes 
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are summarized in table 4.3.  Clearly, 6FAn does not act as a compatibilizer.  In fact, larger and 

less uniform droplets were observed in 6FDABA:6FMPDA and 6FDABA:6FNDA once 

Figure 4.5. SEM images of membrane cross-section, a-c. 6FDABA:6FDAM, d-f. 
6FDABA:6FMPDA, g-i. 6FDABA:6FNDA. 

 6FAn was incorporated.  Overall, polymer blends become less compatible (right column in Figure 

4.5) with the incorporation of 6FAn in comparison to the polymer blends compatibilized with 

6FDA (middle column in Figure 4.5).  Therefore, the reactivity of the anhydride groups with -

COOH in 6FDABA is vital for the compatibilization of immiscible polyimide blends discussed in 

this work. 
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Table 4.3. Average domain sizes of membrane compatibilized with 6FDA and 6FAn 

Membrane d (µm) SD (µm) % RSD 

0CM-6FDABA:6FDAM  5.86 2.56 43.7 

17CM-6FDABA:6FDAM 3.59 0.962 26.8 

17 6FAn-6FDABA:6FDAM 4.23 2.11 49.9 

0CM-6FDABA:6FMPDA  1.75 0.505 28.8 

17CM-6FDABA:6FMPDA  0.579 0.0600 10.4 

17 6FAn-6FDABA:6FMPDA 2.36 0.788 33.4 

0CM-6FDABA:6FNDA  0.614 0.135 22.0 

17CM-6FDABA:6FNDA  N/A N/A N/A 

17 6FAn-6FDABA:6FNDA 1.34 0.33 24.6 

 

4.4.3 Interfacial surface tensions as a probe to understand the compatibilization of 

6FDABA:6FNDA 

Water contact angle (WCA) studies were utilized to understand the interfacial energy between 

the two polymers (6FDABA and 6FNDA) in compatibilized and non-compatibilized polymer 

blends.  Equation 2 can be used to estimate the surface tension of a solid polymer film (Ls) using 

water contact angle (θ) and surface tension of water (Lw).59-61  Constant ɸ can be defined using 

equation 3, which depends on molar volumes of the polymer (Vs) and water (Vw).  Calculations for 

molar volumes of 6FDABA, 6FNDA and water under ambient conditions are shown in supporting 

information section 4.6.1.  The ɸ values for 6FDABA and 6FNDA are 0.78 and 0.77, respectively.  

Interfacial tension (γ1,2) can be calculated using equation 4.  The constant, ɸ in equation 4 is similar 
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to the constant defined in equation 3 (All ɸ values are summarized in supporting information table 

4.7).  Molar volumes of two polymers (V1	and V2)	should be used instead of Vs	and Vw. 

γP = 	 γF
/+QRP % #

Sɸ	#
 Equation 2 

ɸ =
S U;UV

:/X

U;
:/X

+UV
:/X # Equation 3 

γ	/,1 = γ/ + γ1 − 2ɸ(γ/γ1)
//1  Equation 4   

Four separate membranes were fabricated to obtain WCA measurements.  This includes 

pristine 6FDABA and 6FNDA, 2CM-6FDABA (2wt% 6FDA in 6FDABA), and 9CM-6FDABA 

(9wt% 6FDA in 6FDABA).  Table 4.4 summarizes the water contact angles and surface tensions 

of these four membrane materials.  Supporting information Figure 4.12 shows the WCAs.  Surface 

tension of water under ambient conditions is 72.8 mNm-1.62  As expected 6FDABA displayed a 

higher surface tension (lower WCA) in comparison to 6FNDA which can be explained using the 

presence of more hydrophilic -COOH groups.  Remarkably, the incorporation of 6FDA into 

6FDABA decreased the surface tension.  In fact, 9CM-6FDABA demonstrated a surface tension 

similar to 6FNDA.  This can be explained using the hypothesized reaction between 6FDABA and 

6FDA shown in scheme 4.4.   
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Table 4.4. WCAs and surface tensions of membrane materials 

Membrane material WCA Ls	(mNm-1) 

6FDABA 54.1o ± 1.2o 75.3 

2CM-6FDABA* 60.2o ± 1.4o 67.0 

9CM-6FDABA* 66.4o ± 2.0o 58.7 

6FNDA 67.6o ± 1.1o 58.5 

Scheme 4.4. Hypothesized reaction between 6FDABA and 6FDA. 

 

During the mixed anhydride formation (similar to mixed anhydride formation described in 

section 4.4.2/scheme 4.3), -CF3 groups and -CO-O-CO- groups are added to 6FDABA polymer 

chains.  Addition of -CF3 groups increases the hydrophobicity as others have reported earlier.63-64  

However, -CO-O-CO- are hydrophilic, and at this point it is unclear how these accounts for the 

increase in hydrophobicity. 

Table 4.5 summarizes the interfacial tensions derived using equation 4 for 6FDABA:6FNDA 
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polymer blends with different amounts of 6FDA compatibilizer.  Interfacial tension can then be 

used to understand the compatibility of two materials as reported earlier.65-66  More compatible 

polymers results in lower interfacial tensions and vice versa.  Similar trends were observed for 

6FDABA:6FNA polymer blends as shown in table 4.5.  For example, 9CM-6FDABA:6FNDA 

polymer blend was found to be miscible as described in above sections, and it shows the lowest 

interfacial tension value.   

Table 4.5. Interfacial tension values for 6FDABA:6FNDA membranes 

Membrane material L1,2	(mNm-1) 

6FDABA/6FNDA 2.39 

2CM-6FDABA/6FNDA 1.54 

9CM-6FDABA/6FNDA 1.17 

4.4.3 Gas separation properties of polymer blend membranes 

CO2/CH4 separation performance of 6FDABA:6FNDA polymer blends 

Single gas permeabilities and gas pair selectivities for the membranes are summarized in table 

4.6.   6FDABA has a low CO2 permeability and unusually high CO2/CH4 selectivity.  Others have 

reported similar CO2 permselectivities for 6FDABA under similar testing conditions.67  6FDABA 

demonstrate the second lowest fractional free volume (0.145) among 40 different 6FDA- based 

polyimides, as reported by Shimazu, A. et al.68  Therefore, 6FDABA is expected to have very low 

gas permeabilities.  Staudt-Bickel, C. et al. reported a CO2/CH4 selectivity of 87 (3.7 bar, 35 oC) 

for ethylene glycol crosslinked 6FDABA with a CO2 permeability of 10.4 Barrer.  Unfortunately, 

they haven’t reported the permselectivities for pristine 6FDABA.  In general, crosslinking 
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improves the permeability of a polymer along with a decrease in selectivity,69-70 and one would 

expect pristine 6FDABA to have a CO2/CH4 selectivity of >87.  6FNDA, on the other hand, has 

relatively high CO2 permeability along with a moderate CO2/CH4 selectivity.  Similar gas 

permselectivities for 6FNDA have also been reported previously.71   

Table 4.6. Pure gas permeabilities and ideal selectivities of membranes 

Membrane P-CO2 

(Barrer)* 

P-CH4 

(Barrer)* 

α (CO2/CH4) 

6FDABA 5.0 ± 0.3 0.036 ± 0.003 140.3 ± 1.2 

6FNDA 53.5 ± 3.0 0.78 ± 0.03 68.2 ± 1.7 

0CM-6FDABA:6FNDA 32.8 ± 1.3 0.33 ± 0.01 99.7 ± 8.3 

2CM-6FDABA:6FNDA 40.4 ± 0.8 0.34 ± 0.02 117.1 ± 4.9 

9CM-6FDABA:6FNDA 12.5 ± 0.4 0.14 ± 0.04 95.4 ± 21.8 

9CM-6FDABA:6FNDA (Theoretical) 17.5**  0.184** 95.1** 

* Tested at 35 oC and 5 bar feed pressure 
** Calculated using equation 5 

Immiscible polymer blend membranes (0CM-6FDABA:6FNDA and 2CM-6FDABA:6FNDA) 

show intermediate permeabilities and selectivities in comparison to 6FDABA and 6FNDA.  

Morphological illustrations of these two membranes shown in Figure 4.6a & b can be utilized to 

clearly explain the gas permselectivities.  SEM images of the two membranes are shown below 

the illustrations for comparison.  Theoretically, permeability can be related to how fast gas 

molecules pass through a unit length (t) of the membrane.  For example, CO2 is smaller and move 

easily through the membrane in comparison to larger CH4.  The morphology of an immiscible 

polymer blend defines how fast gas molecules pass through the membrane.  This can be described 
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using two variables, the distance between two droplets (dn), and the number of passages of the 

selective/permeable polymer parallel to the direction of gas transport (fn).  Shorter dn propmotes 

fast gas diffusion and higher fn promotes high selectivity.  Ideally, d1>d2 and f1<f2 for the two  

Figure 4.6. Morphological illustration of membrane cross-sections,  
a & c. 0CM-6FDABA:6FNDA, b-d. 0CM-6FDABA:6FNDA 

 
membranes.  Therefore, gasses will pass easily through 2CM-6FDABA:6FNDA, which results in 

slightly higher CO2 permeability (40.4 Barrer) in comparison to 0Cm-6FDABA:6FNDA (32.8 

Barrer).  Further, the selectivity of 2CM-6FDABA:6FNDA is greater, because this membrane 

contains relatively more selective passages per unit length (f2>f1).  In other words, these passages 

possibly act as a set of selective membranes combined in series to enhance the overall selectivity 
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of the membrane.     

Permeabilities of a miscible polymer blend can be predicted using equation 5 which utilizes 

the pure gas permeabilities (P1, P2) and volume fractions in the blend (V1, V2) of two polymers.  

The predicted permeabilities and selectivity are in good agreement with slight variations as shown 

in table 4.6.  Ignoring the effect of CM (6FDA) in the calculation of permeabilities can be a 

possible reason for this variation.   

Z[-\ = ]/Z[-/ + ]1Z[-1 Equation 5 

4.4.3 Enhancement of plasticization resistance using thermal crosslinking of polymer blend 

membranes 

6FDABA is a thermally crosslinkable polymer at the temperatures above 350 oC, as we have 

described in previous work.50  Hypothesized crosslinking mechanism is shown in scheme 4.5.  

Membranes were thermally crosslinked to study the plasticization behavior.  Supporting Figure 

4.13 summarizes the FTIR spectra of pristine and thermally treated membranes.  6FDABA 

containing membranes showed changes in the FTIR spectra after thermal treatment.  The intensity 

of broad IR peak centered around 2750 cm-1, which arises from the -OH stretching in -COOH 

groups decreases after the thermal crosslinking.  In addition, a new peak (~1494 cm-1) can be seen  

Scheme 4.5. Hypothesized crosslinking mechanism of –COOH containing polymers, which 
produce biphenyl linkages.50 
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in the crosslinked membranes, which corresponds to the biphenyl linkages.50  However, pristine 

6FNDA did not show any change after heating at 400 oC for 2h according to the FTIR spectrum 

(Figure 4.13).  Pure gas permeabilities measured at 35 oC and 5 bar feed pressure are summarized 

in supporting information table 4.9.  Both CO2 and CH4 permeabilities increased after thermal 

treatment while selectivities decreased for some extent.  Others have also observed similar trends 

after thermally crosslinking -COOH containing polyimide membranes.41, 72 

  
 

Figure 4.7. Variation of CO2 permeability and CO2/CH4 selectivity with increasing feed pressure, 
a & c. pristine membranes, b & d. crosslinked membranes. 

 
Plasticization of the crosslinked membranes were studied by monitoring pure gas CO2 and CH4 

permeability with increasing feed pressure up to 30 bar at 35 oC.  The results are summarized in 

0

10

20

30

40

50

60

70

0 10 20 30

6FNDA Pristine 6FDABA
Pristine 2CM-6FDABA:6FNDA Pristine 9CM-6FDABA:6FNDA

40

60

80

100

120

140

160

0 10 20 30

15

25

35

45

55

65

75

0 10 20 30

Crosslinked 6FDABA Crosslinked 2CM-6FDABA:6FNDA
Crosslinked 9CM-6FDABA:6FNDA

40
45
50
55
60
65
70
75
80

0 10 20 30

CO
2

pe
rm

ea
bi

lit
y 

(B
ar

re
r)

CO
2

pe
rm

ea
bi

lit
y 

(B
ar

re
r)

CO
2/

CH
4

se
le

ct
iv

ity

CO
2/

CH
4

se
le

ct
iv

ity

Feed pressure (bar) Feed pressure (bar)

Feed pressure (bar)Feed pressure (bar)

a b

c d



 

116 

 

Figure 4.7, Figure 4.14 (supporting information), and tables 4.10/4.11.  Thermally treated 6FNDA 

did not show any significant change in terms of pure gas permeabilities or plasticization pressure 

during this experiment.  Plasticization point (minimum point of permeability vs. feed pressure plot) 

for each membrane is shown with a black arrowhead.  All pristine membranes (Figure 4.7 a & c) 

showed the minimum at 10 bar except for 2CM-6FDABA:6FNDA (15 bar).  Overall, plasticization 

resistance improved for the crosslinked membranes.  Remarkably, crosslinked 9CM-

6FDABA:6FNDA showed enhanced plasticization resistance (20 bar) over crosslinked 2CM-

6FDABA:6FNDA (15 bar), which can be attributed to the additional stability provided by the 

miscible polymer blend over the immiscible polymer blend.  In addition, crosslinked membranes 

showed more stable CO2/CH4 separation selectivities in comparison to pristine membranes, in the 

feed pressure range we used.  Pristine membranes showed a decreasing trend for CO2/CH4 

selectivity especially at higher feed pressures, which proves their poor plasticization resistances.  

Crosslinked 9CM-6FDABA:6FNDA not only showed highest CO2/CH4 selectivity values among 

the crosslinked membranes, but also displayed the least variation in CO2/CH4 selectivity.  This can 

also be attributed to the additional stability provided by the miscibility of 6FDABA and 6FNDA. 

4.5 Conclusions 

Four different polyimides were synthesized (6FDABA, 6FDAM, 6FMPDA, 6FNDA) in order 

to study the behavior of blends of these.  Blends of 6FDAM, 6FMPDA and 6FNDA with 6FDABA 

were immiscible, which showed matrix-droplet morphology.  Upon the addition of 17 wt% of 

6FDA as a compatibilizer, these polymer blends became more compatible.  In fact, 

6FDABA:6FNDA blend became miscible.  However, at low 6FDA concentrations (2-5 wt%), 

6FDABA:6FNDA polymer blend showed phase separated morphology.  Miscibility of 6FDABA 



 

117 

 

and 6FNDA was confirmed using SEM image analysis and modulated DSC.  Based on FTIR and 

13C-NMR spectroscopy, it can be concluded that 6FDA acts as a reactive compatibilizer during 

the compatibilization.  6FDA reacts with the -COOH groups in 6FDABA to form mixed 

anhydrides.  During this reaction, relatively hydrophobic 6FDABA is resulted, which was 

confirmed using water contact angle measurements of thin polymer films.  The increased 

hydrophobicity is believed to be resulted from the additional low surface energy provided from 

the -CF3 groups (in 6FDA) incorporated onto 6FDABA polymer backbone.  Interfacial tensions 

between the two polymers (6FDABA and 6FNDA) decreased with increasing 6FDA 

compatibilizer concentration.  Lower interfacial tensions resulted more compatible polymer 

blends.  Morphology of polymer blends can be used to understand the CO2/CH4 separation 

properties of them.  More compatible immiscible polymer blend exhibited higher permeability and 

selectivity because of its unique morphology.  On the other hand, gas permeability and selectivity 

for the miscible polymer blend were in good agreement with the predicted theoretical values.  

Thermal crosslinking enhanced the plasticization resistance of polymer membranes.  Further, the 

miscible polymer blend exhibited superior plasticization resistance in comparison to the 

immiscible polymer blend.   
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4.6 Appendix C: Supporting Information 

 

Figure 4.8. Solubility of polyimides in 1 M KOH: vial a-6FDABA, b-6FDAM, c-6FMPDA,  
d-6FNDA.  Time at which the picture was taken is shown in top left on each Figure 

Figure 4.9. Histograms showing the droplet size distributions of, a. 6FDABA:6FDAM,  
b. 6FDABA:6FMPDA, and c. 6FDABA:6FNDA. 

t = 0 min t = 2 min 

t = 5 min t = 60 min 
a b c d a b c d

0
20
40
60
80

100

0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5

%
 o

f d
om

ai
ns

Droplet size (µm)

a

b

c

0
20
40
60
80

100

0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5

0
20
40
60
80

0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5

17 wt% CM 0 wt% CM



 

119 

 

 

Figure 4.10. MDSC curves of, a. 0CM-6FDABA:6FNDA and b. 17CM-6FDABA:6FNDA. 

 

Figure 4.11. SEM images of 6FDABA:6FNDA membrane cross-sections with different CM 
concentrations 
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4.6.1 Molar volumes (V’) of 6FDABA, 6FNDA and water at ambient conditions 

M – molar mass (for polymers the molar mass of repeat unit is used) 

ρ – density of the material 

]` =
a

b	
  Equation 6 

Table 4.7. Molar volumes 

Material M (g/mol) ρ	(g/cm3) V’	(cm3/mol) 

Water 18.02 1.00 18.0 

6FDABA 548.35 1.51 363 

6FNDA 566.41 1.32 429 

 

Table 4.8. ɸ values  

Interface ɸ 

Water/6FDABA 0.78 

Water/6FNDA 0.77 

6FDABA/6FNDA 0.99 
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Figure 4.12. Water contact angles of materials 

 

 
Figure 4.13. FTIR spectra of pristine and crosslinked/thermally treated membranes. 

The shaded region shows the IR peak (~1494 cm-1), which corresponds to the biphenyl linkages 
in crosslinked 6FDABA containing membranes. 
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Table 4.9. Pure gas permeabilities and ideal selectivities of crosslinked membranes 

Membrane P-CO2 

(Barrer)* 

P-CH4 

(Barrer)* 

α (CO2/CH4) 

6FDABA 21.4 ± 1.2 0.47 ± 0.03 45.6 ± 0.2 

6FNDA 56.7 ± 0.6 0.82 ± 0.02 68.8 ± 2.5 

0CM-6FDABA:6FNDA 60.8 ± 5.7 0.99 ± 0.13 61.9 ± 2.6 

2CM-6FDABA:6FNDA 63.0 ± 4.7 0.98 ± 0.01 64.3 ± 5.8 

9CM-6FDABA:6FNDA 41.6 ± 3.8 0.58 ± 0.04 71.7 ± 1.3 

* Tested at 35 oC and 5 bar feed pressure 

 

Figure 4.14. Variation of CH4 permeability with increasing feed pressure, a. pristine membranes, 
b. crosslinked membranes 
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Table 4.10. Variation of permeability (CO2, CH4) and selectivity (CO2/CH4) with feed pressure 
for pristine membranes 

Pressure 

(bar) 

6FDABA 6FNDA 2CM-

6FDABA:6FNDA 

9CM-

6FDABA:6FNDA 

P*-

CO2 

P*-

CH4 

α P*-

CO2 

P*-

CH4 

α P*-

CO2 

P*-

CH4 

α P*-

CO2 

P*-

CH4 

α 

1 5.0 0.041 122.0 60.5 0.81 74.7 43.3 0.40 108.3 14.1 0.12 117.5 

5 4.8 0.034 141.2 51.4 0.76 67.6 39.8 0.33 120.6 12.2 0.11 110.9 

10 4.0 0.030 133.3 43.3 0.71 61.0 34.3 0.21 163.3 10.3 0.10 103.0 

15 4.5 0.029 155.2 43.9 0.77 57.0 32.2 0.40 80.5 13.5 0.10 135.0 

20 5.8 0.038 152.6 46.1 0.89 51.8 39.6 0.63 62.9 16.1 0.18 89.4 

25 7.9 0.055 143.6 46.8 0.88 53.2 48.3 0.81 59.6 27.3 0.28 97.5 

30 9.4 0.067 140.3 49.7 0.93 53.4 63.3 1.10 57.5 38.9 0.41 94.9 

* Pure gas permeability at 35 oC  
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Table 4.11. Variation of permeability (CO2, CH4) and selectivity (CO2/CH4) with feed pressure 
for crosslinked/thermally treated membranes 

Pressure 

(bar) 

6FDABA 6FNDA 2CM-

6FDABA:6FNDA 

9CM-

6FDABA:6FNDA 

P*-

CO2 

P*-

CH4 

α P*-

CO2 

P*-

CH4 

α P*-

CO2 

P*-

CH4 

α P*-

CO2 

P*-

CH4 

α 

1 22.8 0.51 44.7 61.3 0.82 74.8 63.2 1.0 63.2 40.0 0.67 59.7 

5 22.1 0.49 45.1 52.0 0.79 65.8 59.6 0.99 60.2 38.9 0.55 70.7 

10 20.5 0.47 43.6 43.2 0.74 58.4 55.2 0.95 58.1 35.3 0.51 69.2 

15 19.8 0.40 49.5 43.5 0.77 56.5 52.9 0.90 58.8 32.1 0.46 69.8 

20 19.0 0.39 48.7 46.8 0.86 54.4 53.6 0.88 60.9 30.0 0.41 73.2 

25 21.0 0.41 51.2 47.7 0.89 53.6 61.6 1.0 61.6 31.1 0.47 66.2 

30 22.1 0.48 46.0 51.0 0.95 53.7 70.0 1.3 53.8 33.9 0.50 67.8 

* Pure gas permeability at 35 oC  

 

 

 

 

 

 



 

125 

 

4.7 References 

1. Markovic, G.; Visakh, P. M. 1 - Polymer blends: State of art. In Recent Developments in 
Polymer Macro, Micro and Nano Blends, Visakh, P. M.; Markovic, G.; Pasquini, D., Eds. 
Woodhead Publishing: 2017; p 1-15. 
 
2. Paul, D. R. Polymer blends. Elsevier: 2012; Vol. 1. 
 
3. Yong, W. F.; Chung, T.-S. Miscible blends of carboxylated polymers of intrinsic microporosity 
(cPIM-1) and Matrimid. Polymer 2015, 59, 290-297. 
 
4. Robeson, L. Historical Perspective of Advances in the Science and Technology of Polymer 
Blends. Polymers 2014, 6 (5). 
 
5. Robeson, L. M., Polymer Blends: A Comprehensive Review. 1st ed.; Hanser: Cincinnati, 2007. 
 
6. Panapitiya, N.; Wijenayake, S.; Nguyen, D.; Karunaweera, C.; Huang, Y.; Balkus, K.; 
Musselman, I.; Ferraris, J. Compatibilized immiscible polymer blends for gas separations. 
Materials 2016, 9 (8), 643. 
 
7. Panapitiya, N. P.; Wijenayake, S. N.; Huang, Y.; Bushdiecker, D.; Nguyen, D.; Ratanawanate, 
C.; Kalaw, G. J.; Gilpin, C. J.; Musselman, I. H.; Balkus Jr, K. J. Stabilization of immiscible 
polymer blends using structure directing metal organic frameworks (MOFs). Polymer 2014, 55 
(8), 2028-2034. 
 
8. Panapitiya, N. P.; Wijenayake, S. N.; Nguyen, D. D.; Huang, Y.; Musselman, I. H.; Balkus Jr, 
K. J.; Ferraris, J. P. Gas separation membranes derived from high-performance immiscible 
polymer blends compatibilized with small molecules. ACS Appl. Mater. Inter.  2015, 7 (33), 
18618-18627. 
 
9. Feng, H.; Lu, X.; Wang, W.; Kang, N.-G.; Mays, W. J. Block Copolymers: Synthesis, Self-
Assembly, and Applications. Polymers 2017, 9 (10). 
 
10. Kim, H.-C.; Park, S.-M.; Hinsberg, W. D. Block Copolymer Based Nanostructures: Materials, 
Processes, and Applications to Electronics. Chem. Rev. 2010, 110 (1), 146-177. 
 
11. Burns, R. L.; Koros, W. J. Structure−Property Relationships for Poly(pyrrolone-imide) Gas 
Separation Membranes. Macromolecules 2003, 36 (7), 2374-2381. 
 
12. Fu, S.; Sanders, E. S.; Kulkarni, S. S.; Koros, W. J. Carbon molecular sieve membrane 
structure–property relationships for four novel 6FDA based polyimide precursors. J. Membr. Sci. 
2015, 487, 60-73. 
 



 

126 

 

13. Qiu, W.; Chen, C.-C.; Xu, L.; Cui, L.; Paul, D. R.; Koros, W. J. Sub-TgCross-Linking of a 
Polyimide Membrane for Enhanced CO2Plasticization Resistance for Natural Gas Separation. 
Macromolecules 2011, 44 (15), 6046-6056. 
 
14. Zhuang, G.-L.; Wey, M.-Y.; Tseng, H.-H. Effect of copolymer microphase-separated 
structures on the gas separation performance and aging properties of SBC-derived membranes. J. 
Membr. Sci. 2017, 529, 63-71. 
 
15. Bütün, V.; Liu, S.; Weaver, J. V. M.; Bories-Azeau, X.; Cai, Y.; Armes, S. P. A brief review 
of ‘schizophrenic’ block copolymers. React. Funct. Polym. 2006, 66 (1), 157-165. 
 
16. Arriola, D. J.; Carnahan, E. M.; Hustad, P. D.; Kuhlman, R. L.; Wenzel, T. T. Catalytic 
Production of Olefin Block Copolymers via Chain Shuttling Polymerization. Science 2006, 312 
(5774), 714. 
 
17. Kim, E.; Lee, S.; Woo, S.; Park, S.-H.; Yim, S.-D.; Shin, D.; Bae, B. Synthesis and 
characterization of anion exchange multi-block copolymer membranes with a fluorine moiety as 
alkaline membrane fuel cells. J. Power Sources 2017, 359, 568-576. 
 
18. Lee, J. H.; Jung, J. P.; Jang, E.; Lee, K. B.; Kang, Y. S.; Kim, J. H. CO2-philic PBEM-g-POEM 
comb copolymer membranes: Synthesis, characterization and CO2/N2 separation. J. Membr. Sci. 
2016, 502, 191-201. 
 
19. Ratta, V., POLYIMIDES: chemistry & structure-property relationships–literature review. 
Virginia Plytechnic Institute 1999. 
 
20. Ardashnikov, A. Y.; Kardash, I. Y.; Pravednikov, A. N. The nature of the equilibrium in the 
reaction of aromatic anhydrides with aromatic amines and its role in synthesis of polyimides. 
Polymer Science U.S.S.R. 1971, 13 (8), 2092-2100. 
 
21. Niaounakis, M. Chapter 3 - Blending. In Biopolymers: Processing and Products, Niaounakis, 
M., Ed. William Andrew Publishing: Oxford, 2015; p 117-185. 
 
22. Isayev, A. I.; Palsule, S. Encyclopedia of polymer blends, Volume 2: Processing. John Wiley 
& Sons: 2011; Vol. 2. 
 
23. Albertsson, A.-C.; Liu, Y. Comparison Between Physical Blending and Copolymerization of 
Poly(Trimethylene Carbonate) and Poly(Adipic Anhydride) with Special Regard to Compatibility, 
Morphology and Degradation. J. Macromol. Sci. A 1997, 34 (8), 1457-1482. 
 
24. Mannan, H. A.; Mukhtar, H.; Murugesan, T.; Nasir, R.; Mohshim, D. F.; Mushtaq, A. Recent 
Applications of Polymer Blends in Gas Separation Membranes. Chem. Eng. Technol. 2013, 36 
(11), 1838-1846. 
 



 

127 

 

25. Robeson, L. M. Polymer Blends in Membrane Transport Processes. Ind. Eng. Chem. Res.  
2010, 49 (23), 11859-11865. 
 
26. Holt, C. J.; Vizuet, J. P.; Musselman, I. H.; Balkus, K.; Ferraris, J. P. Polymer Blend 
Membranes for Gas Separations. World Scientific Series in Membrane Science and Technology: 
Biological and Biomimetic Applications, Energy and the Environment 2016, 195-242. 
 
27. Mosleh, S.; Mozdianfard, M.; Hemmati, M.; Khanbabaei, G. Synthesis and characterization of 
rubbery/glassy blend membranes for CO 2/CH 4 gas separation. J. Polym. Res. 2016, 23 (6), 120. 
 
28. Moon, J. D.; Bridge, A. T.; D'Ambra, C.; Freeman, B. D.; Paul, D. R. Gas separation properties 
of polybenzimidazole/thermally-rearranged polymer blends. J. Membr. Sci. 2019. 
 
29. Trifkovic, M.; Hedegaard, A.; Huston, K.; Sheikhzadeh, M.; Macosko, C. W. Porous Films via 
PE/PEO Cocontinuous Blends. Macromolecules 2012, 45 (15), 6036-6044. 
 
30. Xu, Y.; Thurber, C. M.; Lodge, T. P.; Hillmyer, M. A. Synthesis and Remarkable Efficacy of 
Model Polyethylene- graft -poly(methyl methacrylate) Copolymers as Compatibilizers in 
Polyethylene/Poly(methyl methacrylate) Blends.  Macromolecules 2012, 45 (24), 9604-9610. 
 
31. Mickiewicz, R. A.; Ntoukas, E.; Avgeropoulos, A.; Thomas, E. L. Phase Behavior of Binary 
Blends of High Molecular Weight Diblock Copolymers with a Low Molecular Weight Triblock. 
Macromolecules 2008, 41 (15), 5785-5792. 
 
32. Gubbels, F.; Jerome, R.; Teyssie, P.; Vanlathem, E.; Deltour, R.; Calderone, A.; Parente, V.; 
Bredas, J. L. Selective Localization of Carbon Black in Immiscible Polymer Blends: A Useful 
Tool To Design Electrical Conductive Composites. Macromolecules 1994, 27 (7), 1972-1974. 
 
33. Kwon, T.; Kim, T.; Ali, F. b.; Kang, D. J.; Yoo, M.; Bang, J.; Lee, W.; Kim, B. J. Size-
Controlled Polymer-Coated Nanoparticles as Efficient Compatibilizers for Polymer Blends. 
Macromolecules 2011, 44 (24), 9852-9862. 
 
34. Huang, Y. Immiscible polymer blend membranes for high pressure, high temperature H2/CO2 
separation. Ph.D. Dissertation, The University of Texas at Dallas, Richardson,TX, 2016. 
 
35. Ferraris, J. P.; Panapitiya, N.; Wijenayake, S.; Musselman, I. H.; Karunaweera, C.; Balkus Jr, 
K. J. Compatibilized immiscible polymer blends and molecular sieve membranes thereof. 
US10046284B2: August 14, 2018. 
 
36. Yi, L.; Huang, W.; Yan, D. Polyimides with side groups: Synthesis and effects of side groups 
on their properties. J. Polym. Sci. Pol. Chem. 2016, 55 (4), 533-559. 
 



 

128 

 

37. Favvas, E. P.; Katsaros, F. K.; Papageorgiou, S. K.; Sapalidis, A. A.; Mitropoulos, A. C. A 
review of the latest development of polyimide based membranes for CO 2 separations. React. 
Funct. Poly. 2017, 120, 104-130. 
 
38. Bos, A.; Pünt, I. G. M.; Wessling, M.; Strathmann, H. CO2-induced plasticization phenomena 
in glassy polymers. J. Membr. Sci. 1999, 155 (1), 67-78. 
 
39. Chiou, J. S.; Barlow, J. W.; Paul, D. R. Plasticization of glassy polymers by CO2. J. Appl. 
Polym. Sci. 1985, 30 (6), 2633-2642. 
 
40. Zhang, C.; Li, P.; Cao, B. Decarboxylation crosslinking of polyimides with high CO2/CH4 
separation performance and plasticization resistance. J. Membr. Sci. 2017, 528, 206-216. 
 
41. Zhang, C.; Cao, B.; Li, P. Thermal oxidative crosslinking of phenolphthalein-based cardo 
polyimides with enhanced gas permeability and selectivity. J. Membr. Sci. 2018, 546, 90-99. 
 
42. Kratochvil, A. M.; Koros, W. J. Decarboxylation-Induced Cross-Linking of a Polyimide for 
Enhanced CO 2 Plasticization Resistance. Macromolecules 2008, 41 (21), 7920-7927. 
 
43. Tin, P. S.; Chung, T. S.; Liu, Y.; Wang, R.; Liu, S. L.; Pramoda, K. P. Effects of cross-linking 
modification on gas separation performance of Matrimid membranes. J. Membr. Sci.  2003, 225 
(1), 77-90. 
 
44. Shao, L.; Chung, T.-S.; Goh, S. H.; Pramoda, K. P. Polyimide modification by a linear aliphatic 
diamine to enhance transport performance and plasticization resistance. J. Membr. Sci. 2005, 256 
(1), 46-56. 
 
45. Gleason, K. L.; Smith, Z. P.; Liu, Q.; Paul, D. R.; Freeman, B. D. Pure- and mixed-gas 
permeation of CO2 and CH4 in thermally rearranged polymers based on 3,3′-dihydroxy-4,4′-
diamino-biphenyl (HAB) and 2,2′-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride 
(6FDA). J. Membr. Sci. 2015, 475, 204-214. 
 
46. Kapantaidakis, G. C.; Kaldis, S. P.; Dabou, X. S.; Sakellaropoulos, G. P. Gas permeation 
through PSF-PI miscible blend membranes. J. Membr. Sci. 1996, 110 (2), 239-247. 
 
47. Bos, A.; Pünt, I.; Strathmann, H.; Wessling, M. Suppression of gas separation membrane 
plasticization by homogeneous polymer blending. AIChE J. 2001, 47 (5), 1088-1093. 
 
48. Zhuang, G.-L.; Tseng, H.-H.; Uchytil, P.; Wey, M.-Y. Enhancing the CO2 plasticization 
resistance of PS mixed-matrix membrane by blunt zeolitic imidazolate framework. J. CO2 Util. 
2018, 25, 79-88. 
 
49. Shahid, S.; Nijmeijer, K. Performance and plasticization behavior of polymer–MOF 
membranes for gas separation at elevated pressures. J. Membr. Sci. 2014, 470, 166-177. 



 

129 

 

 
50. Karunaweera, C.; Musselman, I. H.; Balkus, K. J.; Ferraris, J. P. Fabrication and 
characterization of aging resistant carbon molecular sieve membranes for C3 separation using high 
molecular weight crosslinkable polyimide, 6FDA-DABA. J. Membr. Sci. 2019, 581, 430-438. 
 
51. Reid, B. D.; Ruiz-Trevino, F. A.; Musselman, I. H.; Balkus, K. J.; Ferraris, J. P. Gas 
permeability properties of polysulfone membranes containing the mesoporous molecular sieve 
MCM-41. Chem. Mater. 2001, 13 (7), 2366-2373. 
 
52. Perez, E. V.; Kalaw, G. J. D.; Ferraris, J. P.; Balkus, K. J.; Musselman, I. H. Amine-
functionalized (Al) MIL-53/VTEC™ mixed-matrix membranes for H2/CO2 mixture separations 
at high pressure and high temperature. J. Membr. Sci. 2017, 530, 201-212. 
 
53. Fox, T. Influence of Diluent and Copolymer Composition on the Glass Temperature of a 
Polymer System. Bull. Am. Phys. Soc. 1956, 1, 123. 
 
54. Dollimore, D.; Phang, P., Thermal Analysis. Anal. Chem. 2000, 72 (12), 27-36. 
 
55. Hutchinson, J. M.; Montserrat, S. The application of temperature-modulated DSC to the glass 
transition region: II. Effect of a distribution of relaxation times. Thermochim. Acta 2001, 377 (1), 
63-84. 
 
56. Husk, G. R.; Cassidy, P. E.; Gebert, K. L. Synthesis and characterization of a series of 
polyimides derived from 4, 4'-[2, 2, 2-trifluoro-1-(trifluoromethyl) ethylidene] bis [1, 3-
isobenzofurandione]. Macromolecules 1988, 21 (5), 1234-1238. 
 
57. Montiel-Smith, S.; Meza-Reyes, S.; Viñas-Bravo, O.; Fernández-Herrera, M. A.; Martínez-
Pascual, R.; Sandoval-Ramírez, J.; Fuente, A.; Reyes, M.; Ruiz, J. A. In situ preparation of mixed 
anhydrides containing the trifluoroacetyl moiety. Application to the esterification of cholesterol 
and phenol. Arkivoc 2005, 6, 127-135. 
 
58. Silverstein, R. M.; Webster, F. X.; Kiemle, D. J.; Bryce, D. L. Spectrometric identification of 
organic compounds. John wiley & sons: 2014. 
 
59. Girifalco, L.; Good, R. J. A theory for the estimation of surface and interfacial energies. I. 
Derivation and application to interfacial tension. J. Phys. Chem.-US 1957, 61 (7), 904-909. 
 
60. Massachusetts Institute of Technology. Surface Tension of Polymers. 
http://web.mit.edu/nnf/education/wettability/summerreading-2005short.pdf (accessed June 20, 
2019) 
 
61. Żenkiewicz, M. Methods for the calculation of surface free energy of solids. Journal of 
Achievements in Materials and Manufacturing Engineering 2007, 24 (1), 137-145. 
 



 

130 

 

62. Dufour, R.; Harnois, M.; Thomy, V.; Boukherroub, R.; Senez, V. Contact angle hysteresis 
origins: Investigation on super-omniphobic surfaces. Soft Matter 2011, 7 (19), 9380-9387. 
 
63. Chapman, T. M.; Benrashid, R.; Gribbin, K. L.; Keener, J. P. Determination of Low Critical 
Surface Energies of Novel Fluorinated Poly(amide urethane) Block Copolymers. 1. Fluorinated 
Side Chains. Macromolecules 1995, 28 (1), 331-335. 
 
64. Guangming, G.; Juntao, W.; Yong, Z.; Jingang, L.; Xu, J.; Lei, J. A novel fluorinated polyimide 
surface with petal effect produced by electrospinning. Soft Matter 2014, 10 (4), 549-552. 
 
65. Anastasiadis, S. H.; Gancarz, I.; Koberstein, J. T. Compatibilizing effect of block copolymers 
added to the polymer/polymer interface. Macromolecules 1989, 22 (3), 1449-1453. 
 
66. Rohde, B. J.; Culp, T. E.; Gomez, E. D.; Ilavsky, J.; Krishnamoorti, R.; Robertson, M. L. 
Nanostructured Thermoset/Thermoset Blends Compatibilized with an Amphiphilic Block 
Copolymer. Macromolecules 2019, 52 (8), 3104-3114. 
 
67. Park, S.-H.; Kim, K.-J.; So, W.-W.; Moon, S.-J.; Lee, S.-B. Gas separation properties of 6FDA-
based polyimide membranes with a polar group. Macromol. Res. 2003, 11 (3), 157-162. 
 
68. Shimazu, A.; Miyazaki, T.; Maeda, M.; Ikeda, K. Relationships between the chemical 
structures and the solubility, diffusivity, and permselectivity of propylene and propane in 6FDA-
based polyimides. J. Polym. Sci. Pol. Phys. 2000, 38 (19), 2525-2536. 
 
69. Staudt-Bickel, C.; J. Koros, W. Improvement of CO2/CH4 separation characteristics of 
polyimides by chemical crosslinking. J. Membr. Sci. 1999, 155 (1), 145-154. 
 
70. Tin, P. Effects of cross-linking modification on gas separation performance of Matrimid 
membranes. J. Membr. Sci. 2003, 225 (1-2), 77-90. 
 
71. Chan, S. S.; Chung, T.-S.; Liu, Y.; Wang, R. Gas and hydrocarbon (C2 and C3) transport 
properties of co-polyimides synthesized from 6FDA and 1,5-NDA (naphthalene)/Durene 
diamines. J. Membr. Sci. 2003, 218 (1), 235-245. 
 
72. Qiu, W.; Chen, C.-C.; Xu, L.; Cui, L.; Paul, D. R.; Koros, W. J. Sub-Tg Cross-Linking of a 
Polyimide Membrane for Enhanced CO2 Plasticization Resistance for Natural Gas Separation. 
Macromolecules 2011, 44 (15), 6046-6056. 



 
 
 

131 

BIOGRAPHICAL SKETCH 

Chamaal Karunaweera was born in Matara, Sri Lanka and graduated from Dharmaraja College, 

Kandy in 2007.  Then he completed his bachelor of science (BS) degree in physical sciences from 

the University of Peradeniya in 2011.  Next, in 2013, he completed his master of science (MS) 

degree in Analytical Chemistry from the Postgraduate Institute of Science, University of 

Peradeniya.  During his MS, he conducted research on novel corrosion prevention techniques 

under the supervision of Dr. Namal Priyantha.  In Fall 2014, he joined the UT Dallas chemistry 

PhD program and soon after he joined Dr. John P. Ferraris’s research group, where he worked as 

a research assistant on a gas separation membrane project.  During his PhD research work, he 

discovered a novel technique to fabricate aging-resistant carbon molecular sieve membranes as 

well as a pathway to convert an immiscible polymer blend into a miscible one.  

 



 
 
 

132 

CURRICULUM VITAE 

CHAMAAL KARUNAWEERA 

Richardson, Texas, USA 

https://www.linkedin.com/in/chamaal-karunaweera/ 

 

EDUCATION: 

• Ph.D. - Chemistry              2019 
UT Dallas, Richardson, Texas (Expected graduation: May-2019) 
High performance gas separation membrane materials for industrial applications 
Advisor: John P. Ferraris 
 

• M.S. - Analytical Chemistry            2014 
Postgraduate Institute of Science, University of Peradeniya, Sri Lanka  
Corrosion inhibition of aluminum using cinnamaldehyde.  
 

• B.S. - Physical Sciences            2011 
Faculty of Science, University of Peradeniya, Sri Lanka 
 
 

TEACHING AND RESEARCH EXPERIENCE: 

• Teaching Assistant          August 2018-present 
Department of Chemistry and Biochemistry, UT Dallas, Richardson, Texas  

Introductory quantitative methods in chemistry laboratory (CHEM 2401) 

• Teaching Assistant                        August 2014-February 2016 
Department of Chemistry and Biochemistry, UT Dallas, Richardson, Texas  

General chemistry laboratory 1 & 2 (CHEM 1111 & 1112) 

• Research Assistant                 October 2014-present 
Department of Chemistry and Biochemistry, UT Dallas, Richardson, Texas 
Carbon molecular sieve membranes for gas separation applications 
Polymer blend membranes for gas separation applications 

 
• Scientific Officer            January 2013-April 2014 



 

133 

 

Chemical and Instrumentation Laboratory, Postgraduate Institute of  
Science, University of Peradeniya, Sri Lanka 
Laboratory in-charge and, teaching assistant for postgraduate courses in analytical chemistry and 
environmental chemistry 
 

• Research Assistant           January 2012-January 2013 
Postgraduate Institute of Science, University of Peradeniya, Sri Lanka 
Natural products as corrosion inhibitors for aluminum  
 

• Teaching Assistant             January 2012-May 2012 
Department of Chemistry, University of Peradeniya, Sri Lanka 
 
 

AWARDS & HONORS:  

• Elias Klein Travel Supplement award-2016, North American Membrane Society      
• PhD Research Small Grants-2017, The Office of Graduate Education, UT Dallas 
• PhD Research Small Grants-2019, The Office of Graduate Education, UT Dallas 
• President- Sri Lankan Student Association 2016-2017, UT Dallas 

 

 

PATENTS, PUBLICATIONS AND PRESENTATIONS: 

• Patents 
o John P Ferraris, Nimanka Panapitya, Sumudu Wijenayake, Inga H Musselman, Chamaal 

Karunaweera, Kenneth J Balkus Jr.; Compatibilized immiscible polymer blends and molecular 
sieve membranes thereof; Patent No: US 10,046,284 B2.  

 
• Publications in Peer-reviewed Journals 

o C. Karunaweera, I. Musselman, K. Balkus and J. Ferraris, Journal of Membrane Science, 2019, 
581, 430. 

o E. Perez, C. Karunaweera, I. Musselman, K. Balkus and J. Ferraris, Processes, 2016, 4, 32. 
o N. Panapitiya, S. Wijenayake, D. Nguyen, C. Karunaweera, Y. Huang, K. Balkus, I. 

Musselman and J. Ferraris, Materials, 2016, 9, 643. 
 

• Conference Presentations 
o C. Karunaweera, S. Haghiri, S. Panangala, I. Musselman, K. Balkus and J. Ferraris, Going 

against entropy: conversion of immiscible polymer blends to miscible blends for gas separation 
applications, 257th ACS National Meeting & Exposition, March 31-April 4, 2019, Orlando, FL, 
USA. 

o C. Karunaweera, I. Musselman, K. Balkus and J. Ferraris, Fabrication and characterization of 
high performance carbon molecular sieve membranes from a crosslinkable polyimide for 



 

134 

 

propylene/propane separations, 257th ACS National Meeting & Exposition, March 31-April 4, 
2019, Orlando, FL, USA. 

o S. Panangala, C. Karunaweera, J. Garcia and J. Ferraris, Oxidation kinetics of electrospun 
compatibilized immiscible polymer blends, 257th ACS National Meeting & Exposition, March 
31-April 4, 2019, Orlando, FL, USA. 

o C. Karunaweera and J. P. Ferraris, Carbon molecular sieve membranes derived from 6FDA 
based polyimide precursors for propylene/propane separation, 74th ACS Southwest Regional 
Meeting, November 7-10, 2018, Little Rock, AR, USA. 

o S. Panangala, C. Karunaweera and J. P. Ferraris, High-performance supercapacitor electrode 
material from mmiscible PAN/FDA-DABA polymer blends, 74th ACS Southwest Regional 
Meeting, November 7-10, 2018, Little Rock, AR, USA. 

o C. Karunaweera, S. Panangala, I. H. Musselman, K. J. Balkus and J. P. Ferraris, 
Propylene/propane separation using efficient carbon membranes derived from  
polyimide precursors, 255th ACS National Meeting & Exposition, March 18-22, 
2018,New Orleans, LA, USA. 

o S. D. Panangala, C. Karunaweera, R. Jayawickramage, K. J. Balkus and J. P. Ferraris, Aromatic 
polyimides containing diaminobenzoic acid as in-situ porogen for electrochemical 
supercapacitors, 254th ACS National Meeting & Exposition, August 20-24, 2017, Washington, 
DC, USA. 

o C. Karunaweera, S. Panangala, I. H. Musselman, K. J. Balkus and J. P. Ferraris, Thermally 
treated compatibilized immiscible polymer blends for high temperature, high pressure H2 
separation, 254th ACS National Meeting & Exposition, August 20-24, 2017, Washington, DC, 
USA. 

o C. Karunaweera, N. P. Panapitiya, I. H. Musselman, K. J. Balkus and J. P. Ferraris, 
Compatibilized immiscible polymer blends and their carbonization for gas separation, 72nd 
ACS Southwest Regional Meeting, November 10-13, 2016, Galveston, TX, USA. 

o C. Karunaweera, N. P. Panapitiya, I. H. Musselman, K. J. Balkus and J. P. Ferraris, Carbon 
Molecular Sieve Membranes from Compatibilized Polyimide-Polybenzimidazole Immiscible 
Polymer Blends for Gas Separations, 26th Annual Meeting of the North American Membrane 
Society, May 21-25, 2016; Bellevue, WA, USA. 

 

PROFESSIONAL MEMBERSHIPS: 

 

• North American Membrane Society; 2016-Present 
• American Chemical Society; 2016-Present 

 




